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Abstract

Type 2 diabetes (T2D), a lethal disease, reveals an alarming increase of epidemic proportions and, by 

2050, an estimated 1 in 3 adults in the US will suffer from it. Persistent and systemic inflammatory and 

oxidative stress in adipose tissue and skeletal muscle are recognized as key players in the progression of 

T2D. T2D is characterized by insulin resistance, the inability of cells to respond to standard circulating 

levels of insulin, resulting in hyperglycemia. In adipocytes and skeletal muscle, glucose uptake, a vital 

step in blood glucose regulation, predominantly occurs via the glucose transporter 4 (Glut4) in an insulin

dependent recruitment from a cytosolic vesicle. Under inflammatory stress, these cells have demonstrated 

a lack of Glut4 presence in the plasma membrane, leading to a lack of glucose transport within these cells. 

3T3-L1 murine adipocytes are a key model to study insulin signaling in vitro. Mature adipocytes are 

converted from fibroblasts in a lengthy process requiring chemical induction. Several inducers have been 

tested in hopes to shorten the time span required for differentiation. However, the use of different 

inducers and changes in the differentiation programming could have consequences on the phenotype of 

the mature adipocytes. For this reason, we sought to evaluate the differences in 3T3-L1 fibroblasts 

induced with either 3-isobutyl-1-methylxanthine (IBMX), or troglitazone. In addition to pharmaceutical 

recourse to restore insulin signaling and glucose uptake in cells under inflammatory duress, a dietary 

approach has been considered. Natural products such as blueberries have been of particular interest due to 

their health benefit including antioxidant benefits and their ability to modulate biochemical pathways. 

Wild Alaskan blueberries are of particular interest due to their link to a reduced prevalence of T2D in 

Alaskan Native populations. Here, we report differences in the phenotype of 3T3-L1 adipocytes based on 

the inducer of adipogenesis and a lack of increase in plasma membrane Glut4. Our studies demonstrate a 

higher expression of adipocyte biomarkers in cells treated with troglitazone compared to IBMX, but a 

higher expression of total Glut4 in cells treated with IBMX compared to troglitazone. In both phenotypes, 

we note a lack of insulin-induced increase of plasma membrane levels of Glut4 in 3T3-L1 mature 

adipocytes. Finally, we demonstrate an insulin-like benefit of Alaskan blueberry extracts on plasma 

membrane Glut4.
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Chapter 1: General Introduction

1.1 Introduction

Type II diabetes (T2D) is a global pandemic associated with comorbidities such as obesity, limb 

amputations, and death1-3. In order to offset the deleterious impact of the disease, we must find 

multifaceted strategies to slow, halt, and/or prevent these problems.

In the last decade, the incidence of T2D has grown drastically, basically quadrupling from 108 million in 

1980 to 422 million (8.5% of the US)4. In 2018, 10.5% of the population in North America had been 

diagnosed with diabetes, and an estimated 21.4% of these cases are undiagnosed5. In 2019, the Center for 

Disease Control announced that in the prior 20 years, the number of adult diagnoses had more than 

doubled: of the 34 million Americans diagnosed with diabetes, 90-95% of the cases were type 2 diabetes6. 

In 2020, diabetes led to 101,106 deaths in the US7. If the trends remain unchanged, the American 

Diabetes Association estimates that by 2050, 1 in 3 American adults will have diabetes8.

In particular, the American Diabetes Association measured percentages of diabetes diagnosis by race and 

ethnic backgrounds: 7.5% of non-Hispanic whites, 9.2% of Asian Americans, 12.5 % of Hispanics, 11.7% 

of non-Hispanic Blacks, and 14.7% of American Indians/Alaskan Natives8. Grouping American Indians 

with Alaskan Natives gives a false representation for the latter. The prevalence of type 2 diabetes in 

Alaskan Natives is 3.3%, much lower than the rest of the country. Still, obesity and the incidence of type 

2 diabetes in Alaskan Natives are rapidly increasing9,10. Alaskan Native populations are known to follow 

a traditional subsistence lifestyle including hunting and gathering food sources both on land and in water, 
which provides nutrition, physical activities, and community gatherings 10-12.

The increases in obesity and incidence of type 2 diabetes in Alaskan Natives could be caused by a shift 

from their traditional diet towards a westernized diet including store-bought sugary drinks and processed 

foods. While each Alaskan Native community varies, now often 70% of their diet comes from western 

foods with a marked increase in refined carbohydrates10. The switch from a traditional lifestyle to a more 

sedentary lifestyle adds to the problem, as intense travel and exertion is no longer necessary to obtain 
food9-13.

Since increases in prevalence of type 2 diabetes correlates with a more western lifestyle in Alaskan 

Natives, nutritional benefits likely countering T2D development have become a focus. Omega-3 fatty 

acids in fish and marine mammals as well as phytonutrients in Alaskan botanicals have been recognized 
for their antidiabetic properties13. Phytonutrients have been shown to provide medicinal potential1,14-18. 

Alaskan bog blueberries (Vaccinium Uliginosum) contain higher phytonutrients, specifically anthocyanins 
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and proanthocyanidins, than their counterparts in the southern longitudes of the United States. These 

berries provide vitamins, minerals, and polyphenolic compounds such as flavonoids which impart 
antioxidant and anti-inflammatory benefits15,16,19.

Diabetes is used as an umbrella term that refers to either type I or type II diabetes. The two diseases differ 

in their association with the hormone insulin. While insulin is relevant in both scenarios, type I diabetes is 

the autoimmune-mediated destruction of the pancreatic beta cells, the cells that produce insulin, also 

named “insulin-dependent” diabetes. Type I diabetes cases make up 5-10% of all diabetes cases20,21. Type 

2 diabetes develops from a disruption of insulin metabolism. Cellular insulin insensitivity, often called 

insulin resistance, provokes an increase in insulin secretion which translates to hyperinsulinemia in the 

midst of central and peripheral insulin resistance21,22. Hyperinsulinemia is inextricably linked to chronic 

inflammation that further worsens the severity of the condition in multiple tissues and organs22.

Systemic inflammation occurs when the body's immune system releases chemicals (cytokines) to remove 

a threat including an increase in secretion of proinflammatory cytokines: TNF-alpha, monocyte 

chemoattractant protein-1, and interleukin (IL-) 1 and IL-6; and a decrease in anti-inflammatory 

cytokines: adiponectin, IL-4, IL-10, and IL-13 23-26. Chronic inflammation occurs when the levels of these 

cytokines fail to return to basal levels. The persistent high levels of glucose and insulin in the bloodstream 

are seen as a threat by the body and lead to chronic inflammation23.

Factors in the progression of type 2 diabetes include unhealthy dietary habits, increased sedentary 

lifestyle, and genetic predispositions27 (Figure 1). Type 2 diabetes is also associated with metabolic 

syndrome, which is a cluster of metabolic disorders3. Metabolic syndrome diagnosis occurs when a 

patient has three of more of the following: abdominal obesity (waist circumference >40 inches in men, 

>35 inches in women), high triglyceride levels (150 mg/dL of blood or greater), low HDL (<40 mg/dL in 

men, <50 mg/dL in women), blood pressure greater than 130/85 mmHg, or fasting glucose >100 mg/dL3.

Progression of metabolic syndrome can result in insulin resistance which in turn can lead to type 2 

diabetes26,28. Insulin resistance happens in conjunction with impairment of glucose metabolism. In the 

events of a fully functional insulin signaling pathway, as food is digested after a meal, glucose enters the 

bloodstream. This increase in blood glucose triggers the release of insulin from the pancreas into the 

bloodstream. Insulin binds the insulin receptor to trigger intricate signaling pathways including protein 

phosphorylation (Figure 2). This pathway consists of insulin binding the two α subunits (extracellular 

portion) of the insulin receptor29-32. The binding of these subunits triggers activation of the tyrosine kinase 

activity in the two β subunits (transmembrane portion) and results in the autophosphorylation and 

transphosphorylation of the receptor29-33. Once the receptor is activated insulin is recycled and the 
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phosphorylation cascade occurs: the insulin receptor substrate I (IRS) is phosphorylated on a tyrosine 

residue by the insulin receptor, allowing the IRS to associate with phosphatidylinositol 3'-kinase (PI3K) 

and in turn phosphorylate its p85 regulatory subunit29-34. PI3K phosphorylates phosphatidylinositol 

bisphosphate (PIP2) to generate PIP3, which then accumulates in the plasma membrane, recruits and 

serves as a docking site for Akt (also named protein kinase b)29,31-36. PIP3 also mediates the recruitment 

and activation of phosphoinositide-dependent protein kinase (PDK1), which phosphorylates Akt on 

threonine 30829-34. This phosphorylation alters the conformation of Akt, allowing PDK2 (also named 

mTOR complex 2) to phosphorylate Akt on a serine 47330-33. Once Akt has been phosphorylated in both 

locations, it translocates to the cytosol and triggers other signaling pathways including glucose uptake 

through the glucose transporter 4 (Glut4). For this, Akt phosphorylates AS160 (Akt-substrate of 160 kDa, 
also named TBC1D4), rendering it less active30-32,34,37. AS160 is a Rab-GTPase activating protein (Rab- 

GAP) and has multiple phosphorylation sites for Akt29,30,32-34,36. AS160 functions as a negative regulator 

of vesicle exocytosis, by maintaining a Rab protein in the GDP-bound inactive state31,33,34,36,37.

Phosphorylation of AS160 results in the inhibition of GAP activity, thus converting the Rab protein to the 
active GTP-bound form30,31,33,34,36,37. Once activated, the Rab promotes vesicle trafficking. Specifically, 

the translocation of vesicles containing Glut4, an insulin-dependent glucose transporter, to the cell 

surface31,36,37. Glut4 fuses with the plasma membrane and allows glucose to diffuse inside the cells before 

being converted to triacylglycerols for storage31,37.

In a model of insulin resistance, chronic inflammation causes a reduced sensitivity of the insulin receptor 

to insulin, keeping insulin and glucose out of the cells (hyperinsulinemia and hyperglycemia, 

respectively) (Figure 3). Hyperinsulinemia and hyperglycemia promote inflammation throughout the 
body and within the cells by increasing expression of pro-inflammatory pathways26,32,38. Increased 

activation of pro-inflammatory pathways leads to an increase in serine/threonine kinase activity32,38. An 

increase in serine/ threonine activity of the insulin receptor decreases its tyrosine kinase activity, leading 

to a lower response to insulin. In addition, cytokines, fatty acids, and hyperglycemia lead to the serine 

phosphorylation of IRS on IRS 307, inhibiting the interaction between the insulin receptor and the IRS 

and promoting the degradation of the IRS32,34,38. The phosphorylation cascade is impaired and Glut4 

remains in its cytosolic vesicle, keeping glucose out of the cells and in the bloodstream25,32,36,38.

Untreated diabetes is accompanied by morbid consequences and the continued presence of inflammation 

increases the risk to several conditions including 1. cardiovascular disease by damaging the heart and 

blood vessels, 2. diabetic retinopathy resulting from long-term accumulated damage to retinal blood 

vessels, 3. nerve damage causing neuropathies which can result in lower limb amputations, and 4. kidney 

failure. The broad impact of diabetes has led to much scientific development.
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To illuminate the various metabolic pathways and targets involved, in vitro studies have been undertaken. 

Particularly in the case of insulin resistance and obesity, white adipose tissue, a site of energy 

metabolism, has become the prime in vitro model. Adipose tissue serves as a storage site for surplus 

energy by converting glucose into triacylglycerol (lipogenesis) and forming lipid droplets. These droplets 

are later converted back to energy (lipolysis) for use mostly by skeletal muscle during a caloric debt26,39. 

Abundant and abnormal accumulation of triacylglycerols within lipid droplets leads to hypertrophy and 

hyperplasia of the adipose tissue and is associated with disorders including insulin resistance, obesity, 

metabolic syndrome, and T2D26,40,41. In addition to its role in glucose homeostasis, white adipose tissue is 

considered an endocrine organ, being metabolically and hormonally active by secreting many cytokines, 
called adipokines, in an autocrine and paracrine manner26,28,39,40,42. Adipokines create a feedback action 

regulating appetite, food intake, glucose disposal, and energy expenditure. Specifically, adipokine 

secretion allows for communication between adipose tissue and the rest of the body. When it is under 

stress, adipose tissue will secrete proinflammatory adipokines such as tumor necrosis factor alpha (TNF- 

α), which is a critical mediator orchestrating a persistent and spreading inflammation typical of 
T2D22,26,39,43,44. Knowledge of the control exerted by adipose tissue on glucose homeostasis and other 

metabolic pathways is opening new doors to further understanding of the consequences of diabetes 

throughout the body.

Murine adipocytes 3T3-L1 are a commonly utilized cell line to study adipose tissue in vitro45. Starting as 

fibroblasts, 3T3-L1 can be induced to differentiate into terminal adipocytes46-48. The differentiation of the 

fibroblasts can be detected both visually, by a change in morphology and formation of lipid droplets 

within the cells, and molecularly by changes in the expression of key proteins. The CCAAT-enhancer 

binding protein (C/EBP) family and peroxisome proliferator-activated receptor γ (PPARγ) have a crucial 

role in the differentiation of adipocytes49-51. C/EBP binding sites are found in the promoters of numerous 

genes turned on in adipocytes, including Glut452. C/EBPβ and δ are induced very early in adipogenesis 

and play the important role to initiate PPARγ, which functions both as a master regulator that can initiate 

the program of adipogenesis and as a direct regulator of many fat-specific genes49,50,52-54. C∕EBPα is 

induced after the induction of PPARγ and plays a role in the activation of genes involved in fatty acid and 
lipid metabolism and is thought to play a role in insulin sensitivity49,50,52,53,55,56. Pre-adipocyte factor 1 

(Pref-1), also known as delta-like protein 1 (DLK1), is a common marker of fibroblasts. Pref-1 inhibits 

adipogenesis through several pathways (Figure 4): binding of fibronectin allows activation of MEK-ERK 

pathway, which in turn promotes the expression of the transcription factor Sex-determining region Y box 

9 (Sox9). Sox9 binds the promoter regions of C/EBP β and δ, to suppress their transcription50,57. Pref-1 

binds and prevents the expression of both PPARγ and C/EBPα49,50,52. The expression of Pref-1 is 

abolished upon induction of differentiation57. Upon induction of adipogenesis, biomarkers of adipocytes 

4



are expressed. PPARγ acts as a transcription factor for many adipocytic molecules including the 
adipokines FABP4 and adiponectin54,55,58,59. Fatty-acid binding proteins (FABPs) are a family of lipid 

chaperones, the specific adipokine expressed in 3T3-L1 is FABP4 (also named aP2)55,59. FAPBs facilitate 

the transport of fatty acids to specific organelles for further processing including to the mitochondrion or 

peroxisome for lipid oxidation; to the nucleus for lipid-mediated transcriptional regulation; to the 

endoplasmic reticulum for signaling, trafficking, and membrane synthesis; and to the cytoplasm for 

regulation of enzyme activity and storage as lipid droplets58,59. As an intracellular lipid chaperone, FABP4 

regulates lipid trafficking and responses in the cells and plays a role in both metabolic and inflammatory 

pathways55,58,59. Another biomarker of adipocytes is adiponectin (also commonly named Acrp30 or 

AdipoQ). Adiponectin is an adipokine secreted by 3T3-L1 adipocytes to promote anti-inflammatory 

pathways including secretion of the anti-inflammatory cytokine interleukin 10 and inhibition of the 

secretion of proinflammatory cytokines such as TNF-α60,61. Adiponectin also acts as an insulin sensitizer 

in adipose tissue with insulin resistance associated with low levels of adiponectin40,62-66. Many genes are 

involved in the differentiation of 3T3-L1 fibroblasts into adipocytes, evaluating these genes at specific 

times throughout the differentiation of the cells provides insight into adipogenesis.

Over time· T2D research has expanded in many directions with laboratories each targeting a specific facet 

of the disease. For this thesis· the targeted facet is the impaired insulin pathway.

Our first question inquired how best to prepare an in vitro cell culture model to study insulin signaling. 

Chapter 2 presents research evaluating the outcome of the inducer IBMX as opposed to troglitazone on 

adipogenesis of 3T3-L1 fibroblasts (Figure 5).

Next· I asked if exposure of 3T3-L1 adipocytes to AKBB extracts would influence the insulin signaling 

pathway· specifically the translocation of the insulin-dependent glucose transporter 4 (Glut4). In chapter 

3· the data demonstrates the likelihood of insulin resistance in 3T3-L1 adipocytes. These results led to 

changes in the cell culture medium· including addition of AKBB extracts· and evaluating specific proteins 

in the insulin signaling cascade for changes in phosphorylation and translocation (Figure 6).

My third question inquired about the translation of in vitro exposure to AKBB extract into in vivo 

supplementation with AKBB. Chapter 4 focuses on bridging the gap between in vitro and in vivo research 

by the evaluation of bioavailability of the Alaskan botanical extracts (Figure 7).

Lastly· I asked whether exercise compared to inactivity or weight change had a higher impact on 

biomarkers of metabolic syndrome. In chapter 5· in order to begin translating my metabolic research into 

an in vivo project· evaluation of diabetic biomarkers is performed with Alaskan sled dogs (Figure 8).
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1.2 Research Aims

In the past decade, T2D has become one of the most pressing public health challenges worldwide due to 

its association with cardiovascular disease. The scientific world is continuing to study the pathways 

leading to T2D and the consequences associated with it, yet the incidence of the disease is only growing. 

The prevalence of T2D in Alaskan Natives is lower than the rest of the United States, but the shift of their 

subsistence diet towards a Westernized diet has been correlated with a higher incidence of T2D. 

Subsequently, there is growing interest in the benefits provided by the subsistence diet, specifically, those 

of Alaskan botanicals in protection against T2D. The main objective of this dissertation is to determine 

the benefits of Alaskan blueberry botanicals in protecting and/or restoring the insulin signaling pathway 

including glucose metabolism. Gaps in the knowledge have been identified and specific aims have been 

developed.

1.2.1 Chapter 2: Gaps in knowledge

For over 50 years, the 3T3 preadipocyte cell line has provided a tremendous amount of data to understand 

adipogenesis, but also the importance of adipose tissue in metabolic and hormonal pathways. Specifically, 

knowledge of 3T3-L1 cells, which are frequently used due to their ability to be converted to mature 

adipocytes, is of particular interest. The differentiation of 3T3-L1 fibroblasts into mature adipocytes 

involves a long process of additions to the cell culture medium as well as a long duration of growth 

throughout adipogenesis. A standardized protocol for this conversion involves the use of 3-isobutyl-1- 

methylxanthine (IBMX). Due to its long-time span for cell culture, several new protocols have been 

established in order to reduce the length of differentiation. However, often comparative studies rely on 

observational data: the change in morphology of the cells and the formation of lipid droplets in adipocytes 

is assayed and compared between the two protocols. It is imperative to ensure that each protocol promotes 

the differentiation of fibroblasts into mature adipocytes of the same phenotype. Without this knowledge, 

results and data produced from studies performed on 3T3-L1 mature adipocytes converted with varying 

protocols cannot be pooled. To address this gap, the first project of this thesis involves comparing 3T3-L1 

adipocytes differentiated with either IBMX, the original protocol, or troglitazone, a compound 

demonstrated to differentiate 3T3-L1 fibroblasts in a smaller timespan (6-8 days). Through this study, the 

phenotype of the cells is evaluated by assessing the expression of specific proteins, including pre

adipocyte factor 1, fatty-acid binding protein 4, adiponectin, and the glucose transporters Glut1 and Glut4.
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1.2.2 Aim 1: What are the differences in the phenotype of 3T3-L1 adipocytes induced with IBMX 

compared to troglitazone (Figure 5)?

3T3-L1 adipocytes are a widely used in vitro model of adipose tissue for metabolism disorders including 

insulin resistance. 3T3-L1 fibroblasts must undergo adipogenesis and be converted to adipocytes in order 

to pursue insulin resistance assays. Conversion of fibroblasts into adipocytes in vitro is introduced by 

inducers composed of agonists of transcription factors promoting adipogenesis and antagonists hindering 

adipogenesis. In the past 30 years, several inducers have been utilized, with IBMX being the original and 

most common. IBMX in addition to insulin and dexamethasone induces adipogenesis and promotes the 

formation of mature adipocytes within 8-12 days. Other inducers are sought to produce mature adipocytes 

in a shorter time frame, such as troglitazone (in addition to insulin and dexamethasone). In this study, 

IBMX and troglitazone are utilized to induce conversion 3T3-L1 fibroblasts into mature insulin sensitive 

adipocytes and adipogenesis is assessed through 12 days of maturation by the evaluation of specific 

biomarkers (Pref-1, adiponectin, FABP4). The results of this study demonstrated that both IBMX and 

troglitazone induced mature adipocytes, but the levels of the biomarkers expressed by the adipocytes were 

dependent on the inducer used.

1.2.3 Chapter 3 Gaps in knowledge

The results from the first study indicated a difference in adipocyte phenotype depending on the 

differentiation protocol used. This demonstrated that results obtained from adipocytes in subsequent 

studies cannot be pooled if the cells are differentiated using different protocols. This study also presented 

a new problem associated with 3T3-L1 adipocytes: the lack of a clear translocation of the glucose 

transporter Glut4 from cytosolic vesicles into the plasma membrane upon insulin stimulation. 3T3-L1 are 

often used as a model to study insulin signaling; specifically, the lack of insulin signaling when the cells 

are under stress. By demonstrating a lack of Glut4 translocation to the plasma membrane in cells under 

normal conditions, there is a clear indication that these adipocytes are not able to be utilized to assess 

effects of experimental manipulations on Glut4 translocation. Because the cells present with a lack of 

Glut4 translocation, basically demonstrating insulin resistance, in chapter 4 the adipocytes were utilized 

as a model of insulin resistance to study the benefits of Alaskan bog blueberries (AKBB) on the insulin 

pathways. Specifically, the level of phosphorylation of the insulin receptor, the level of phosphorylation 

of Akt, and the level of Glut4 in the plasma membrane were evaluated when the adipocytes were exposed 

to insulin with or without prior exposure to AKBB crude extracts.
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1.2.4 Aim 2: Does addition of Alaskan blueberry extracts increase Glut4 translocation to the plasma 

membrane and improve glucose transport in 3T3-L1 adipocytes (Figure 6)?

Preliminary experiment in our lab revealed that 3T3-L1 mature adipocytes did not take up increased 

glucose upon insulin stimulation. This study aimed to restore glucose uptake in 3T3-L1 mature adipocytes 

by assessing changes in the insulin phosphorylation cascade and plasma membrane Glut4 upon cell 

culture medium variations and with insulin stimulation. Changes in glucose concentration of the medium, 

presence of serum, and addition of Alaskan berry botanicals was tested. The results demonstrated that the 

insulin phosphorylation cascade was intact through phosphorylation of Akt regardless of the culture 

medium additive, however Glut4 translocation was only improved by addition of crude Alaskan blueberry 

extract added for 24 hours prior to the experiment. It is suggested that the extract has an insulin

mimicking effect on the insulin cascade and Glut4 translocation.

1.2.5 Chapter 4 Gaps in knowledge

As food is ingested and digested, the microbiome lining the intestines can metabolize the various 

compounds found in that food. The intestinal wall also has the potential to metabolize certain compounds 

and create new metabolites. The second study uses AKBB extracts in order to restore Glut4 translocation 

to the plasma membrane of the 3T3-L1 adipocytes. Exposure of the cells is performed by the addition of 

the extract directly into the cell culture medium. This presents an easy process and is the most common 

way to expose cells to specific compounds. However, the translation of in vitro research into in vivo 

studies is not a smooth process. Addition of AKBB extract directly into the cell culture medium does not 

immediately translate to feeding mice or humans AKBB and obtaining the same results on adipose tissue. 

This demonstrates an imperative need to study the gut microbiome and transport of compounds through 

the intestinal wall. In order to create protocols for in vitro studies with a higher potential of translation 

into in vivo studies, I initiated a pilot study mimicking the intestinal lining of the colon to study the 

transport of AKBB extracts. This will only address the change in conformation of compounds as they are 

metabolized by the intestinal wall. The gut microbiome is not addressed in this work but is strongly 

considered for future work.

8



1.2.6 Aim 3: What is the bioavailability of Alaskan blueberry extracts through a Caco-2 monolayer 

(Figure 7)?

In vitro models provide a great tool to discover and assess molecular pathways, and they are also an 

inexpensive solution to preliminary studies compared to in vivo models. However, the transition of 

findings made in vitro to in vivo outcomes is often complex. In an effort to bridge the gap between in 

vitro and in vivo assays, scientists established an in vitro intestinal membrane using Caco-2 cells. These 

cells are often grown on a porous cell culture membrane inserted into a cell culture well. This allows to 

mimic the semi-permeable barrier formed by the intestines in vivo. A Caco-2 monolayer allows studies of 

transport in addition to studies of bioavailability of the transported compounds. This study establishes a 

Caco-2 monolayer to study transport of crude Alaskan blueberry extracts with the goal to use the 

transported botanicals on other cell cultures such as 3T3-L1 for further assays. As a pilot study, the Caco- 

2 monolayer was established, and permeability of the membrane was evaluated. At 100 μg∕mL of crude 

Alaskan blueberry extract, the Caco-2 layer was compromised.

1.2.7 Chapter 5 Gaps in knowledge

Finally, the 3T3-L1 cell line presents a cost-effective means to study adipogenesis and metabolic 

pathways associated with T2D. However, in vitro studies often fail to represent the true complexity of 

adipogenesis and energy metabolism. Specifically, adipose tissue is composed of several types of cells 

including adipocytes and macrophages. The lack of true complexity found in culture of only 3T3-L1 cells 

raises questions including the altered secretion of the various adipokines upon inflammatory stress or 

exposure to specific compounds (such as Alaskan blueberries). As preliminary clinical studies, sled dogs 

are considered as an in vivo model to test the effects of the Alaskan blueberry extracts. What is not known 

is whether sled dogs respond similarly to exercise and weight gain compared to human subjects. To 

address this gap, I initiated a study in sled dogs, bypassing the process to translate in vitro cell culture 

studies and the lack of co-culture altogether. Dogs were the turning point of our understanding of 

diabetes. In 1889, Joseph von Mering and Oskar Minkowski removed the pancreas of a healthy dog and 

their study resulted in discovery of the importance of the pancreas and a compound it secretes (later 

named insulin) to enable the body to utilize glucose. Then, in 1921, insulin therapy was tested on a 

diabetic dog prior to its debut as a human treatment67,68. Dogs are also more genetically homologous 

(~90%) to humans than are rodents (~75%)69. In recent years, an obese dog model has also been 

developed and studies have led to an understanding of not only obesity, but also metabolic syndrome69.
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With their long-distance feats in stamina and endurance· sled dogs present a great model for 

cardiovascular performance during exercise70. Specifically· regarding metabolic syndrome· sled dogs have 

been used as a model to study Glut4 due to the increase in Glut4 expression in white blood cells following 

exercise regimens71. For my last chapter· two groups of sled dogs were compared: one group remained 

active while the other was kept sedentary for two months and then fed increased food rations to gain 

weight. Biomarkers of metabolic syndrome were evaluated to understand the changes presented by 

exercise or inactivity and the changes presented by weight gain.

1.2.8 Aim 4: Does conditioning or weight change have a greater effect on biomarkers of metabolic 

syndrome (Figure 8)?

Exercise and weight loss are terms often associated with treatments for metabolic syndrome. Studies often 

promote the benefits of either exercise or weight loss· but rarely compare the two in their experiments. In 

this study· sled dogs were placed into one of two groups: sedentary or conditioned. In the sedentary 

groups· following 2 months of rest· the dogs were fed increased rations of food to increase their weight. In 

the conditioning group· the dogs were exercised 3-5 times per week to 75% of their VO2max. Prior to the 

start and 2 months of conditioning or rest, biomarkers of metabolic syndrome (TNF-α, adiponectin, and 

GHBA1c) were compared. In addition· 2 months following the increased feeding of the sedentary dogs· 

another evaluation of these markers was performed. The results demonstrated that weight gain negatively 

affected the biomarkers while conditioning did not make a significant difference. Also, further studies are 

needed to compare sled dogs to human subjects as a model.
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1.3 Figures

Figure 1.1. Causes of type 2 diabetes. Many factors influence T2D pathogenesis, including genetic and 

environmental factors. Each factor is not exclusively responsible for the development of T2D. Rather, 

T2D develops as a result of a combination of several factors. Each individual will experience a different 

combination of these factors.
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Figure 1.2. Illustration of the insulin phosphorylation cascade. Upon binding insulin, the receptor auto- 

and transphosphorylates. In turn, IRS followed by PI3K are phosphorylated. Phosphorylation of PI3K in 

turn stimulates the phosphorylation of PIP2. Accumulation of PIP3 at the cell surface stimulated the 

recruitments of Akt. Akt is phosphorylated by PDK1 to undergo conformational changes and is 

phosphorylated again by PDK2. Akt then translocates further into the cytosol to phosphorylate AS160, 

activating a Rab kinase. The active Rab releases the glucose storage vesicle. The vesicle translocates to 

the cell surface and fuses with the membrane. Glut4 is inserted into the plasma membrane and glucose 

diffuses into the cell.
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Figure 1.3. Illustration of insulin insensitivity. In the model of insulin insensitivity, the insulin receptor is 

less sensitive to insulin resulting in hyperinsulinemia in the bloodstream. The insulin signaling pathway is 

hindered resulting in a reduced translocation of Glut4 to the cell surface and glucose uptake by the cells. 

The lack of glucose uptake by the cells results in hyperglycemia, causing inflammation. The inflammation 

also alters phosphorylation cascade by serine phosphorylation on IRS (s309), blocking PI3K 

phosphorylation.

13



Figure 1.4. Pref-1 inhibits adipogenesis. Pref-1 activates the MEK/ERK pathway, in turn activating Sox9. 

Sox9 binds the promoter regions of C/EBPβ and δ to suppress their transcription. In addition, Pref-1 binds 

and suppresses transcription of PPARγ and C∕EBPα.
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Chapter 2: IBMX and Troglitazone induce 3T3-L1 adipocytes of different phenotype.

Figure 1.5 Chapter 2 Graphical Abstract.

The differentiation of 3T3-L1 fibroblasts into adipocytes was evaluated by measuring the levels of 

specific proteins expressed at different stages of differentiation. The goal of this project was to determine 

whether the adipocytes induced using two different cocktails have the same phenotype. Pref-1 was a 

marker of fibroblasts, FABP4, adiponectin, and lipid droplets mark adipocytes. The glucose transporters 

specific to 3T3-L1 cells, Glut1 and Glut4, were also evaluated.

15



Chapter 3. Alaskan Blueberries Positively Affect Glut4 Translocation.

Figure 1.6. Chapter 3 Graphical Abstract.

Specific proteins from the insulin signaling cascade were evaluated upon exposing 3T3-L1 adipocytes to 

insulin and/ or various concentrations and extracts from Alaskan blueberries. The level of the insulin 

receptor and its phosphorylation were evaluated, the level of Akt and its phosphorylation, as well as the 

level of Glut4 in the plasma membrane of the cells.
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Chapter 4. Bioavailability of Alaskan Blueberry Extracts: an in vitro approach

Figure 1.7. Chapter 4 Graphical Abstract.

Caco-2 cells are used to create a monolayer mimicking the intestinal wall. When grown on cell culture 

inserts, the monolayer divides the apical (mimicking intestinal lumen) from the basolateral chamber 

(mimicking the bloodstream). A Caco-2 monolayer can be utilized to measure transport of various 

compounds through the intestinal membrane, including Alaskan blueberry extracts. Collecting the 

basolateral medium and comparing HPLC data from the apical medium allows an understanding of which 

compounds are transported intact through the layer and which compounds are metabolized by the cells. 

The preliminary experiments performed with the Caco-2 monolayer tested the permeability of the layer 

itself using fluorescent markers. Results so far indicate that long-term exposure (20 days) of the layer to 

up to 10 μg∕mL of crude Alaskan blueberry extract did not negatively affect the cells. However, an acute 

exposure (4 h) of 100 ųg/mL of crude Alaskan blueberry extract was detrimental to the cells and created 

paracellular transport.
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Chapter 5. Weight Gain, Conditioning and Metabolic Syndrome: a Sled Dog Model

Figure 1.8. Chapter 5 Graphical Abstract.

Sled dogs were utilized to compare the effect of exercise and weight changes on biomarkers of metabolic 

syndrome. The results of this experiment demonstrated that weight gain affected the biomarkers 

significantly compared to exercise. We conclude that sled dogs are a valid model to study the influence of 

traditional food on markers of metabolic syndrome.
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Chapter 2. IBMX and Troglitazone induce 3T3-L1 adipocytes of different phenotypes.

2.1 Abstract

Type 2 diabetes (T2D) is characterized by an insensitivity of blood glucose regulation to insulin. In 

particular, mature adipocytes exhibiting impairment or loss of insulin-regulated glucose uptake are a 

hallmark of T2D. Glucose uptake is mediated by glucose transporters (Glut) either present in the plasma 

membrane (such as Glut1) or sequestered in cytosolic storage vesicles and translocated to the plasma 

membrane upon insulin stimulation (such as Glut4). Glut1 and Glut4 are expressed by 3T3-L1 cells. The 

3T3-L1 murine fibroblast cell line is a model of adipose tissue research for over three decades due to their 

ability to differentiate into lipid droplet-producing, mature adipocytes. The most common induction 

components in vitro consist of 3-isobutyl-1-methylxanthine (IBMX), dexamethasone and insulin, a 

process spanning over 12 days to obtain mature adipocytes. More recently, troglitazone (Trog) has gained 

much interest largely due to a shortening of adipogenesis to 8 days. Most studies rely on cell morphology, 

in particular lipid droplet accumulation, as a determinant of successful adipogenesis with the presumption 

that phenotypic changes are consistent among different adipogenesis protocols. Notably, 3T3-L1 

fibroblasts subjected to adipogenesis with IBMX or Trog revealed distinct differences in a set of 

phenotypic biomarkers (Pref-1, adiponectin, FABP4) and with the expression of the glucose transporters. 

Total lipid accumulation, and markers specific to adipocyte phenotypes as opposed to biomarkers 

indicating fibroblast phenotype were more pronounced with Trog compared to IBMX. Mature adipocytes 

were also obtained in a shorter timespan with Trog compared to IBMX. Insulin sensitivity of the 

adipocytes was measured using fluorescently labeled glucose (2NBDG). Mature adipocytes did not 

exhibit insulin-mediated glucose uptake regardless of induction protocol. The insulin-dependent glucose 

transporter 4 (Glut4) was upregulated in the plasma membrane over the course of adipogenesis. Although, 

so was the insulin-independent glucose transporter 1 (Glut1) and significantly higher with Trog compared 

to IBMX. Unexpectedly, addition of insulin did not result in an increased presence of Glut4 in plasma 

membranes. This study demonstrated phenotypic differences of 3T3-L1 adipogenesis as a function of 

induction protocol. Contrary to reports on mature adipocytes in vivo, the presence of insulin-independent 

Glut1 in 3T3-L1-derived adipocytes at levels sufficient to obscure insulin-dependent Glut4 could result in 

cultures of mature adipocytes that exhibit apparent insulin resistance.

2.2 Introduction

Type II diabetes (T2D), a loss of insulin sensitivity resulting in toxic blood insulin and glucose levels, is a 

lethal disease of epidemic proportions. In vitro studies for insulin sensitivity often use 3T3-L1-derived 
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adipocytes as an investigative tool. 3T3-L1 fibroblasts are a murine cell line that can be converted into 

mature adipocytes using various inducers added to the growth medium1-3. The most commonly used 

differentiation protocol encompasses confluent fibroblasts cultures exposed to IBMX, dexamethasone, 

and insulin for 2 days followed by only insulin for an additional 2 days, and subsequently only original 

growth medium for a total of 12 days4,5. Due to this extended time frame, more recent protocols have 

aimed at shortening adipogenesis to 6-8 days by favoring the use of troglitazone (trog) over IBMX6,7. The 

determination of successful adipogenesis in most studies relies largely on morphological changes 

including the spherical cell bodies typical for mature adipocytes, the formation of intracellular lipid 

storage vesicles, and triglyceride quantification4,7,8. Importantly, additional biomarkers targeting 

molecular determinants of cell fate and adipocyte function are largely missing. This study directly 

compared IBMX and Trog-induced adipogenesis assessing a set of phenotypic biomarkers characteristic 

to mature adipocytes.

Dexamethasone, a glucocorticoid, downregulates Pre-adipocyte factor 1 (Pref-1), which is exclusively 

expressed in fibroblasts9. Pref-1 inhibits adipogenesis through a MEK/ERK pathway, preventing the 

transcription of adipocyte transcription factors such as peroxisome proliferator-activated receptor γ 

(PPARγ) and the CCAAT/enhancer-binding (C/EBP) β and δ10-13. Pref-1 exists as a soluble 50 kDa and 

24-25 kDa isoform yet inhibition of adipogenesis is mediated by the 50 kDa isoform14,15. IBMX and Trog 

activate the transcription of adipocyte transcription factors10-12,15. Trog is a thiazolidinedione, a class of 

insulin sensitizing drugs, and as a synthetic ligand of PPARγ, it can enhance adipocyte differentiation in 
cell culture10,11,15-17. Adiponectin and FABP4 (fatty acid-binding protein 4) are exclusive biomarkers of 

adipocytes18,19. Adiponectin (Acrp30, AdipoQ) secretion promotes anti-inflammatory pathways and acts 

as an insulin sensitizer in adipose tissue16,19-23. FABP4 is a lipid transporter/chaperone, one of the most 

abundant proteins in mature adipocytes24, and increases in concentration as the adipocytes mature16,25,26. 

In addition, insulin triggers adipogenesis through the PI3K/Akt signaling pathway27 and enhances PPARγ 
activity28.

The family of glucose transporters (glut) consists of 13 isoforms29, and all cell types express some subset 

of each isoform due to their vital function in transporting glucose from the bloodstream into the cells. 

Glut1 is constitutively present in the plasma membrane of 3T3-L1 fibroblasts and derived adipocytes, and 

its activity is insulin-independent3,6. Glut4 is present in 3T3-L1 fibroblasts and adipocytes. When 

adipocytes are exposed to insulin, Glut4 translocates from intracellular vesicles to the plasma 

membrane30-34. Hence, differentiating 3T3-L1 cells into mature adipocytes has been utilized as a model 

system to study insulin sensitivity of glucose uptake due to insulin-stimulated translocation of glut4 from 

intracellular vesicles to the plasma membrane30-32.
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This study demonstrated that both IBMX and Trog induced mature adipocytes from 3T3-L1 fibroblasts 

yet with distinct differences in phenotype. The levels of each biomarker measured decreased (Pref-1) or 

increased (FABP4 and adiponectin) on the fourth day after induction of adipogenesis and reached higher 

concentrations in cells treated with Trog. It is noteworthy that the expression of both Glut4 and Glut1 

consistently increased during adipogenesis and were present at comparable levels in mature adipocytes. 

The amount of Glut4 in the plasma membrane of adipocytes did not increase with insulin stimulation, 

implying a maximum amount of Glut4 in the plasma membrane prior to insulin exposure. Quantitative 

measures of glucose transport revealed that Glut1 activity likely obscured Glut4 activity in mature 

adipocytes.

2.3 Materials and Methods

2.3.1 Materials

3T3-L1 cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA; CL173). 

High glucose DMEM, insulin and IBMX were from Millipore-Sigma (Burlington, MA; DMEM D7777; 

91077c; i5879). Troglitazone and the Nile Red assay kit were from Cayman Chemicals (Ann Arbor, MI; 

Cay71750-10 CAS 97322-87-7; item 500001). Fetal Bovine Serum and dexamethasone were obtained 

from VWR (Radnor, PA; 97068-085; AAA17590-03). The adiponectin ELISA kit was obtained from 

MyBiosource (San Diego, CA; MBS355460). Primary and secondary antibodies were obtained from 

SantaCruz Biotechnologies (Dallas, TX; FABP4:sc-271529; Pref-1/DLK1:sc-376755; Mouse IgG 

HRP:sc-516102); Thermofisher Scientific (Waltham, MA; Glut1: PA1-46152; Glut4: PA5-80022; goat 

anti Rabbit HRP: 31460); and ABCAM (Cambridge, UK; Goat anti-rabbit Alexafluor 488: ab150085). 

Unless stated otherwise, the remaining supplies were from Thermofisher Scientific.

2.3.2 Cell culture and differentiation

Frozen stocks of 3T3-L1 fibroblasts were stored in liquid nitrogen in DMEM supplemented with 5% 

DMSO. 3T3-L1 fibroblasts were grown in standard growth medium (DMEM with 4.5 g/L glucose, 10% 

FBS, 100 U/ml penicillin/streptomycin, and 1x GlutaMAX) in 10 cm dishes (Falcon®) with the 

environment kept at 37°C, 5% CO2, and 95% humidity. Amplification of 3T3-L1 cultures was carried out 

upon reaching 80% confluence. Cells were dislodged using 0.25% trypsin, 0.04% EDTA dissolved in 

PBS, pelleted by centrifugation, and resuspended in growth medium (1:3).
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For assays, cultures up to passage 8 were used. 3T3-L1 fibroblasts were seeded at 20,000 cells/mL in 12- 

well plates or 96-well plates. Cultures were grown to confluence over 3 days in growth medium and 

maintained confluent for 2 days prior to induction of differentiation using either IBMX or Trog. Briefly, 

confluent cultures of fibroblasts were induced on day 0 (D0) with both 0.25 μM dexamethasone, 1 μg∕mL 

insulin, and either 0.5 mM IBMX or 40 μM trog added to the growth medium. After 2 days, cultures were 

switched to growth medium (D2). In the case of IBMX, cultures were supplemented with insulin (1 

μg∕mL) for an additional 2 days. Subsequently, cultures were maintained in growth medium for up to 12 

days with complete medium changes every 2 days.

2.3.3 Cell lysis

Cells grown in 12-well plates were harvested at confluence prior to induction, as well as at D0, D4, D6, 

D8, D10, and D12 of adipogenesis. Briefly, cells were washed once with 1X PBS before adding lysis 

buffer (HBSS, 20 mM HEPES pH 7.5, 1% triton-X 100, 1 mM PMSF, 1 mM Na3VO4 and protease 

inhibitor). Wells were scraped and lysates collected in Eppendorf tubes, sonicated, and centrifuged at 

10,000x gmax for 3 minutes at RT prior to storage at -20°C.

2.3.4 Lipid quantification

Lipid accumulation was quantified using Nile red as detailed by the manufacturer. Briefly, cell culture 

plates were centrifuged (400x gmax, 5 min at RT), washed once with PBS-based buffer, and fixed (10 

min). After a further centrifugation step (400x gmax, 5 min at RT), Nile red (diluted to 1:1000 in assay 

buffer) was added for 15 minutes. After washing cells with assay buffer, total fluorescence intensity (ex 

488nm, em 535 nm) was measured using a Tecan Spark multimode microplate reader.

2.3.5 Western Blotting

Protein concentration in cell lysates was determined with a bicinchoninic acid assay. Samples with 30 μg 

total protein were prepared by chloroform: methanol precipitation35, resuspended in 10 μL SDS sample 

buffer, resolved by Tris-glycine SDS PAGE (10% acrylamide; 150 mV for 90 minutes)36, and transferred 

to nitrocellulose membranes (25 volts, 3 h, ice bath)36. Membranes were stained with Ponceau S (5g v/v 

acetic acid) for 5 minutes, rinsed with deionized water for 1 minute, and a digital image of the blotting 

membrane was acquired. Next, Ponceau S-stained membranes were washed with deionized water, then 
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blocked for 1 hour in 5% milk powder in TBS (Tris-buffered saline pH 7.5). After washing with TBS (50 

mM Tris, 150 mM NaCl), membranes were incubated with primary antibodies (Mouse anti-Dlk1 1:1000; 

mouse anti-FABP4 1:1000; rabbit anti-Glut4 1:500; and rabbit anti-Glut1 1:500) dissolved in TBS-T (50 

mM Tris, 150 mM NaCl, 0.1% Tween 20) at 4°C overnight. After thorough washes (5 times in TBT-T at 

RT), membranes were incubated with the respective HRP-conjugated secondary antibodies (1:5000 

diluted in TBS-T for 1 h, RT) followed by 5 consecutive washes (TBT-T, RT). Immunoreactive bands 

were detected with SuperSignal™ West Pico PLUS Chemiluminescent substrate (4 mL of mixed solution 

for 5 minutes at RT) and chemiluminescence images acquired (ChemiDocit2). Band intensities from the 

ponceau S stain and chemiluminescence were quantified using ImageJ. For ponceau S stain, a unit area of 

the entire lane of each sample (identical across all lanes) was captured and a total intensity per unit area 

quantified. For chemiluminescence, the total chemiluminescence of the respective immunoreactive band 

was measured using a unit area across each lane. Chemiluminescence was adjusted to the total amount of 

protein (Ponceau stain intensity per lane). Each western blot instance contains 1 replicate per condition. 

The data from each western blot was first normalized to D12 (common denominator due to missing 1 

undifferentiated value), and then all data was normalized to undifferentiated cells to remain consistent 

between all figures.

2.3.6 Immunocytochemistry

Expression levels of Glut1 and Glut4 in the plasma membrane of 3T3-L1 cells were determined by 

immunocytochemistry in cultured cells. Cells were stimulated with 100 nM insulin for 20 min at 37°C or 

left untreated (control), then fixed with 4% (vol/vol) formaldehyde and 0.1% glutaraldehyde in PBS (20 

min, RT) followed by 4 washes with PBS. Cultures were washed then incubated with rabbit anti-glut1 or 

rabbit anti-glut4 (1h, RT) at 1:500 in TBS-1% BSA or 0.1% tween 20 (50 mM Tris, 150 mM NaCl). After 

5 washes with PBS, respective secondary antibody conjugated with AlexaFluor 488 was added (1h, RT). 

Cultures were washed with PBS and total fluorescence intensity was measured using a Tecan Spark 

multimode microplate reader (ex 483 nm and em 528 nm). All values were normalized to undifferentiated 

cells by dividing each fluorescence value by the average fluorescence value obtained from 

undifferentiated cells. Separate experiments with and without tween 20 gave similar results so data 

obtained with and without 0.1% tween 20 were combined.
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2.3.7 Glucose uptake

Glucose uptake was measured in black, clear bottom 96-well plates (Corning®). Cells were stimulated 

with 100 nM insulin (20 min) or left untreated, followed by addition of 100 nM 2-deoxy-2-[(7-nitro- 

2,1,3-benzoxadiazol-4-yl) amino]-D-glucose (2NBDG, Cayman; 11046), for an additional 20 min. Cells 

were washed 3 times with PBS and total fluorescence intensity (ex 485 nm, em 535 nm) was measured 

using a Tecan Spark multimode microplate reader. To normalize the data, the total fluorescence values of 

undifferentiated cells without insulin were averaged. Each total fluorescence data point was then divided 

by this average.

2.3.8 Statistical analysis

Statistical analyses were carried out using Prism 5.0 Software (Graphpad Software, San Diego, CA). 

Lipid quantification assays were performed with 8 replicates from 6 separate cell cultures, and samples in 

the adiponectin ELISA were run in triplicate from 2 separate cell cultures.

Western blotting was performed on 3 or more separate cell cultures. Immunocytochemistry was 

performed for 3 replicates from 4 separate cell cultures. One-way ANOVA analysis and Tukey's were 

used and p<0.05 was considered for statistical significance. + denotes significance compared to 

undifferentiated cells (UND), * denotes significance compared to D0, and □ denotes significance 

compared to D4.

2.4 Results:

The conversion of 3T3-L1 fibroblasts into mature, terminally differentiated adipocytes is a key cellular 

model to study insulin resistance underlying type 2 diabetes. To understand whether distinct 

differentiation procedures might result in phenotypically distinct mature adipocytes, this study focused on 

the two most common inducers, IBMX and Trog, respectively, utilizing a set of morphological and 

molecular biomarkers for comparison over the course of adipogenesis (Figure 1).

2.4.1 Adipocyte phenotype develops in a shorter time frame with Trog compared to IBMX

3T3-L1 fibroblasts undergo a distinct morphological transformation during the conversion into terminally 

differentiated, mature adipocytes. Cell morphology was examined by phase contrast microscopy (10x,
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Accu-scope EXI-310, Excelis). Naïve, subconfluent fibroblasts exhibited a spindle-like morphology and 

upon reaching confluency, cell rounding was apparent. Over the course of differentiation, the cell 

morphology changed to a more hexagonal shape concomitant with formation of lipid droplets which 

increased both in number and size over time (Figure 2). Microscopic imaging revealed that trog-treated 

cells acquired a hexagonal shape and the formation of lipid droplets as early as D4 compared to IBMX- 

treated cells (D6) concurrent with other reports7,10. Notably, the concentration of insulin used in published 

protocols varies considerably38-40. To determine the effective concentration of insulin necessary to achieve 

the maximum differentiation of adipocytes, we tested 0 μg∕mL and 5 μg∕mL of insulin in our induction 

paradigm as opposed to 1 μg∕mL (used in the current protocols) and assessed the typical morphology of 

mature adipocytes at D8 (Figure 3). An absence of insulin dramatically reduced both the number of 

mature adipocytes and the size of lipid droplets found in those adipocytes. Insulin at 1 μg∕mL was most 

effective achieving the highest amount of lipid droplets whereas insulin at 5 μg∕mL resulted in a slight 

decrease in the amount of lipid droplets. Using a concentration of insulin above 1 μg∕mL was thus 

deemed counterproductive.

2.4.2 Total lipid accumulation and lipid droplet width differs between IBMX and Trog

Quantification of total lipid accumulation in cytoplasmic droplets (lipophilic fluorescent dyes) is widely 

used as a measure to determine the successful conversion of 3T3-L1 fibroblast into mature, terminally 
differentiated adipocytes8,41,42. Lipid accumulation was quantified in 2-day intervals over the course of 

adipogenesis up to D12 using Nile red (Figure 4). In the case of Trog, significant lipid accumulation was 

reached by D6 (1.772 ±0.051, n=40, ***P<0.001) compared to control (0.999 ±0.088, n=40), and 

increased to 2.353 ±0.029 (n=48, ***P<0.001) by D12. Despite induction with IBMX resulting in a 

similar time course of lipid accumulation, total lipid was decreased 10.16% compared to Trog on D6, yet 

reached similar lipid levels at D12 (5.91% decrease compared to Trog). Image analysis demonstrated lipid 

droplets larger in diameter in trog-induced cells on D6 and D8 compared to lipid droplets produced by 

IBMX-induction. Average width of the lipid droplets in adipocytes was measured using ImageJ. Utilizing 

the measuring tool on ImageJ, 15-20 lipid droplets per figure were measured in units of pixels (p). The 

droplets measured were visibly the widest in each cell. Starting at D4, IBMX-induced cells revealed 

droplets smaller in diameter (6.519 p ±0.452, n=12, ***P<0.001) compared to trog-induced cells (10.53 p 

±0.558, n=16). As adipogenesis progressed, the diameter of lipid droplets increased yet always remained 

larger in trog-treated cells (39.67 p ±1.361, n=16, ***P<0.001) compared to IBMX-treated cells (22.50 p 

±0.756, n=18) determined at D12. Moreover, the impact of insulin concentration of total lipid 

accumulation was quantified (Figure 5). Insulin at 1 μg∕mL caused a significant increase in total lipid 
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with either IBMX (1.698 ±0.190; n=16, **P<0.01) or Trog (1.381 ±0.101, n=16, ***P<0.001) compared 

to no insulin (IBMX: 0.999 ±0.067; n=16 and Trog: 1.001 ±0.037, n=16). However, higher insulin 

concentrations (5 μg∕mL) exhibited a slight decrease in total lipid droplet accumulation (IBMX: 1.555 

±0.144; n=16, *P<0.05 and Trog: 1.244 ±0.050, n=16, *P<0.05) compared to no insulin. Taken together, 

trog-treated cells produced a higher amount of total lipids and lipid droplets of larger diameter as opposed 

to IBMX-treated cells. Optimal differentiation of the 3T3-L1 cells into adipocytes was achieved with 

insulin concentration of 1 μg∕mL.

2.4.3 Assessment of cell phenotype-specific biomarkers during adipogenesis.

Adipogenesis is induced by three compounds (insulin, dexamethasone, and either IBMX or Trog), each 

with a specific action on transcription factors and hence correlating to the expression of specific 

biomarkers (Figure 6). The fibroblast biomarker Pref-1 is a key factor potently suppressing 

adipogenesis10,11,13. In contrast, the adipokines FABP4 and adiponectin were assessed as molecular 

biomarkers only expressed by terminally differentiated, mature adipocytes due to their complete absence 

in fibroblasts22,25,43. To assess the degree of converting 3T3-L1 fibroblasts to mature, terminally 

differentiated adipocytes, we quantified the presence of Pref-1, FABP4, and adiponectin. Over the course 

of adipogenesis, levels of Pref-1 (whole cell lysates) diminished and were virtually absent in terminally 

differentiated, mature adipocytes (Figure 7)13,14,44.45. Similarly, levels of FABP4 and adiponectin increased 

with increasing lipids19,22,46. FAPB4 was measured by immunocytochemistry (Figure 8), and adiponectin 

quantified in cell culture medium by ELISA (Figure 9). As expected, Pref-1 levels diminished 

dramatically below basal levels determined in 3T3-L1 cultures, regardless of induction with IBMX or 

Trog, as early as D4 post-induction. It is noteworthy that in the IBMX-treated cultures, Pref-1 levels 

measurably increased after D8 post induction and reached basal levels indistinguishable to those 

measured in 3T3-L1 fibroblasts. In trog-treated cultures, Pref-1 levels decreased further after D4 and 

increased again after D8 post induction but did not return to levels measured in 3T3-L1 fibroblasts. These 

experiments demonstrated that trog-treated cells experienced a stronger decrease in Pref-1 upon induction 

of differentiation compared to IBMX. Throughout adipogenesis FABP4 levels increased steadily but were 

distinct between induction protocols. IBMX-treated cells had less FABP4 on D4 compared to trog-treated 

cells, although levels continuously increased and plateaued by D10, then slightly decreased on D12. Trog- 

treated cells revealed a rapid increase of FABP4 levels by D4 and remained high up to D10, then on D12 

decreased back to the level of D6. Trog exposure not only caused a much more rapid rise in FABP4 levels 

compared to IBMX but nominally higher levels of FABP4. By D10, levels of FABP4 in trog-treated cells 

were 54.02% higher than in IBMX-treated cells. These experiments demonstrated that trog-treated cells 
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responded with a stronger increase in FABP4 upon induction of differentiation compared to IBMX. To 

evaluate adiponectin, cultures were differentiated for different lengths of time (D0, D4, D6, D8, D10, and 

D12) and the cell culture supernatant was collected at the last 48 hours of culturing (Figure 9A). 

Adiponectin was absent in fibroblast cultures but strongly expressed over the course of adipogenesis. 

IBMX treatment resulted in a steady increase in adiponectin secretion while trog treatment demonstrated 

a rapid and larger rise of secreted adiponectin, plateauing by D6 compared to IBMX. At its peak on D10, 

the level of adiponectin in IBMX-treated cells was 20.01% lower than the level of adiponectin on D10 in 

trog-treated cultures. This demonstrated that as differentiation progressed, the cells secreted a higher 

concentration of adiponectin.

2.4.4 Glucose transport

Glut1 and Glut4 are the principal glucose transporters present in the plasma membrane of 3T3-L1 cells 
critical to glucose uptake and thus cellular metabolism3,6,17,19,33,47. Expression levels of Glut1 and Glut4 at 

the different stages of adipogenesis are at best ambiguous3,19,39. To determine expression levels over the 

time course of adipogenesis, the presence of Glut1 and Glut4 was assessed both in whole cell lysates 

(Figure 10) as opposed to plasma membrane only (Figure 11) in the context of the two distinct induction 

protocols. When utilizing IBMX as the inducer, total levels of Glut1 increased by 35.58% at D0 

compared to undifferentiated confluent cells, but at D4 had decreased to levels indistinguishable to 

undifferentiated cells. Thereafter, Glut1 levels steadily increased through D10 (1.397 ±0.055, n=3) to a 

level reminiscent of D0 (+39.7% over undifferentiated cells). When utilizing Trog as the inducer, total 

Glut1 levels also increased by D0 (+45.90% over undifferentiated cells) yet again, and at D4 levels had 

decreased significantly well below levels of undifferentiated cells (- 19.02%). After D6, total Glut1 

steadily increased on D8 (+48.8% over undifferentiated cells) to 2.869 (±0.000, n=3) by D12 equivalent 

to a total increase of 186.9% compared to undifferentiated, non-confluent fibroblasts. These results 

demonstrated that Glut1 was present not only in fibroblasts but more so in mature adipocytes at 

surprisingly higher levels. Glut1 level remained steady in IBMX-treated cells (34.3% from 

undifferentiated cells to D12) but increased drastically through the end of differentiation in trog-treated 

cells (186.9% from undifferentiated cells to D12).

Total glut4 levels varied by inducer. In IBMX-treated cells, Glut4 increased by 44.80% at D0 compared 

to undifferentiated confluent cells and again decreased by 25.21% at D4 (compared to D0) remaining at 

this level up to D10. Surprisingly, Glut4 levels sharply decreased by D12 (-43.12%) compared to D10 (a 

24.75% decrease from undifferentiated fibroblasts). In trog-treated cells, Glut4 levels slightly increased 
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by 4.00% at D0 compared to undifferentiated cells and continued to increase through D12 (47.6% over 

undifferentiated cells). These results demonstrated that Glut4 is present in both the fibroblast and 

adipocyte phenotypes and when treated with IBMX, Glut4 decreased by 24.75% from undifferentiated 

cells through D12, while when treated with Trog, Glut4 increased by 47.6% from undifferentiated cells 

through D12.

Glucose transport is critical for maintenance of blood glucose levels and is directly linked to the presence 

of glucose transporters in the plasma membrane of cells. Immunocytochemistry was used to quantify 

plasma membrane levels of Glut1 and Glut4 over the course of adipogenesis with respect to IBMX or 

Trog. To account for the cell density of mature adipocytes in each well, FABP4 was also quantified. We 

found that due to the confluent nature of cells, however, FABP4 values exhibited only marginal variation 

with no significant impact on measurements of Glut1 or Glut4 levels in the plasma membrane. In IBMX- 

treated cells, Glut1 increased from the fibroblasts stage through D4 (+ 38.50%) and remained high 

through D12. In trog-treated cells, Glut1 increased sharply from undifferentiated cells through D4 

(+69.40%). Glut1 decreased by 18.36% on D6 but increased again peaking by D10 (40.23% increase 

from undifferentiated cells). Comparing the two inducers, cells treated with Trog had a 28.49% higher 

level of Glut1 at their peak on D10 (1.673 ±0.048, n=12) compared to cells treated with IBMX on the 

same day of differentiation (1.302 ±0.026, n=12). These results demonstrated that Glut1 increased 

throughout adipogenesis and, thus presented a major force in glucose uptake independent of insulin. 

Utilizing trog as an inducer demonstrated a higher level of Glut1 in the plasma membrane following 

induction of adipogenesis. Plasma membrane Glut4 levels also varied by inducer. Glut4 increased steadily 

throughout differentiation in IBMX-treated cells, reaching a high level of 1.688 (±0.044, n=18, +++P< 

0.001) on D10 compared to undifferentiated cells. Glut4 levels then decreased by 8.23% on D12. In trog- 

treated cells, Glut4 levels increased throughout adipogenesis and peaked on D12 at 2.01 (±0.037, n=12, 

+++p< 0.001) compared to undifferentiated cells. Comparing the inducers, trog-treated cells demonstrated 

a 18.28% increase in plasma membrane Glut4 on D6, and a 29.89% increase by D12 compared to IBMX- 

treated cells on comparable days. There was clearly a difference between the total amount of transporter 

compared to that only exposed on the cell surface. The levels of Glut4 clearly increased with more mature 

adipocytes, but there was Glut4 in the plasma membrane throughout. These results demonstrated that 

Glut1 and Glut4 transporters were present in both fibroblasts and differentiated adipocytes. The level of 

each transporter increased throughout adipogenesis, and utilization of Trog as an inducer demonstrated 

higher levels of both Glut 1 and Glut4 in the plasma membrane compared to the use of IBMX.

Insulin exposure of adipocytes stimulates the translocation of intracellular vesicles harboring Glut4 to the 

plasma membrane and, upon vesicle fusion, increases Glut4 presence. Glut4 then facilitates glucose 
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uptake. This insulin response is critical to maintaining blood glucose levels in a normal range. To 

determine glucose uptake, 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose (2NBDG), a 

fluorescent derivative of glucose was utilized as a reporter of glucose uptake in undifferentiated 3T3-L1 

fibroblasts and differentiated adipocytes (Figure 12). To account for the cell density in each well, 2NBDG 

measurements were adjusted to Presto Blue absorbance. However, because the cells were confluent 

throughout the experiment, the Presto Blue values had no significance on 2NBDG uptake measurements. 

In the absence of insulin, both cell types exhibited basal glucose uptake. There was a slight increase in 

glucose uptake in adipocytes compared to fibroblasts (19.4%, p >0.05, n=4). However, exposure to 

insulin did not result in a significant glucose uptake in adipocytes.

This study demonstrated the presence of Glut4 as well as Glut1 in the plasma membrane of 3T3-L1 

fibroblasts, terminally differentiated adipocytes, and throughout adipogenesis regardless of induction 

protocol. Therefore, we evaluated levels of plasma membrane Glut1 and Glut4 in response to insulin in 

adipocytes derived from IBMX and Trog induction (Table 1 and 2). As adipogenesis progressed, Glut4 in 

the plasma membrane increased steadily and addition of insulin did not reveal the expected, rapid 

insertion of Glut4 into plasma membranes. Moreover, levels of Glut1 in the plasma membrane also 

increased steadily during adipogenesis to levels exceeding those of Glut4. These results demonstrated that 

the level of the glucose transporters Glut1 and Glut4 in the plasma membrane were consistently high and, 

especially Glut4 levels, were non-responsive to insulin.

2.5 Discussion

Adipose tissue has become a sought-after topic of endocrine research for the window it provides in the 

study of energy metabolism, specifically glucose and lipid metabolism. 3T3-L1 murine cells are a well- 

known cell line to study the insulin pathway. A conversion of these cells from fibroblast phenotype into 

mature lipid-forming adipocytes has been studied for many years. Although protocols of induction 

utilized for this conversion vary, IBMX was a constant component. Understanding the mechanisms to 

induce adipogenesis in these cells is fundamental to produce repeatable results from various experiments. 

Studies comparing the protocols used for conversion often solely report the visual aspects of lipid droplet 

formation and the total lipid accumulation with a stain such as Nile Red. However, these studies lack a 

molecular comparison between the adipocytes generated. For the first time, specific biomarkers of 

fibroblasts (Pref-1) and adipocytes (adiponectin and FABP4) were evaluated from naïve confluent 

fibroblast through induction of adipogenesis following up to 12 days. In addition, insulin sensitivity was 

assessed in adipocytes converted with each inducer. Similar to studies comparing the two inducers, the 
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formation of lipid droplets in adipocytes occurred in a shorter time frame with Trog compared to IBMX. 

Differentiation protocols found in the literature for 3T3-L1 adipogenesis vary in insulin concentration, 

ranging from 1 μg∕mL to 5 μg∕mL of insulin38-40. A dose response curve was performed to evaluate the 

difference in adipocytes and lipid accumulation of these adipocytes. The original choice of 1 μg∕mL was 

justified by the count of adipocytes and results of highest lipid accumulation.

2.5.1 Pref-1, FABP4, and adiponectin levels vary with the inducer utilized.

The evaluation of the biomarkers provided important information about the difference in phenotype 

between adipocytes induced with IBMX and adipocytes induced with Trog. The data from Pref-1 

confirmed the findings of a significant decrease in Pref-1 levels after the induction of differentiation. For 

the first time, the data from this study demonstrated an increase of Pref-1 in cells reaching confluence 

compared to cells maintained confluent for 2 days. Also, by measuring Pref-1 for the entire duration of 

adipogenesis, it was demonstrated that Pref-1 levels increased again 6 to 8 days following induction of 

differentiation. Referring to the micrographs of adipocytes in Figure 2 the space between adipocytes 

designated the presence of a few fibroblasts. Fibroblasts are much smaller and thinner, making them 

difficult to detect when located directly adjacent to mature adipocytes. The presence of naïve fibroblasts 

in adipocyte culture could explain the presence of Pref-1 and the increase in Pref-1 on D6 of adipogenesis 

and thereafter could be associated with hindering these new fibroblasts from undergoing adipogenesis. 

Conversion of fibroblasts without the use of either inducer could be explained by the presence of 

adiponectin secreted by the mature adipocytes and its role in promoting adipogenesis21.

The literature findings of FABP4 were also confirmed. FABP4 is absent in fibroblasts and increases 

throughout adipogenesis24-26. Trog is an agonist of PPARγ, which in turn induces the transcription of 

FABP425,48. This would explain a higher level of FABP4 in trog-treated cells compared to IBMX-treated 

cells. On D12 for both sets of cells, the levels of FABP4 decreased. A decrease of FABP4 on D12 of 

differentiation is not reported in the literature. A decrease could be attributed to cellular aging: as Shall 

explains, in vitro cell cultures will lose cellular function over time reducing the expression of proteins49. 

This would require the cells to stop dividing, which is the case with 3T3-L1 adipocytes. By D12, the 

adipocytes have been confluent for 14 days and should have been in a post-mitotic state for at least 12 

days. Post-mitotic cells experience gradual loss of function as a result of the accumulation of unrepaired 
damage to their macromolecules49,50.

Adiponectin was the third biomarker evaluated in this study. Similarly to the literature adiponectin was 

only detected in adipocytes21-23. Again, trog-treated cells secreted a higher concentration of adiponectin 
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overall compared to IBMX-treated adipocytes. One explanation comes from both the direct and indirect 

effects of Trog on adiponectin. As a thiazolidinedione, Trog directly enhances adiponectin51; Trog is also 

a PPARγ agonist which was found to increase adiponectin52,53. A second explanation comes from the 

induction of differentiation. During the conversion of the fibroblasts into adipocytes, the C/EBP family of 

proteins must be induced to fully activate the transcription of genes including adiponectin and as 

differentiation progresses, expression of adiponectin is increased54. The high concentration of adiponectin 

measured on D4 in Trog-treated cells would indicate that transcription of adiponectin is activated in a 

shorter timeframe than in IBMX-treated cells. This would also explain why trog-treated adipocytes 

mature in a shorter time frame compared to IBMX-treated cells.

2.5.2 Presence of Glucose transporters in plasma membranes increased over the course of adipogenesis

Adipocytes express two principal glucose transporters: Glut1, a non-insulin dependent transporter 

responsible for basal glucose transport, is common in many types of cells2,38,55 and Glut4, an insulin

dependent transporter, found only in adipose, skeletal, and cardiac tissues2. The literature is divided about 

the overall presence and levels of Glut1 and Glut4 in 3T3-L1 cells. Jackson et al. found Glut1 only in 

fibroblasts19, while Thomson et al. reported Glut1 expression in both fibroblasts and adipocytes3.

Similarly, some groups mentioned the presence of Glut4 only in adipocytes3,19, while others demonstrated 
Glut4 in both fibroblasts and adipocyte30,47.

To ensure a proper account of the transporters, both whole cell lysates and plasma membrane fractions of 

the cells were evaluated with each inducer. Our own study demonstrated expression of Glut1 in both 

fibroblasts and mature adipocytes. Interestingly, levels of Glut 1 increased in the fibroblast stage while 

cultures remained confluent for 48 hours (From D-2 to D0) determined by quantitative western blotting 

(30 μg total protein loaded per lane. and all data adjusted to ponceau S staining). Moreover. Glut1 levels 

increased consistently during all phases of adipogenesis. The reason for a significant increase in Pref-1 on 

D0 could be due to an increased expression of Pref-1 as the cells remain confluent and start adipogenesis 

programming. Total Glut1 was much higher by D12 in cells treated with Trog compared to IBMX. One 

possible explanation for this 2-fold increase could be due to the use of Trog. which has been linked to the 

increased expression of Glut16.

Similarly to findings with Glut1. adipocytes as well as fibroblasts expressed Glut4. Whereas 

differentiation with IBMX resulted in substantial. and consistent increases in total Glut4 levels during 

adipogenesis albeit with a sharp decrease at D12. differentiation with Trog resulted in gradually 

increasing levels of total Glut4 through D12. An explanation for the sharp decrease of total Glut4 at D12 
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in IBMX-induced adipocytes cells could be attributed to cellular aging and/or dedifferentiation. Notably, 

FABP4 (an adipocyte biomarker) levels also showed decrease by D12. Taken together, these findings 

demonstrate that the choice of induction protocol and inducers such as IBMX or Trog are not 

interchangeable and result in distinct phenotypic differences. Considering Glut4 only, our experiments 

suggested that IBMX and adipogenesis duration for 10 days produced the most beneficial outcome.

Because glucose transporters in the plasma membrane are crucial for the regulation and maintenance of 

extracellular glucose as well as intracellular glucose, we addressed specifically the presence of each 

transporter in plasma membranes during the course of adipogenesis using immunocytochemistry. Glut1 

was clearly present in plasma membranes of fibroblasts and increased during adipogenesis through D12 

regardless of inducer with Trog achieving higher plasma membrane levels compared to IBMX. The 

increase in Glut1 can be explained from the inducers which activate the ERK pathway. Kim at al. 

demonstrates that activation of the ERK pathway upregulates Glut1 expression2. Whereas IBMX activates 

the ERK pathway only, Trog activates both the ERK pathway and the PPARγ pathway, which in turn 

activates the ERK pathway2. This distinct activation pattern of signaling pathways could be responsible 

for higher Glut1 levels induced by Trog. Interestingly, Glut4 was detected in the plasma membrane of 

fibroblasts and levels of Glut4 levels steadily increased throughout differentiation. Similar to our findings 

with Glut1, plasma membrane levels of Glut4 increased at a higher rate and higher levels compared to 

Trog induction. This data aligns with the findings of Thomson et al. for Glut1 presence in both 

phenotypes and Bogan et al. and Kaestner et al. who described the presence of Glut4 in both 
phenotypes3,30,47.

2.5.3 Glucose uptake is not altered by insulin stimulation

The presence of both transporters is of importance when evaluating glucose uptake. Fibroblasts only take 

up glucose for basal cell metabolism, with Glut1 as the predominant transporter, and basal glucose 

transport in fibroblasts is subject to insulin stimulation. While it is present, Glut4 should not affect 

glucose uptake, because the cells are not yet insulin sensitive. Our results supported the lack of increase in 

glucose uptake upon insulin stimulation.

Adipocytes take up glucose both under basal conditions, as well as upon stimulation with insulin, 

converting glucose into triacylglycerols for storage. Accordingly, it was expected that adipocytes would 

transport more glucose than fibroblasts upon insulin stimulation. However, glucose uptake remained 

unaltered. The negligible increase in glucose uptake seen in adipocytes could then be explained by the 

simple increase in Glut4 and Glut1 in the plasma membrane (Figure 11).
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What is not explained is the lack of an increase in glucose uptake when adipocytes are stimulated with 

insulin. In the absence of insulin, Glut4 has been described as predominantly localized to intracellular 

compartment and stimulation with insulin increases the recycling of Glut4 to the cell surface and insertion 

into plasma membranes without significant internalization, thus leading to a net increase in plasma 
membrane levels33,56.

2.5.4 Insulin stimulation did not increase plasma membrane Glut4 levels

To shed light on the lack of glucose uptake in adipocytes, the glucose transporters were evaluated in the 

plasma membrane upon insulin stimulation. In accordance with the literature, Glut1 levels did not 

increase upon insulin addition55. In contrast, Glut4 was expected to increase sharply, up to 10 fold3,57. Yet 

Glut4 levels remained similar to basal. Notably, insulin used in these experiments was identical to that 

used for adipogenesis induction, hence proving its potency. Additionally, the concentration and time of 

stimulation (100 nM for 20 minutes) are standard procedure for stimulating 3T3-L1 cells with 
insulin19,21,38,39,58. In addition, our lab performed separate assays with 2NDBG to measure glucose uptake 

utilizing various concentrations of insulin and for different lengths of time without demonstrating an 

increase in glucose uptake.

One possible alternative would be that the cells were already at maximal capacity for glucose uptake, 

which in turn was limited by the number of Glut4 in plasma membranes59. If there was a lack of Glut4 

internalization in the absence of insulin, the number of transporters in the plasma membrane would 

remain steady and consequently, there would be no further increase in response to insulin.

Fu et al. showed that adiponectin not only promoted furthering adipogenesis but increased glucose uptake 

by 78% through heightened Glut4 gene expression, translocation from intracellular storage vesicles, and 

plasma membrane insertion21. If the levels of plasma membrane Glut4 were maximal due to adiponectin, 

this could serve as an explanation for the lack of increase in plasma membrane Glut4 when the cells were 

stimulated with insulin.

Another hypothesis would be the decrease of Glut4 expression due to stress3,30,58. The cell culture 

environment is ensured with a proper incubator with 100% humidity, 37°C, and 5% CO2; and the medium 

added to the cells is always pre-warmed to 37°C60. The components of the culture medium could 

introduce stress in the tissue. The DMEM found in most methods uses 25 mM glucose (4.5g/L); this is a 

very high concentration of glucose, especially compared to human blood glucose (ranges from 3.6 to 5.8 

mM) and rodent blood glucose (ranges from 4.8 to 7.5 mM).
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Along with a decrease in Glut4 expression due to stress, Glut1 expression is increased with stress38. By 

increasing glucose uptake in an insulin independent manner, the increased expression of Glut1 could 

overshadow the contribution of Glut4 to glucose uptake. Measuring inflammatory markers such as TNF 

or IL-10 or measuring reactive oxygen species could provide some insight into a stressful environment to 

the cells.

Overall, the use of Trog as an inducer to convert 3T3-L1 fibroblasts into mature adipocytes accelerated 

adipogenesis as early as 6 days post induction and promoted expression of adipocyte biomarkers to higher 

levels. However, IBMX demonstrated a higher level of total Glut4 throughout differentiation prior to D12 

compared to Trog.
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2.6 Figures

Image created with BioRender.com

Figure 2.1. 3T3-L1-induction timeline utilizing either IBMX or Trog.

3T3-L1 were originally of spindle-like shape until reaching confluency (D-2). After 2 days under 

confluent conditions (D0), cell bodies exhibited a rounder shape. Induction of differentiation was initiated 

at D0 using insulin (1 μg∕mL), dexamethasone (0.25 μM), and either IBMX (0.05 mM) or Trog (40 μM). 

Two days post-induction (D2), supplementation of cell culture medium was reduced to only insulin (1 

μg∕mL) with regard to IBMX or completely omitted (Trog). Regular growth medium was used from D4 

regardless of inducer used and changed every 2 days until experiments were performed.
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Figure 2.2. Mouse 3T3-L1 fibroblasts exhibit a mature adipocyte phenotype regardless of induction with 

IBMX or TROG. Mouse 3T3-L1 fibroblasts (Naïve fibroblasts, D0) were subjected to induction with 

either IBMX (0.5 mM) or TROG (40 μM) (D4, D6, D8, D10, D12) in the presence of both 

dexamethasone (0.25 μM) and insulin (1 μg∕mL) and then maintained for 4, 6-, 8-, 10-, or 12-days post

induction. Top panel (D-2) represents fibroblast cultures when reaching 90% confluent compared to 

fibroblasts at D0. Fibroblasts have a spindle-like morphology (black arrows) and at D0, most cells have 

started to change shape to become more hexagonal. At D4, a fraction of IBMX-treated cells still exhibits 

a spindle-like morphology whereas others exhibit a more hexagonal shape and start showing a few lipid 

droplets. On D6, most cells are hexagonally shaped, and lipid droplets are more abundant. On D8, a large 

fraction of cells contains lipid droplets increasing in size indicative of mature adipocytes (arrow). On D10 

through D12, the cells reveal an abundance of lipid droplets, and the overall size of lipid droplets is 

maximal.

In trog-treated cultures, cells exhibit the typical hexagonal shape (arrow) and most of the cells have many 

small lipid droplets (D4). On D6, a large fraction of cells contains lipid droplets and many cells have 

become mature adipocytes (arrow). On D8, the cells continue to demonstrate more lipid droplets and 

some droplets appear much wider than in IBMX-treated cells. On D10 through D12, the lipid droplets in 

the cells continue to increase in size.
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Figure 2.2. continued
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Figure 2.2. continued
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Figure 2.3. Adipogenesis is impacted by insulin concentration. Mouse 3T3-L1 fibroblasts were subjected 

to differentiation with dexamethasone. IBMX (0.5 mM) and varying concentrations of insulin (0. 1. 5 

μg∕mL) for 8 days. In the absence of insulin. cultures exhibited fewer adipocytes compared to cells that 

received 1 and 5 μg∕mL insulin. The insulin concentration of 1 μg∕mL was sufficient to induce 

adipogenesis in the majority of the fibroblasts. Addition of 5 μg∕mL of insulin did not induce a higher 

fraction of differentiated adipocytes in the culture compared to 1 μg∕mL.
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Figure 2.4. Time-dependent accumulation of lipids and width of lipid droplets during adipogenesis. 

Mouse 3T3-L1 fibroblasts were subjected to induction with either IBMX (0.5 mM) (A, C) or TROG (40 

μM) (B, D) in the presence of both dexamethasone and insulin.

Total lipid accumulation was quantified using Nile red in cultures at D0, D6, D8, D10, or D12 post 

induction. Treatment with IBMX potently stimulated lipid accumulation over the course of adipogenesis. 

Total lipids increased significantly by D6 (59.04% compared to D0) and continued to increase through 

D12 (121.88% compared to D0). Similarly, treatment with Trog also stimulated lipid accumulation. Lipid 

accumulation was significantly higher by D6 (77.38% compared to D0) and continued to increase through 

D12 (135.54% compared to D0). Trog-treated cells had a higher quantity of lipids each day of 

differentiation compared to IBMX where levels plateaued after D10.

The diameter of lipid droplets was measured (pixels, p) in the visibly wider droplets (2-5) of each 

adipocyte (up to 20 droplets) from D4 through D12. The diameter increased significantly through 

adipogenesis regardless of inducer. Cells treated with Trog had 61.53% wider lipid droplets on D4 
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compared to cells treated with IBMX. C) In IBMX-treated cells, the lipid droplets demonstrate a sharp 

increase in diameter from D8 to D10 (90.90%). The diameter plateaued after D10. D) In trog-treated cells, 

the lipid droplet width increased sharply by 92.27% from D6 to D8, plateaued from D8 to D10 and 

increased again by 48.41% on D12 compared to D10.

*** P<0.001 compared to D0; □□□ P<0.001 compared to D4, □ P<0.05 compared to D4.
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Figure 2.5. Insulin concentration-dependent accumulation of lipids. Mouse 3T3-L1 fibroblasts were 

subjected to induction with either IBMX (0.5 mM) (A) or TROG (40 μM) (B) in the presence of 

dexamethasone and concentrations of insulin of 0, 1, 5 μιg∕mL for 8 days post induction. Total lipid 

accumulation was quantified using Nile red stain and normalized to no insulin conditions. Insulin at 1 

μg∕mL resulted in substantial lipid accumulation regardless of inducer (1.698 ±0.19 vs 0.999 ±0.07, n=16, 

p < 0.01 for IBMX; 1.381 ±0.10 vs 1.001 ±0.04, n=16, p <0.001for TROG) compared to no insulin. Note, 

cultures exposed to 5 μg∕mL of insulin despite significant lipid accumulation compared to no insulin, 

revealed significantly less lipid accumulation compared to 1 μg∕ml insulin.

*** P<0.001 compared to D0, ** P<0.01 compared to D0, * P<0.05 compared to D0.
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Figure 2.6. Induction of adipogenesis. Pref-1 binds fibronectin allowing a downstream signal to activate 

the MEK/ERK pathway ultimately resulting in the expression of the transcription factor Sox910,13 . Sox9 

suppresses C/EBPβ and C∕EBPδ that, in turn, down regulates expressions of C∕EBPα and PPARγ10. 

Dexamethasone attenuates pref-1 transcription while allowing expression of C/EBPβ and PPARγ44. 

Insulin, through prenylation of Ras and Rho proteins, activates the MAPkinase and phosphorylates CREB 

which induces adipogenesis60. CREB binds to the cAMP response elements in the promoter regions of 

adipocyte specific genes such as FABP gene. In addition, insulin enhances PPARγ activity27. IBMX 

increases expression of C∕EBPδ, and Trog increases expression of C∕EBPα and PPARγ7,9.
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Figure 2.7. Suppression of Pref-1 expression is differentially affected by adipogenesis inducers. Mouse 

3T3-L1 fibroblasts were subjected to induction with either IBMX (0.5 mM) (A) or Trog (40 μM) (B) in 

the presence of both dexamethasone and insulin. Cells were lysed on days indicated and Pref-1 levels 

were detected by western blotting chemiluminescence of immunoreactive bands quantified. Utilizing 

either inducer. Pref-1 levels increased more than 100% by D0. A) In IBMX-treated cells. Pref-1 levels 

decreased significantly after induction of adipogenesis (76.8% by D4). then increased steadily until D12 

(141.5% increase compared to D4). B) In trog-treated cells. Pref-1 levels also decreased significantly after 

induction of adipogenesis (77.9% by D4). then continued to decrease until D8. After D8. Pref-1 levels 

increased again through D12 (52.3% increase compared to D4).

+++ P<0.001 compared to undifferentiated cells. ++ P<0.01 compared to undifferentiated cells. + P<0.01 

compared to undifferentiated cells; *** P<0.001 compared to D0. ** P<0.01 compared to D0.
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Figure 2.8. Trog results in higher expression levels of FABP4 during adipogenesis as opposed to IBMX.

Mouse 3T3-L1 fibroblasts were subjected to induction with either IBMX (0.5 mM) (A) or Trog (40 μM) 

(B) in the presence of both dexamethasone and insulin. Cells were fixed and stained with anti-FABP4 

antibody; fluorescence was measured. A) In IBMX-treated cells, the levels of FABP4 increase throughout 

differentiation with a peak on D10 (57.7% increase compared to UND), followed by a decrease of 14.1% 

on D12. B) In trog-treated cells, the levels of FABP4 increased to much higher levels with a peak on D10 

(142.9% increase compared to UND, followed by a decrease of 21.8% on D12).

+++ P<0.001 compared to undifferentiated cells, ++ P<0.01 compared to undifferentiated cells; *** 

P<0.001 compared to D0, ** P<0.01 compared to D0, * P<0.05 compared to D0.
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Figure 2.9. IBMX and Trog achieve different expression levels of adiponectin during adipogenesis.

Mouse 3T3-L1 fibroblasts were subjected to induction with either IBMX (0.5 mM) (B) or Trog (40 μM) 

(C) in the presence of both dexamethasone and insulin. A) Cells were grown and differentiated for 0, 4, 6, 

8, 10, and 12 days. As indicated by the diamond (♦) the cell culture supernatants were collected after the 

last 2 days of culture. B) In IBMX-treated cells, adiponectin was detected in the medium on D4 (3.3 

pg∕mL, n=6, p>0.05). The level of adiponectin became more pronounced by D6 (54.1 pg∕mL, n=6, 

p<0.001) and it continued to increase until D10 (119.4 pg∕mL, n=6, p<0.001). C) In trog-treated cells, 

adiponectin was detected on D4 (30.2 pg∕mL, n=6, p<0.01), by D6 it increased sharply to 169.5 pg∕mL 

(n=6, p<0.001) where it plateaued for the remainder of adipogenesis.

*** P<0.001 compared to D0, ** P<0.01 compared to D0.
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Figure 2.10. Total glut 1 and glut4 levels throughout differentiation. Mouse 3T3-L1 fibroblasts were 

subjected to induction with either IBMX (0.5 mM) (A, C) or Trog (40 μM) (B, D) in the presence of both 

dexamethasone and insulin. Cells were lysed on days indicated over the time course of adipogenesis and 

total glut1 and glut4 levels were quantified by western blotting. In IBMX-treated cells: A) Glut1 

increased 35.58% by D0 followed by a decrease of 34.47% on D4. It increased steadily thereafter until 

D10, returning to the level of D0. C) Glut4 increased by 44.80% on D0 followed by a decrease of 25.21% 

on D4. Glut4 then increased through D10 with a sharp decrease of 43.12% on D12. In trog-treated cells: 

B) Glut1 increased by 45.90% on D0 followed by a decrease of 19.02% on D4. Glut1 then increased and 

surpassed D0 levels (1.459 ±0.577, n=3) by D8. The levels continued to increase and by D12 glut1 levels 

were significantly higher than levels in undifferentiated fibroblasts (186.9% increase). D) Glut4 increased 

steadily from undifferentiated cells through D12 (47.6% increase), with a slight decrease on D8 (26.76% 

decrease from D6 to D8). + P<0.01 compared to undifferentiated cells
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Figure 2.11. Plasma membrane levels of glut1 and glut4 increase throughout differentiation. Mouse 3T3- 

L1 fibroblasts were subjected to induction with either IBMX (0.5 mM) (A, C) or TROG (40 μM) (B, D) 

in the presence of both dexamethasone and insulin. Cells were fixed and stained with anti-glut1 or anti- 

glut4 antibodies; fluorescence was measured. In IBMX-treated cells: A) Glut1 was clearly present in 

fibroblasts and peaked on D4 of differentiation (38.50% increase from UND). Glut1 remained high 

through the remainder of the differentiation. C) Glut4 was present in fibroblasts and increased steadily 

throughout differentiation reaching a high level on D10 (1.688 ±0.044, n=18, +++P< 0.001) compared to 

undifferentiated cells (1.000 ±0.007, n=12). In trog-treated cells: B) Glut1 was clearly present in 

fibroblasts and demonstrated a sharp increase on D4 (69.40% compared to UND), followed by a decrease 

2 days later on D6 (18.36% compared to D4. Glut1 then increased through D10 (40.23% compared to 

UND). D) Glut4 was present in fibroblasts and increased significantly throughout differentiation from D4 

until D12 compared to undifferentiated cells.
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Figure 2.12. Glucose uptake is not increased with insulin treatment in adipocytes. Mouse 3T3-L1 

fibroblasts were subjected or not to induction with Trog (40 μM) in the presence of both dexamethasone 

and insulin for 10 days. Cells were treated or not with 100 nM insulin for 20 minutes, followed by 

addition of 100 μM 2NBDG for 40 minutes. Cells were washed and total fluorescence was measured. 

There was no significant difference in glucose uptake with addition of insulin, nor when comparing 

fibroblasts to mature adipocytes.

55



Inducer: IBMX

Day of

differentiation

Basal

Mean (±SEM)

Insulin

Mean (±SEM)

% Change upon 

insulin stimulation

Fibroblasts 1.000 (±0.010) 1.042 (±0.046) 4.2%

Day 0 1.195 (±0.018) 1.222 (±0.020) 2.7%

Day 4 1.385 (±0.057) 1.459 (±0.070) 7.4%

Day 6 1.237 (±0.025) 1.235 (±0.039) -0.2%

Day 8 1.250 (±0.032) 1.267 (±0.034) 1.7%

Day 10 1.302 (±0.026) 1.345 (±0.031) 4.3%

Day 12 1.316 (±0.043) 1.293 (±0.020) -2.3%

Table 2.1. Plasma membrane levels of Glut1 during adipogenesis in the presence of absence of insulin. 

Mouse 3T3-L1 fibroblasts were subjected to induction with either IBMX (0.5 mM) or Trog (40 μM) in 

the presence of both dexamethasone and insulin. Prior to fixing, the cells were treated with 100 nM 

insulin for 20 minutes. Cells were fixed and stained with anti-Glut1 antibody; fluorescence was measured. 

As the western blotting data demonstrated in figure 10, Glut1 is present throughout adipogenesis. When 

the cells were stimulated with insulin, the only increase in Glut1 was seen under the Trog inducer on D10 

(10.1%). There were no significant differences in Glut1 when insulin was added to the cells.

Inducer: Trog

Day of

differentiation

Basal

Mean (±SEM)

Insulin

Mean (±SEM)

% Change upon 

insulin stimulation

Fibroblasts 1.002 (±0.0.12) 0.995 (±0.006) -0.5%

Day 0 1.121 (±0.016) 1.090 (±0.009) -3.1%

Day 4 1.694 (±0.017) 1.685 (±0.016) -0.9%

Day 6 1.383 (±0.018) 1.359 (±0.029) -2.4%

Day 8 1.484 (±0.020) 1.422 (±0.015) -0.062

Day 10 1.673 (±0.048) 1.774 (±0.039) 10.1%

Day 12 1.509 (±0.026) 1.531 (±0.028) 2.2%
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Inducer: IBMX

Day of

differentiation

Basal

Mean (±SEM)

Insulin

Mean (±SEM)

% Change upon 

insulin stimulation

Fibroblasts 1.000 (±0.007) 1.001 (±0.012) 0.1%

Day 0 1.074 (±0.011) 1.076 (±0.015) -7.6%

Day 4 1.342 (±0.013) 1.331 (±0.016) -1.1%

Day 6 1.444 (±0.029) 1.466 (±0.030) 2.2%

Day 8 1.495 (±0.022) 1.472 (±0.019) -2.3%

Day 10 1.688 (±0.044) 1.735 (±0.047) 4.8%

Day 12 1.549 (±0.032) 1.587 (±0.023) 3.8%

Table 2.2. Plasma membrane levels of Glut4 during adipogenesis in the presence or absence of insulin

Mouse 3T3-L1 fibroblasts were subjected to induction with either IBMX (0.5 mM) or Trog (40 μM) in 

the presence of both dexamethasone and insulin. Prior to fixing, the cells were treated with 100 nM 

insulin for 20 minutes. Cells were fixed and stained with anti-Glut4 antibody; fluorescence was measured. 

As the western blotting data demonstrated in figure 10, Glut4 was present throughout adipogenesis. 

Utilizing IBMX, the cells did not demonstrate a high level of Glut4 in the plasma membrane when 

stimulated with insulin. Utilizing Trog, there were increases in Glut4 on D6 (4.2%), D8 (1.7%), D10 

(0.6%), and on D12 (19.5%). There were no significant differences in Glut4 when insulin was added to 

the cells.

Inducer: Trog

Day of

differentiation

Basal

Mean (±SEM)

Insulin

Mean (±SEM)

% Change

Fibroblasts 1.000 (±0.008) 0.966 (±0.008) -3.4%

Day 0 1.009 (±0.012) 0.999 (±0.016) -1.0%

Day 4 1.340 (±0.034) 1.298 (±0.034) -3.1%

Day 6 1.708 (±0.040) 1.780 (±0.032) 4.2%

Day 8 1.895 (±0.049) 1.928 (±0.047) 1.7%

Day 10 1.958 (±0.049) 1.945 (±0.035) 0.6%

Day 12 2.012 (±0.037) 2.207 (±0.052) 19.5%
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Chapter 3. Alaskan Blueberries Positively Affect Glut4 Translocation.

3.1 Abstract

Insulin resistance, a risk factor of type 2 diabetes (T2D) is characterized by reduced insulin-mediated 

glucose uptake in adipose tissue, skeletal muscle, and liver. 3T3-L1 murine adipocytes are a key model to 

evaluate insulin signaling through translocation of the glucose transport 4 (Glut4) and assess changes in 

glucose uptake upon insulin stimulation. T2D is often associated with an unhealthy diet and∕or lifestyle 

conditions. Alaskan Native populations have a lower prevalence of T2D compared to other populations of 

the United States. Their traditional diet and lifestyle, which includes the consumption of nutrient-rich 

local foods, is hypothesized to be correlated to their better health. Alaskan blueberries (AKBB) are of 

particular interest due to the growing scientific knowledge of the benefits provided by the phytochemicals 

such as anthocyanins and other polyphenols found in these berries in general. The goal of this study was 

to expose 3T3-L1 adipocytes to various AKBB extracts and assess changes induced by insulin 

stimulation. 3T3-L1 adipocytes have demonstrated a lack of Glut4 translocation and glucose uptake upon 

insulin stimulation, while the phosphorylation cascade from the phosphorylation of the insulin receptor 

through the phosphorylation of Akt have remained functional. Twenty-four-hour exposure to crude 

AKBB extract resulted in an insulin-like effect on the translocation of Glut4 to the plasma membrane and 

improved glucose uptake without stimulation with insulin. However, the 10-fold increase in plasma 

membrane Glut4 was not attained.

3.2 Introduction

Type 2 diabetes (T2D) is affecting the population worldwide and its incidence has increased drastically in 

the last decade1. T2D is characterized by chronic hyperglycemia resulting from a disruption of insulin- 

mediated glucose uptake, also called insulin resistance, and often associated with a lack of translocation 

of the insulin-dependent glucose transporter Glut42-4 Pharmaceuticals have introduced some beneficial 

treatments to restore insulin sensitivity and increase glucose uptake by the cells, but these are often 

associated with negative side effects. Dietary and lifestyle alterations are often sought-after options to 

treat or prevent T2D due to their reduced or lack of side-effects5-8. For example, Alaskan Native 

populations who generally consume a traditional subsistence diet and lead an active lifestyle of fishing, 

hunting and gathering, have a lower prevalence of T2D when compared to other populations of the United 

States (US)3,9. However, the incidence of T2D in these communities is rising at a faster rate than the rest 

of the US9. Studies assessing the diets of several Alaskan Native communities have demonstrated a shift 

from their traditional subsistence and nutrient-rich foods (fish, land and marine mammals, in addition to 
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berries and plants) towards a dependence on high energy - nutrient poor foods (store-bought foods 

including pizza, syrup, and refined carbohydrates such as bread and crackers)10,11. In a 10-year span, 

studies demonstrated a decrease in local, subsistence food consumption in the diet of Alaskan Native 

populations (from 25% in 1992 to 15% in 2002)10.

Polyphenols found in botanicals have long been used to improve insulin sensitivity, specifically by 

restoring glucose uptake through the acceleration of Glut4 translocation7,12-19. As most fruits and 

vegetables do, Alaskan blueberries (AKBB) contain many bioactive compounds, including flavonoids and 

polyphenols which provide antioxidant and anti-inflammatory properties12-20. AKBB have been 

considered as a beneficial botanical towards restoring and protecting insulin-mediated glucose uptake. 

Blueberries have been positively linked to reduction of markers of inflammatory and oxidative stresses 

which in turn act in the restoration of insulin sensitivity5,20-27. In addition to phytochemicals found in 

blueberries growing in lower latitudes, AKBB have an increase of polyphenols due to their harsh climatic 

environmental factors: long cold winters (-40°C), low growth temperatures (18-22°C) and 24-h exposure 

to sunlight in the summers17,28. One of the most common polyphenols are anthocyanins. Dietary 

anthocyanins have been studied for their role as antioxidants: scavenging reactive oxygen species and 
inducing upregulation of the antioxidant response element pathway21,22,24,25,28. Anthocyanins have also 

demonstrated promising anti-inflammatory effects such as the decrease of TNF-α, IL-6 and blood glucose 

levels and the increase in IL-10 expression21,28. In particular, consumption of anthocyanins has 

demonstrated reduction in insulin resistance through upregulation of Glut4 translocation and followed by 
restoration of glucose tolerance21,23,27,28. By exposing 3T3-L1 adipocytes to extracts derived from whole 

AKBB fruit (crude, anthocyanin-enriched, and polyphenolic-rich extracts) this study sought to evaluate 

changes in the levels of plasma membrane Glut4 and glucose uptake.

3.3 Methods

3.3.1 Materials

3T3-L1 cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA; CL173). 

High glucose DMEM, insulin and IBMX were from Millipore-Sigma (Burlington, MA; DMEM D7777; 

91077c; i5879). 2NBDG and Nile Red assay kit were from Cayman Chemicals (Ann Arbor, MI; 11046 

and 500001). Protease inhibitor tablets were obtained from Thermofisher Scientific (Waltham, MA; 

A32965). The antibodies were purchased as follows: Mouse anti-insulin receptor beta (AB69508), Goat 
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anti-mouse Alexafluor555 (AB150118), and Goat anti-rabbit Alexafluor488 (AB150085) were purchased 

from ABCAM (Cambridge, UK); Rabbit anti-Glut1 (PB9435) was purchased from Boster Biological 

Technology (Pleasanton, CA); Rabbit anti-Akt (sc5298) and Rabbit anti-phosphorylated Akt (sc7985) 

were purchased from SantaCruz Biotechnology (Dallas, TX); and Rabbit anti-Glut4 (PA5-80022) and 

Rabbit anti-phosphorylated insulin receptor (tyrosine 1162; 44805G) were purchased from Thermofisher 

Scientific (Waltham, MA). Unless stated otherwise, the supplies were obtained from VWR (Radnor, PA).

3.3.2 Cell culture

Frozen stocks of 3T3-L1 fibroblasts were stored in liquid nitrogen in DMEM supplemented with 5% 

DMSO. 3T3-L1 fibroblasts were grown in standard growth medium (DMEM with 4.5 g/L glucose, 10% 

FBS, 100 U/ml penicillin/streptomycin, and 1x GlutaMAX) in 10 cm dishes (Falcon®) with the 

environment kept at 37°C, 5% CO2, and 95% humidity. Upon reaching 80% confluency, cultures were 

amplified using 0.25% trypsin, 0.04% EDTA dissolved in PBS.

For assays, cultures up to passage 8 were used. 3T3-L1 fibroblasts were seeded at 20,000 cells/mL in 12- 

well plates or 96-well plates. Cultures were grown to confluence over 3 days in growth medium and 

maintained confluent for 2 days prior to induction of differentiation using IBMX. Briefly, confluent 

cultures of fibroblasts were induced on day 0 with 0.25 μM dexamethasone, 1 μg∕mL insulin, and 0.5 mM 

IBMX added to the growth medium. After 2 days, cultures were switched to growth medium 

supplemented with 1 μg∕mL insulin for an additional 2 days. Subsequently, cultures were maintained in 

growth medium for 10 days with complete medium changes every 2 days.

3.3.3 Glucose uptake

Glucose uptake was measured in black, clear bottom 96-well plates (Corning®). Cells were stimulated 

with 100 nM insulin (20 min) or left untreated, followed by addition of 100 nM 2-deoxy-2-[(7-nitro- 

2,1,3-benzoxadiazol-4-yl) amino]-D-glucose (2NBDG), for an additional 20 min. Cells were washed 3 

times with PBS and total fluorescence intensity (ex 485 nm and em 535 nm) was measured using a Tecan 

Spark multimode microplate reader. To normalize the data, the total fluorescence values of control (no 

treatment) cells without insulin were averaged. Each total fluorescence data point was then divided by this 

average.
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3.3.4 Immunocytochemistry

The levels of insulin receptor (IR), phosphorylated insulin receptor on tyrosine 1162 (p-IR), Akt, 

phosphorylated Akt on serine 473 (p-Akt), and plasma membrane Glut4 were determined by 

immunocytochemistry. Cells were stimulated with 100 nM insulin for 20 min at 37°C or left untreated 

(control), then fixed with 4% (vol/vol) formaldehyde and 0.1% glutaraldehyde in PBS (20 min, RT) 

followed by 4 washes with PBS. The epitopes recognized by each antibody were intracellularly located 

(IR, p-IR, Akt, and p-Akt), therefore the cells were permeabilized with ice-cold (-20°C) methanol for 3 

minutes followed by 3 washes with 1X PBS. In contrast, this step was skipped to detect plasma 

membrane presence of Glut4. Cultures were washed once then incubated with respective antibodies 

(mouse anti-insulin receptor; rabbit anti-p-IR; rabbit anti-Akt; rabbit anti-p-Akt, or rabbit anti-Glut4) (1h, 

RT) at 1:500 in TBS-1% BSA or 0.1% tween 20 (50 mM Tris, 150 mM NaCl). After 5 washes with PBS, 

respective secondary antibody conjugated with AlexaFluor 488 (rabbit) or AlexaFluor 555 (mouse) was 

added (1h, RT). Cultures were washed with PBS and total fluorescence intensity was measured using a 

Tecan Spark multimode microplate reader (ex 483 nm and em 528 nm). To normalize the data, the total 

fluorescence values of control (no treatment) cells without insulin were averaged. Each total fluorescence 

data point was then divided by this average. Separate experiments with and without tween 20 gave similar 

results so data obtained with and without 0.1% tween 20 were combined.

3.3.5 Lipid Quantification

Lipid accumulation was quantified using Nile red as detailed by the manufacturer. Briefly, cell culture 

plates were centrifuged (400x gmax, 5 min at RT), washed once with PBS-based buffer, and fixed (10 

min). After a further centrifugation step (400x gmax, 5 min at RT), Nile red (diluted to 1:1000 in assay 

buffer) was added for 15 minutes. After washing cells with assay buffer, total fluorescence intensity (ex 

488nm, em 535 nm) was measured using a Tecan Spark multimode microplate reader. To normalize the 

data, the total fluorescence values of control (no treatment) cells without insulin were averaged. Each 

total fluorescence data point was then divided by this average.

3.3.6 Botanicals Extracts

Preparation of the extracts was described by Grace et al.20. Briefly, freeze-dried berries were 

homogenized with acidified methanol (0.3 % TFA). The homogenate was filtered, and the alcohol 

removed by rotary evaporation kept below 40°C. Powdered extracts were stored until reconstitution prior 
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to use in a mixture of 70/30 ratio of acetone/water solution and diluted in 18 MΩ water. The final stock 

concentration prior to addition to culture medium was 1 mg/mL.

3.3.7 Calculations of Thresholds and Statistical analysis

To analyze the data and compare values, a threshold was calculated by adding 2 standard deviations to the 

average of the control condition (no treatment, no insulin stimulation). This threshold was then subtracted 

from each data point. The percentage of data above threshold is indicated on each figure.

Significance was calculated by comparing the mean of values for each condition compared to threshold. 

Statistical analyses were carried out using Prism 9.0 Software (GraphPad Software, San Diego, 

CA). Samples for each antibody were run at 6 to 8 replicates per experiment for up to 4 experiments. 

One-way ANOVA analysis and Tukey's were performed. p<0.05 was considered statistically significant. 

The symbol “*” denotes significance.

3.4 Results

Insulin signaling is initiated with the binding of insulin to the insulin receptor. This causes 

autophosphorylation and transphosphorylation of the insulin receptor. Once activated, the insulin receptor 

triggers a signaling cascade ending with the phosphorylation of Akt. Phosphorylation of Akt leads to the 

release of the Glut4 storage vesicles (GSV) from the cytosol and translocation along the actin 

cytoskeleton to the plasma membrane where GSVs fuse with the membrane and Glut4 is inserted into the 

plasma membrane29. 3T3-L1 mature adipocytes have played a primary role in the study of insulin 

signaling. Specifically, the translocation of insulin-dependent Glut4 from cytosolic vesicles to the plasma 

membrane and subsequent glucose uptake are of particular interest in order to assess insulin sensitivity in 

the cells. In this study, we evaluated the signaling cascade in response to insulin. We quantified the 

insulin receptor (IR) and its phosphorylation (p-IR) upon insulin stimulation, to ensure the beginning of 

the insulin cascade was active. Then, we quantified Akt and its phosphorylation (p-Akt) upon insulin 

stimulation to ensure the signaling cascade was functional through Akt. Finally, we quantified plasma 

membrane Glut4 and glucose uptake upon insulin stimulation to determine whether the insulin cascade 

was fully functional up to the facilitation of glucose transport.
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3.4.1 Assessment of the insulin signaling pathway upon exposure to crude AKBB extract.

Cell culture medium was supplemented with 5 μg∕mL of crude AKBB extract (control, no treatment) for 

24 hours prior to quantification of the insulin receptor, Akt, and plasma membrane Glut4. To perform the 

assay, the cells were stimulated with insulin (100 nM, 20 min) and immunocytochemistry was performed 

to quantify the levels of the insulin receptor, phosphorylation of the insulin receptor, Akt, the 

phosphorylation of Akt, and plasma membrane Glut4. In addition, glucose uptake was quantified with 

2NBDG.

Both the insulin receptor (IR) and its level of phosphorylation (p-IR) were quantified (Figure 1). Upon 

insulin stimulation, the level of insulin receptors did not increase significantly above threshold (25%). 

Exposure to crude AKBB extract (5 μg∕mL, 24h) also did not increase the level of the insulin receptor 

above threshold (19%). However, addition of insulin to cells exposed to crude AKBB extract increased 

the level of insulin receptor above threshold (50%, p>0.001, n=16). The level of phosphorylation of the 

insulin receptor increased significantly above threshold upon insulin stimulation (77.8%, P<0.0001, 

n=12). Exposure to crude AKBB (5 μg∕mL, 24h) was not correlated to a significant increase of the 

phosphorylated insulin receptor above threshold (25%), yet exposure to the crude extract significantly 

increased insulin-stimulated phosphorylation of the insulin receptor compared to threshold (100%, 

p<0.0001, n=12). These results demonstrated that the insulin receptor was functional upon insulin 

stimulation and that crude AKBB exposure increases the level of phosphorylation of the insulin receptor.

Next, Akt and its phosphorylation were addressed (Figure 2). The level of total Akt increased above 

threshold upon insulin stimulation (40%), however this was not a significant increase. Exposure to crude 

AKBB extract also increased the levels of Akt above threshold (25%), again this was not significantly 

increased compared to threshold. Finally, insulin stimulation of cells exposed to crude AKBB extract 

increased 8% above threshold, because one data point was above threshold. Levels of phosphorylation of 

Akt increased significantly upon insulin stimulation (93.8% above threshold, P<0.0001, n=26). 

Comparing cells exposed to crude AKBB extract to control conditions there was no difference, the level 

of phosphorylation of Akt did not increase above threshold. Exposure to crude AKBB extract and insulin 

stimulation did increase the level of phosphorylation of Akt significantly above threshold (100%, 

p<0.0001, n=16). These results demonstrated that the insulin signaling cascade was functional through 

phosphorylation of Akt and exposure to 5 μg∕mL crude AKBB extract for 24 hours did not alter the 

phosphorylation of Akt.

Changes in Glut4 translocation from the cytosol into the plasma membrane were quantified by measuring 

only plasma membrane levels (Figure 3). Upon insulin stimulation, the levels of plasma membrane Glut4 
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to 18.2% above threshold. However, this increase was not significant. Comparing Glut4 in cells exposed 

to crude AKBB extract to threshold, there was a significant increase of 38% above threshold (P<0.001, 

n=16). However, insulin stimulation of cells exposed to the crude extract did not increase the level of 

Glut4 above threshold. These results demonstrated that insulin stimulation does not significantly increase 

the level of plasma membrane Glut4. Exposure to 5 μg∕mL crude AKBB extract for 24 hours did enhance 

the level of plasma membrane Glut4 without insulin stimulation.

Finally, 2NBDG was utilized to evaluate glucose uptake by mature adipocytes (Figure 4). Upon insulin 

stimulation, glucose uptake was expected to increase30,31, but it remained similar to unstimulated cells. 

Exposure to crude AKBB extract significantly increased glucose uptake above threshold (57.1%, p<0.01, 

n=7). Cells exposed to crude AKBB extract and stimulated with insulin also demonstrated a significantly 

higher glucose uptake compared to threshold (71.4% above threshold, p<0.001, n=7). However, an 

additional increase in glucose uptake in cells exposed to the crude extract and stimulated with insulin was 

not demonstrated. These results indicated a lack of glucose uptake in mature 3T3-L1 and an insulin

mimicking effect by the crude AKBB extract.

3.4.2 Assessment of long-term addition of various AKBB extracts.

Exposure to crude AKBB extract for 24 hours was not sufficient to increase insulin mediated Glut4 

translocation to the plasma membrane nor increase glucose uptake. In an effort to increase Glut4 

translocation upon insulin stimulation, the cells were exposed to the extract for a longer time period: 6 

days. Due to the lipogenic properties of anthocyanins, supplementation with AKBB extracts (5 μg∕mL) 

was performed 4 days after the start of differentiation and every other day until evaluation on day 1 0 6,32-34 . 

In addition to crude extract, the cells were also exposed to 2 fractions derived from AKBB extract: 

anthocyanin-enriched (ANT), and polyphenol-rich (PP). In the next assays, we quantified the 

phosphorylation of Akt to ensure the insulin signaling pathway remained functional through exposure to 

the extracts, then we measured plasma membrane Glut4.

Upon insulin stimulation, the level of phosphorylation of Akt increased above threshold (100%, 

p<0.0001, n=6). Following exposure to each of the three AKBB extracts (5 μg∕mL, 6 d) and upon insulin 

stimulation, the level of phosphorylation of Akt increased significantly above threshold (100% above 

threshold for crude extract, anthocyanin-enriched extract, and polyphenolic-rich extract). Exposure to the 

anthocyanin-enriched or the polyphenolic-rich AKBB extracts, and insulin stimulation of the cells 

demonstrated a smaller increase from threshold. The results demonstrated that the phosphorylation of Akt 
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remained functional upon insulin stimulation following long-term exposure to 5 μg∕mL of the various 

AKBB extracts.

Plasma membrane Glut4 levels in cells stimulated with insulin did not increase above threshold. Exposure 

to crude AKBB extract (5 μg∕mL, 6 d) did not increase above threshold, but insulin stimulation in 

addition to crude extract exposure demonstrated a significant increase above threshold (16.7%, P<0.01, 

n=6). Exposure to anthocyanin-enriched AKBB extract did not increase plasma membrane Glut4 above 

threshold regardless of stimulation with insulin. Exposure to polyphenolic-rich AKBB extract did not 

increase plasma membrane Glut4 above threshold regardless of stimulation with insulin. These results 

demonstrated that long-term exposure to various AKBB extracts did not have an insulin-mimicking effect 

on Glut4 translocation to the plasma membrane as seen with 24-hour exposure. Except for exposure to 

crude AKBB extract, long-term exposure of the anthocyanin-enriched and the polyphenolic extracts did 

not increase insulin-stimulated plasma membrane Glut4.

3.4.3 Assessment of lipid accumulation in adipocytes

Exposure to the anthocyanin-enriched and the polyphenolic-rich AKBB extracts demonstrated an overall 

decrease in the amount of phosphorylation of Akt and plasma membrane Glut4. As they undergo 

adipogenesis, adipocytes form lipid droplets which grow in size as the cells mature. In order to ensure the 

extracts did not have a harmful impact on the differentiation of cells, lipid quantification in the adipocytes 

was evaluated using Nile Red. The lipid quantification results demonstrated that treatment with 5 μg∕mL 

of extracts did decrease lipid formation in the cells. Exposure to crude AKBB extract did not significantly 

decrease lipid formation. However, exposure to anthocyanin-enriched AKBB extract demonstrated a 

significant decrease of 84.97% (P<0.0001, n=6) compared to control conditions, and exposure to 

polyphenolic-rich AKBB extract demonstrated a significant decrease of 110.08% (P<0.0001, n=6) 

compared to control conditions. These results demonstrated that adipogenesis was impacted by the 

anthocyanin-enriched and the polyphenolic-rich extracts.

3.4.4 Assessment of long-term effect of AKBB extract with reduced concentration

The decrease in lipid formation following exposure of the cells to 5 μg∕mL for 6 days indicated a 

hampering of adipogenesis. The concentration of each extract was reduced to 1 μg∕mL and the remaining 

condition were unaltered: adipogenesis was induced and on day 4, the cell culture medium was 

supplemented with 1 μg∕mL of one of three AKBB extract (control, no treatment) every other day until 
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day 10 of adipogenesis. As previously, we quantified the phosphorylation of Akt to ensure the insulin 

signaling pathway remained functional through this exposure to the AKBB extracts, then we measured 

plasma membrane Glut4.

Following exposure to each of the AKBB extracts (1 μg∕mL, 6d), insulin stimulation of the cells resulted 

in a significant increase of the phosphorylation of Akt (100% above threshold, P<0.01, n=6). Long-term 

exposure to crude AKBB extract without insulin stimulation did not increase the level of phosphorylation 

of Akt above threshold, but exposure to insulin did increase the phosphorylation of Akt above threshold 

(100%, p<0.05, n=6). Exposure to anthocyanin-enriched AKBB extract without insulin stimulation did 

not increase the phosphorylation of Akt above threshold, but addition of insulin did increase the 

phosphorylation of Akt above threshold (100%, p<0.001, n=6). Finally, exposure to polyphenolic-rich 

AKBB extract without insulin stimulation significantly decreased phosphorylation of Akt below the mean 

of the control condition (-306.61% decrease, P<0.01, n=6), and addition of insulin increased the 

phosphorylation of Akt by 50% above threshold. However, this increase was not significant. These results 

demonstrated that the insulin receptor remained functional upon insulin stimulation after long-term 

exposure to 1 μg∕mL of crude or anthocyanin-enriched AKBB extracts.

Plasma membrane Glut4 increased to 33.3% above threshold upon insulin stimulation, this increase was 

not significant. Long-term exposure to crude AKBB extract increased the level of plasma membrane 

Glut4 above threshold by 16.7% and 33.3% for basal and insulin-stimulated, respectively, these increases 

were not significant. Exposure to the anthocyanin-enriched AKBB extract also increased the level of 

plasma membrane Glut4 above threshold by 33.3% and 16.7% for basal and insulin-stimulated cells, 

respectively. These increases were not significant. Exposure to the polyphenolic-rich AKBB extract also 

increased the level of plasma membrane Glut4 above threshold by 16.7% and 66.7% for basal and insulin 

stimulated cells, respectively, with increases not showing significance. These results demonstrated that 

long-term exposure to the various AKBB extracts did not have an insulin-like effect on plasma membrane 

Glut4 with the presence or lack of insulin.

3.4.5 Assessment of lipid accumulation in adipocytes exposed to reduced concentrations of AKBB 

extracts

Lipid droplet formation was also quantified to determine any negative effects of the extract on 

adipogenesis. Long-term exposure to a lower concentration of AKBB extracts (1 μg∕mL, 6d) 

demonstrated that exposure to each extract did not significantly alter the formation of lipid droplets in the 

cells compared to cells lacking AKBB extract exposure.
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Altogether, these results demonstrated that exposure of AKBB crude extract on mature 3T3-L1 

adipocytes exerted an insulin-like effect on the phosphorylation of the insulin receptor, the level of 

plasma membrane Glut4, and glucose uptake. Exposure of the crude extract did not increase plasma 

Glut4, nor glucose uptake upon insulin stimulation.

3.5 Discussion

Glut4 translocation is becoming a target for antidiabetic therapies and 3T3-L1 adipocytes are a key 

cellular model to study it35. To ensure proper testing and accurate results, it is important for the insulin 

signaling model to be active through the translocation of Glut4 into the plasma membrane and glucose 

transport. 3T3-L1 adipocytes are often utilized to assess insulin sensitivity during inflammatory 
duress28,36-38. Our previous work demonstrated a lack of significant Glut4 translocation to the plasma 

membrane in insulin stimulated 3T3-L1 adipocytes. We evaluated the insulin cascade and demonstrated a 

functional pathway from an increase in phosphorylation of the insulin receptor through an increase in 

phosphorylation of Akt upon insulin stimulation.

When evaluating the insulin phosphorylation cascade, the phosphorylation of the insulin receptor (p-IR) 

and Akt (p-Akt) were successful, but the increase in Glut4 presence in the plasma membrane was missing, 

as was the increase in glucose uptake. In an attempt to restore Glut4 translocation, the cell culture 

medium was supplemented with crude AKBB extract for 24h, or supplements with different fractions of 

AKBB extracts (crude, anthocyanin-enriched, or polyphenol-rich) for 6 days and the insulin 

phosphorylation cascade was evaluated again. The results demonstrated that addition of AKBB extracts to 

the cell culture medium in short-term (24h) or long-term (6 days) paradigms had various effects on the 

insulin phosphorylation cascade, the levels of plasma membrane Glut4, and glucose uptake in an insulin 

mimicking manner.

3.5.1 Insulin stimulation did not lead to increased Glut4 levels in the plasma membrane

As expected, phosphorylation of the insulin receptor increased upon insulin stimulation, this was similar 

to previous studies39. Additionally, the phosphorylation of Akt was also increased upon insulin 

stimulation, this was also expected30,40. The main difference from our results compared to the literature 

were the lack of increase in plasma membrane Glut4 and glucose uptake upon insulin stimulation30.

3T3-L1 adipocytes are a cellular model for insulin signaling, but the lack of increase in plasma membrane 

Glut4 and glucose uptake with insulin stimulation suggested a problem in the model. One possible 
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explanation related to a lack of increased plasma membrane Glut4 levels was a flaw in the differentiation 

of the fibroblasts. Several publications have indicated concerns with differentiation efficiency of the 3T3- 

L1 cell line41,42. The European Collection of Cell Cultures posted a statement removing a guarantee that 

the cells would properly differentiate and that they were working to source a new stock43.

Another explanation would pertain to a dysfunction in Glut4 translocation. We propose two arguments for 

this. The first is a lack of phosphorylation of Akt substrate of 160 kDa (AS160). In basal conditions, 

Glut4 is sequestered in perinuclear pools to Glut4 storage vesicle (GSV) which require exocytosis to 

allow fusion with the plasma membrane. Exocytosis is prevented by AS160, a Rab-GTPase-activating 

protein, which functions to maintain a Rab protein in an inactive state, keeping the vesicles in the cytosol. 

Insulin-induced phosphorylation of AS160 by activated Akt leads to inhibition of the AS160 GAP 

activity and allows conversion of the Rab protein to its active form, therefore promoting GSV 

trafficking44. A lack of phosphorylation of AS160 had been demonstrated to block Glut4 translocation 

through the lack of GTP-Rab activation45.

The second argument is a dysfunction of the TC10 pathway. In addition to the insulin signaling cascade 

resulting in the phosphorylation of Akt, actin remodeling is necessary for Glut4 translocation to the 

plasma membrane. In adipocytes, actin remodeling is independent of the PI3K pathway and instead 

mediated through TC10, a member to the Rho family of GTP-binding proteins expressed in lipid rafts29,45- 

47. Activation of TC10 is mediated through activation of insulin receptors also located in lipid rafts29,45,46. 

Upon activation, TC10 works in two opposing ways: stimulating depolymerization of cortical actin 

beneath the plasma membrane and stimulating actin polymerization in the perinuclear region, two steps 

necessary for GSV trafficking to the plasma membrane48,49. TC10 is expressed in adipocytes, not 

fibroblasts48. Expression of TC10 begins after fibroblasts are undergoing adipogenesis. Disruption in the 

expression of TC10 in adipocytes would therefore mean a lack of actin remodeling necessary for Glut4 

translocation45,46,48. Also, disruptions such as overexpression of TC10 prevent the GTP-GDP exchange 

and have been demonstrated to block insulin induced GSV trafficking by induction of massive perinuclear 
actin polymerization and complete disruption of cortical actin29,45,46,48.

Evaluation of the phosphorylation of AS160, the expression of TC10, and the modulation of actin upon 

insulin stimulation could illuminate any disruption in Glut4 translocation to the plasma membrane and 

possible provide answers to the lack of Glut4 translocation and glucose uptake.
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3.5.2 Exposure to crude AKBB extracts increased phosphorylation of the insulin receptor

Exposure of the adipocytes to crude AKBB extract (5 μg∕mL) for 24 hours was beneficial to the 

phosphorylation of the insulin receptor, as it increased compared to cells lacking exposure to AKBB 

extract. This increase in phosphorylation of the insulin receptor could be due to an increase in kinase 

activity mediated by the crude AKBB extract. Investigations of phytochemicals are slowly shedding light 

onto many phytochemical initiated signal-transduction targets50. Studies have demonstrated that 

phytochemicals can enhance specific pathways. For example, phytochemicals such as resveratrol, 

berberine, or quercetin have been demonstrated to induce adenosine monophosphate-activated protein 

kinase (AMPK)4,7,50-52. Activation of AMPK in turn has been demonstrated to enhance insulin sensitivity 

and glucose transport through direct phosphorylation and activation of the insulin receptor53-54.

3.5.3 Exposure to crude AKBB extract increased the levels of plasma membrane Glut4 and glucose 

uptake

Exposure of the adipocytes to crude AKBB extract (5 μg∕mL) for 24 hours increased both the level of 

Glut4 in the plasma membrane and glucose uptake indicating a positive effect. Studies of the benefits of 

blueberries specifically have demonstrated that blueberry treatment promotes an “insulin-like” effect and 

increased Glut4 translocation and glucose uptake, however, the specific mechanisms have not been 

defined27,55. In addition, various phytochemicals have been demonstrated to increase glucose uptake in 

different ways: increase of Glut4 mRNA expression, enhancement of Glut4 translocation by insulin-like 

activity, activation of AMPK followed by Glut4 translocation7. For example, chronic resveratrol 

treatment has been shown in vitro to improve insulin-stimulated glucose uptake by stimulating Glut4 

translocation to the cell membrane and insulin receptor phosphorylation4. In vivo, resveratrol has been 

demonstrated to enhance glucose uptake in the absence of insulin by increasing the expression of Glut4 in 

streptozotocin-induced diabetic rats56,57. Phytochemicals have been linked to enhancement of the PI3K 

pathway, leading to the phosphorylation of Akt and exocytosis of GSV, which could explain the increase 

in Glut4 levels in the plasma membrane and glucose uptake upon exposure to AKBB extracts7,18 .

3.5.4 Long-term exposure to various AKBB extracts

While 24-hour exposure of the adipocytes to crude AKBB extract did provide a beneficial effect in the 

levels of phosphorylation of the insulin receptor, Glut4 in the plasma membrane, and glucose uptake. 

Exposure to crude AKBB extract and stimulation with insulin did not increase the levels of plasma 
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membrane Glut4 nor glucose uptake beyond basal levels. Two pathways can be pursued at this time: 

increasing the concentration of the extract added in the cell culture medium or increasing the duration of 

exposure. Increasing the concentration of crude extract could affect cell viability. Increasing the duration 

of exposure provides a more reasonable approach to translate the research in vivo and this method was 

adopted.

In addition to crude AKBB extracts, we also evaluated the benefits of two additional extracts: 

anthocyanin-enriched AKBB and polyphenol-rich AKBB extract. Utilizing an anthocyanin-enriched 
extract was employed because anthocyanins are often evaluated in phytochemical studies16,20,22,27,55,58. The 

results from this experiment could provide more insight as to the benefits of anthocyanins and specifically 

anthocyanins from AKBB. The polyphenol-rich extract was also chosen to evaluate the benefits provided 

solely by the polyphenolic content of the blueberries.

For 6 days after induction of differentiation, the cell culture was supplemented with 5 μg∕mL of extracts. 

Supplementation past the start of differentiation was chosen to avoid mitigating differentiation, because 

many studies associate botanicals with a decrease in adipogenesis in 3T3-L1 culture32-34. The goal was to 

assess a working insulin signaling pathway, and this required mature, fully differentiated adipocytes. The 

results demonstrated that long-term exposure to the extracts did not increase insulin-stimulated plasma 

membrane Glut4. The results also demonstrate a decrease in overall p-Akt and Glut4 with the use of 

anthocyanin-enriched and polyphenol-rich extract. We hypothesized that these extracts affected the 

number of differentiated adipocytes. This was validated by measuring a lower accumulation of lipids in 

adipocytes exposed to the anthocyanin-enriched and the polyphenol-rich extracts.

The concentration of extracts was reduced to 1 μg∕mL to reduce the negative effect on the adipocytes. 

With this lower concentration, the results demonstrate that only cells exposed to the polyphenol-rich 

AKBB extract had a lower level of phosphorylated Akt regardless of insulin stimulation.

We hypothesized that the reduced levels of phosphorylated Akt, plasma membrane Glut4, and Nile Red 

fluorescence in adipocytes exposed to 5 μg∕mL of polyphenol-rich AKBB extract was due to inhibition of 

differentiation. While addition of the extract started 4 days post induction of adipogenesis, some 

polyphenolic acids are known to inhibit adipogenesis at a later stage59. Grace et al. demonstrated that the 

content of anthocyanins, proanthocyanidins, and total phenolics was higher in the polyphenol-rich 

fraction than in the crude extract of several berry botanicals20. This would explain why the crude and 

anthocyanin-enriched extracts did not have similar negative effects.
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3.6 Figures

Figure 3.1. Exposure to crude extract together with insulin stimulation increases total insulin receptor 

expression while insulin stimulation with or without exposure to crude extract increases the level of 

phosphorylation of the insulin receptor. 3T3-L1 mature adipocytes culture medium was supplemented 

with crude AKBB (5 μg∕mL) or remained unaltered (control) for 24 hours. The cells were stimulated with 

insulin (basal = 0 nM, stimulation = 100 nM insulin) for 20 minutes. The level of insulin receptor (IR) 

and its phosphorylation (p-IR) were evaluated. A threshold was calculated by adding two standard 

deviations to the average of control (no treatment). This threshold was subtracted from each data point. 

The percentages indicated represent the percent of values above threshold. The box extends from the 25th 

to the 75th percentile, the bar in the middle of the box is the median, and the whiskers represent the 

minimum and maximum values. Upon insulin stimulation, the level of IR did not change. Exposure of the 

cells to crude AKBB extract did not demonstrate a significant increase above threshold. Insulin 

stimulation in cells exposed to crude AKBB extract demonstrated a significant increase in IR (50% above 

threshold, P<0.001, n=16). Levels of p-IR increased significantly upon insulin stimulation (100% above 

threshold, P<0.0001, n=18). Exposure to AKBB under basal conditions did not have a significant increase 

in p-IR above threshold (25%). The level of P-IR increased significantly above threshold in cells exposed 

to crude AKBB and stimulated with insulin (100%, p>0.0001, n=12).
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Figure 3.2. Insulin stimulation and/or exposure to crude extract does not increase total Akt levels, but 

insulin stimulation alone, or together with exposure to crude extract increases the level of phosphorylation 

of Akt. 3T3-L1 mature adipocytes culture medium was supplemented with crude AKBB (5 μg∕mL) or 

remained unaltered (control) for 24 hours. The cells were stimulated with insulin (basal = 0 nM, 

stimulation = 100 nM insulin) for 20 minutes. The level of Akt and its phosphorylation (p-Akt) were 

evaluated. A threshold was calculated by adding two standard deviations to the average of control (no 

treatment). This threshold was subtracted from each data point. The percentages indicated represent the 

percent of values above threshold. Upon insulin stimulation, the levels of total Akt did not change, 

regardless of exposure to crude AKBB extract. The level of P- Akt increased significantly upon insulin 

stimulation (93.8% above threshold, p<0.0001, n=32). Exposure to crude AKBB extract (5 μg∕mL, 24h) 

did not increase the level of p-Akt above threshold. Similarly, exposure to crude AKBB extract and 

stimulation with insulin increased the level of p-Akt above threshold (100%, P<0.0001, n=16).
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Figure 3.3. Exposure to crude extract alone increased Glut4 levels in the plasma membrane, but exposure 

to crude extract together with insulin stimulation did not increase Glut4 plasma membrane levels. 3T3-L1 

mature adipocytes culture medium was supplemented with crude AKBB (5 μg∕mL) or remained unaltered 

(control) for 24 hours. The cells were stimulated with insulin (basal = 0 nM, stimulation = 100 nM 

insulin) for 20 minutes. The level of plasma membrane Glut4 was evaluated. A threshold was calculated 

by adding two standard deviations to the average of control (no treatment). This threshold was subtracted 

from each data point. The percentages indicated represent the percent of values above threshold. Upon 

insulin stimulation, the level of plasma membrane Glut4 increased 18.2% above threshold. However, the 

mean of this condition remained below threshold. Exposure to crude AKBB extract increased plasma 

membrane Glut4 38% above threshold, the mean of this condition remained below threshold, but this was 

considered a significant increase (p<0.001, n=15). Exposure to crude AKBB extract and stimulation with 

insulin did not increase plasma membrane Glut4 above threshold.
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Figure 3.4. Exposure to crude extract with or without insulin stimulation increases glucose uptake. 3T3- 

L1 mature adipocytes culture medium was supplemented with crude AKBB (5 μg∕mL) or remained 

unaltered (control) for 24 hours. The cells were stimulated with insulin (basal = 0 nM, stimulation = 100 

nM insulin) for 20 minutes. Glucose uptake was evaluated. A threshold was calculated by adding two 

standard deviations to the average of control (no treatment). This threshold was subtracted from each data 

point. The percentages indicated represent the percent of values above threshold. Insulin stimulation did 

not lead to an increase in glucose uptake above threshold in mature adipocytes. Exposure of the cells to 

crude AKBB extract significantly increased glucose uptake in the cells by 57.1% above threshold 

(P<0.01, n=7). Exposure of the cells to crude AKBB extract and stimulation with insulin significantly 

increased glucose uptake 71.4% above threshold (P<0.0001, n=7).
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Figure 3.5. Exposure to 5 μg∕mL of various AKBB extracts together with insulin stimulation increase the 

level of phosphorylation of Akt. 3T3-L1 mature adipocytes culture medium was supplemented with one 

of three AKBB extracts (crude, ANT, PP; 5 μg∕mL) or remained unaltered (control) for 6 days. The cells 

were stimulated with insulin (basal = 0 nM, stimulation = 100 nM insulin) for 20 minutes. The level of 

phosphorylation of Akt (p-Akt) were evaluated. A threshold was calculated by adding two standard 

deviations to the average of control (no treatment). This threshold was subtracted from each data point. 

The percentages indicated represent the percent of values above threshold. P-Akt increased significantly 

upon insulin stimulation (93.8% above threshold, p<0.0001, n=6). Exposure to crude AKBB extract 

demonstrated a significant increase in p-Akt upon insulin stimulation (100% above threshold, p<0.0001, 

n=6). Exposure to ANT AKBB extract demonstrated a significant increase in p-Akt upon insulin 

stimulation (100% above threshold, p<0.0001, n=6). Exposure to PP AKBB extract demonstrated a 

significant increase in p-Akt upon insulin stimulation (100% increase in cells stimulated with insulin 

compared to basal level, p<0.0001, n=6).
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Figure 3.6. Exposure to 5 μg∕mL of various AKBB extracts with or without insulin stimulation did not 

increase Glut4 levels in the plasma membrane. 3T3-L1 mature adipocytes culture medium was 

supplemented with one of three AKBB extracts (crude, ANT, PP; 5 μg∕mL) or remained unaltered 

(control) for 6 days. The cells were stimulated with insulin (basal = 0 nM, stimulation = 100 nM insulin) 

for 20 minutes. The level of plasma membrane Glut4 were evaluated. A threshold was calculated by 

adding two standard deviations to the average of control (no treatment). This threshold was subtracted 

from each data point. The percentages indicated represent the percent of values above threshold. Plasma 

membrane Glut4 did not increase above threshold upon insulin stimulation. Exposure to crude AKBB 

extract and insulin increased the level of Glut4 above threshold, but the mean of this condition remained 

below threshold. (16.7%, P<0.05, n=6)
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Figure 3.7. Exposure to 5 μg∕mL ANT or PP extract significantly decreased lipid accumulation in 

adipocytes. 3T3-L1 mature adipocytes culture medium was supplemented with one of three AKBB 

extracts (crude, ANT, PP; 5 μg∕mL) or remained unaltered (control) for 6 days. The level of lipid 

accumulation was measured with Nile Red. A threshold was calculated by adding two standard deviations 

to the average of control (no treatment). This threshold was subtracted from each data point. The 

percentages indicated represent the percent of values above threshold. Exposure to crude AKBB extract 

did not significantly alter lipid accumulation. Exposure to ANT AKBB extract significantly decreased 

lipid accumulation (-84.97% decrease compared to control cells, p<0.0001, n=12). Exposure to PP AKBB 

extract significantly decreased lipid accumulation (-110.08% decrease compared to mean of control cells, 

p<0.0001, n=12).
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Figure 3.8. Exposure to 1 μg∕mL of crude or ANT extracts together with insulin increased the level of 

phosphorylation of Akt. 3T3-L1 mature adipocytes culture medium was supplemented with one of three 

AKBB extracts (crude, ANT, PP; 1 μg∕mL) or remained unaltered (control) for 6 days. The cells were 

stimulated with insulin (basal = 0 nM, stimulation = 100 nM insulin) for 20 minutes. The level of 

phosphorylation of Akt(p-Akt) were evaluated. A threshold was calculated by adding two standard 

deviations to the average of control (no treatment). This threshold was subtracted from each data point. 

The percentages indicated represent the percent of values above threshold. P-Akt increased significantly 

upon insulin stimulation (100% above threshold, p<0.01, n=6). Exposure to crude AKBB extract 

demonstrated a significant increase in p-Akt upon insulin stimulation (100% above threshold, p<0.05, 

n=6). Exposure to ANT AKBB extract demonstrated a significant increase in p-Akt upon insulin 

stimulation (100% above threshold, p<0.01, n=6). Exposure to PP AKBB extract without insulin 

stimulation significantly decreased p-Akt from the mean of the control treatment (-140.12%, p<0.01, 

n=6). Exposure to PP AKBB extract with insulin stimulation increased p-Akt 50% above threshold. This 

was not a significant increase and the mean of this condition remained below the threshold.
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Figure 3.9. Exposure to 1 μg∕mL of various extracts together with or without insulin did not affect Glut4 

levels in the plasma membrane. 3T3-L1 mature adipocytes culture medium was supplemented with one of 

three AKBB extracts (crude, ANT, PP; 1 μg∕mL) or remained unaltered (control) for 6 days. The cells 

were stimulated with insulin (basal = 0 nM, stimulation = 100 nM insulin) for 20 minutes. The level of 

plasma membrane Glut4 were evaluated. A threshold was calculated by adding two standard deviations to 

the average of control (no treatment). This threshold was subtracted from each data point. The 

percentages indicated represent the percent of values above threshold. The level of plasma membrane 

Glut4 increased 33.3% above threshold, but the mean of the condition remained below the threshold. 

Exposure to the various AKBB extracts did increase the level of plasma membrane Glut4 above 

threshold, however, the mean of each condition remained below threshold.
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Figure 3.10. Exposure to 1 μg∕mL of various extracts did not affect lipid accumulation in adipocytes. 

3T3-L1 mature adipocytes culture medium was supplemented with 1 μg/mL of various AKBB extracts: 

crude, ANT, PP or remained unaltered (control) for 6 days. Lipid quantification was performed using Nile 

Red. The percentages indicated represent the percent of values above threshold. Exposure to the crude 

and ANT AKBB extracts increased 8.3% above threshold, however the mean of the condition did not 

change significantly compared to the mean of the control.
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Chapter 4. Bioavailability of Alaskan Blueberry Extracts: an in vitro approach1

4.1 Abstract

Berry fruit have been associated with many benefits spanning from antioxidant properties to modulating 

biochemical pathways. Anthocyanins, a subfamily of polyphenols, are of particular interest due to their 

potential to restore or preserve insulin sensitivity in cellular models of T2D. Since in vivo studies revealed 

beneficial outcomes despite ingestion of minute quantities of anthocyanins (12 mg/dL), interest focused 

on bioavailability of anthocyanin. Confluent cancer coli-2 (Caco-2) cells form tight junctions in vitro 

mimicking the intestinal barrier. Caco-2 grown on porous culture inserts establish a two-chamber system 

with an apical chamber (intestinal lumen) and a basolateral chamber (bloodstream). Passage of botanical 

compounds, exclusively via transcellular transport from the apical to the basolateral chamber, illuminates 

bioavailability of botanicals. The Caco-2 monolayer was evaluated for semi-permeability. Crude AKBB 

extract was then added to the culture medium to be transported to the basolateral chamber by the cells. 

Finally, the semi-permeability of the monolayer was evaluated again using Lucifer Yellow. The Lucifer 

Yellow evaluation demonstrated that acute addition of 100 μg∕ml AKBB for 4 h severely compromised 

the intestinal permeability of the Caco-2 monolayer. In addition, a cell viability assay demonstrated that 

100 μg∕ml AKBB for 4 h had a cytotoxic effect on the cells.

4.2 Introduction

Bioavailability and biotransformation dictate to a considerable degree potency, efficacy, and even toxicity 

of ingested substances including but not limited to dietary components, pharmaceuticals, and many 

environmental toxins1,2. Bioavailability addresses the essential steps of absorption, plasma distribution, 

hepatic metabolism, excretion, and toxicity1,3,4 whereas biotransformation refers to molecular changes due 

to the fermentation of the gut microbiome5-7. Although in vitro models excel at target precision, 

efficiency, and accuracy; the outcomes are generally weak predictors for in vivo outcomes2,8. On the 

contrary, in vivo models efficiently demonstrate beneficial or adversarial outcomes, yet often lack target 
information, which hampers any approach to interfere3,5,9. Therefore, it is imperative to employ 

assessment approaches as early as possible to determine the suitability of treatments for therapeutic 

approaches. This study directly addressed one key aspects of Alaskan bog blueberries (AKBB) 

bioavailability: absorption of crude extracts isolated from wild. AKBB.

1Collin, A. Owen, Savannah, Duffy, L. Bioavailability of Alaskan Blueberry Extracts: an in vivo 

approach, 2021 formatted for publication
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The prevalence of type II diabetes (T2D), a lethal disease, has reached epidemic proportions, and by 2050 

an estimated 1 in 3 adults in the US will suffer from T2D10. T2D reflects the inability of the body to 

properly regulate blood glucose levels in response to insulin. Although the direct causes of T2D are not 

fully understood, a persistent and spreading inflammatory and oxidative stress is largely responsible for 

the progressive decline of insulin sensitivity11,12. Release of insulin is triggered by increases in blood 

glucose. Subsequent interaction of insulin with insulin receptors on adipocytes and muscle cells causes a 

transient increase of glucose transporter 4 (Glut4) in plasma membranes recruited from an intracellular 

pool of Glut4 storage vesicles13. In individuals with T2D, the insulin-dependent glucose uptake via Glut4 

is impaired13-15. Health benefits of berry fruits are well documented beyond passive antioxidant capacities 

and specific modulation of biochemical pathways has been unequivocally demonstrated3,7,14-20. 

Anthocyanins, a subfamily of polyphenols, are particularly high in berry fruits and harbor the potency to 
restore insulin sensitivity in a cellular model of T2D3,15-17,19,21,22. Considering the surprising small 

quantities of botanicals ingested in vivo to produce beneficial outcomes1,18,20, bioavailability is likely 

pivotal to the effectiveness of anthocyanins in restoring insulin sensitivity1,3,22.

Alaskan Native populations have a relatively low prevalence of T2D (14.9%) compared to the rest of the 

U.S. (23.9%). Their traditional, subsistence diet including Alaskan blueberries (AKBB) has been 

increasingly considered to contribute to this lower prevalence23. AKBB survive a harsh climate of 

extreme shifts in temperatures (cold winters below -40°C in some regions and warm summers above 

29°C), long exposure to sunlight in the summers up to 24 h, and a short growing season. AKBB 

specifically have a much higher concentration of anthocyanins than their commercial counterparts21,24.

Transport studies in a cell culture system mimicking the intestinal lining utilize Caco-2 cells. Caco-2, 

derived from a human colorectal adenocarcinoma, contain many functional brush border enzymes and 

transport proteins that mediate active uptake and efflux of drugs in the intestine25-27. Often used as a tool 

for intestinal permeability, Caco-2 cells spontaneously differentiate upon confluence to form tight 

junctions between individual cells. When grown on porous cell culture inserts, the cells create a single 

cell layer separating an apical and a basolateral compartment each mimicking the intestinal lumen and the 

bloodstream, respectively2,25,28. Caco-2 permeability coefficients have been compared to absorption data 

in humans and demonstrated a high correlation, making Caco-2 monolayers a reliable tool for in vitro 

absorption of the berry extracts25.

Careful dosage of botanical extracts used in absorption studies is key. Since metabolic pathways that rely 

on cofactors can become saturated, large doses (pharmacological doses: ~1.2 g of anthocyanins) can 

result in a metabolic pathway saturation and the metabolites may not be formed properly8,9. Addition of a 

lower dose of botanicals, resembling a level found in the diet (12- 200 mg/d in the US), is not expected to 
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saturate metabolic pathways, allowing absorbed species to be largely metabolized2,8,24,29. In addition, 

results from transport studies performed on Caco-2 monolayers chronically exposed to low dose of 

botanical compounds were not representative of results from transport studies on monolayers lacking 

prior exposure to those compounds2.

In this study, bioavailability of acute exposure to the extract (100 μg∕mL for 4 hours) was evaluated in 

confluent, two-compartment Caco-2 cell cultures chronically exposed to the extract (0, 5, 10 μg∕mL for 

up to 20 days). The intestinal permeability of the Caco-2 monolayer was assessed prior to and 

immediately following the bioavailability study.

4.3 Materials and Methods

4.3.1 Materials

Caco2 cells were obtained from American Type Culture Collection (ATCC; Manassas, VA; HTB-37). 

Dextran Alexafluor 488 (MW 3000) and Lucifer yellow were obtained from Thermofisher Scientific 

(Waltham, MA; D34682, L453). Penicillin/streptomycin 100x and Transwell inserts (12 mm, 0.4 um 

pore) were obtained from VWR (Radnor, PA; 97063-708, 29442-078). DMEM and non-essential amino 

acid solution 100x were from Millipore-Sigma (Burlington, MA; D7777, M7145).

4.3.2 Cell culture

Caco-2 cells stocks were stored frozen in liquid nitrogen in DMEM supplemented with 5% DMSO and 

10% FBS. Upon thawing, the cells were passaged twice prior to seeding onto Transwell inserts, as 

recommended 27. For amplification, Caco-2 cells were cultured in DMEM with 20% heat inactivated FBS, 

100 U/ml penicillin/streptomycin, 1% v/v glutaMAX and 1% v/v non-essential amino acids (5% CO2, 

humidity atmosphere, 37°C). The cells were grown in 10 cm culture dishes (falcon®) and passaged when 

reaching 70-80% confluence using 0.25% trypsin, 0.04% EDTA dissolved in PBS.

Cells were seeded at ~6x105 cells /mL on Transwell inserts placed into 12-well plates followed by 

complete medium exchanges every other day. The apical chamber (top) received 0.4 mL and the 

basolateral chamber (bottom) received 1.5 mL of medium. Removal of the medium in the apical chamber 

was performed by pouring out to avoid disturbing the cell layer. Cells were grown confluent and 

maintained for 21-22 days prior to assays.
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4.3.3 Assessment of permeability

Fluorescently labeled dextran (3 kDa; Alexafluor 488) was used to assess the intactness of the Caco-2 

monolayers. Dextran is not subject to transcellular transport and could only reach the basolateral 

compartment due to an incomplete monolayer. Intactness is defined by less than 0.25% of the original 

dextran fluorescence present in the basolateral chamber at each 30-minute collection for 4 h. Confluent 

Caco-2 cultures were washed with phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, and 1.8 mM KH2PO4)) and 100 μg∕mL Alexafluor488-dextran dissolved in culture medium 

was added to the apical chamber. Plates were incubated (5% CO2, humidity atmosphere, 37°C) on an 

orbital shaker (50 rpm) for the duration of the experiment.

Cells were grown on Transwell inserts placed into a 12-well plate. Initially, Dextran-containing medium 

(37°C) was added to the apical chamber and 100 μL of the medium was immediately collected. The 

basolateral chamber was filled with 1.5 mL medium (37°C). After 30 minutes, the basolateral medium 

was collected (t=30 min, 100 μL per well, triplicates) after all inserts were transferred into a new plate. 

This procedure was repeated every 30 min until the final time point of 240 min. An insert without any 

cells grown on the membrane served as a control. Fluorescence intensity of samples (black 96-well plate) 

from all time points was measured using a BioTek Plate reader (ex 485 nm and em 528 nm) running Gen5 

software.

Post-transport assessment of the membrane intactness was performed with Lucifer Yellow (LY) dye 

dissolved in culture medium at 1 mg/mL, which is not actively transported by Caco-2 cells. Less than 

0.25% of the original LY fluorescence in the basolateral chamber at each 30-minute time point of 

collection (30, 60 and 120 minutes) as described for Alexafluor488-dextran indicates an intact 

permeability barrier of the Caco-2 monolayer. Fluorescence intensity of LY samples collected from the 

apical and basolateral chambers was measured using a BioTek plate reader at ex 360 nm and 528 nm 

(software Gen5). Each condition was run in triplicate.

All values were normalized to “no cells” by dividing each fluorescence value from a specific time point 

(i.e. 30 min) by the average fluorescence value obtained from “no cells” at that specific time point. The 

value for the original apical fluorescence was normalized to “no cells” by dividing each apical 

fluorescence data point by the average fluorescence of all the “no cells” data points.
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4.3.4 Blueberry extract experiments

Once the cells seeded on Transwell inserts became confluent, the cell culture medium was supplemented 

with AKBB extract: 1, 5, or 10 μg∕mL. On day 20 after seeding, the cells were fed with growth medium 

for 24h. Thereafter, the intactness of the layer was evaluated with dextran Alexafluor 488 as described 

above. Once the layer was determined to be intact, the cells were then treated with 100 μg∕mL of AKBB 

extract for 4 hours. The extract was added to the apical chamber, and after 30, 60, 90, 120, and 240 

minutes, the basolateral medium was collected and immediately frozen for further evaluation by HPLC. 

The plates were incubated in the same conditions (5% CO2, humidity atmosphere, 37°C) and set on an 

orbital shaker (50 rpm) for the duration of the experiment.

4.3.5 Cell viability assay (MTT)

Caco-2 cell viability as a function of blueberry extracts was assessed utilizing an MTT assay. Briefly, 

cells were seeded at 2.4x105 cells/mL on a 96-well plate and grown for 24h (37°C, 5% CO2, humidified 

atmosphere). The cells were tested for acute, short-term exposure (4h) to 100 μg∕mL crude blueberry 

extract as opposed to chronic, long-term exposure (7 days) to 5 or 10 μg∕mL crude blueberry extract. The 

control to AKBB extract exposure was growth medium. After AKBB exposures, 10 μL of MTT solution 

(5 mg/mL in PBS) was added to the wells for a total volume of 110 μL except for the MTT control (110 

μL PBS only). The cells were incubated at 37°C for 2 hours to allow the formation of dark blue MTT- 

Formazan crystals. To dissolve these crystals, 100 μL of DMSO was then added to each well (total of 210 

μL) for an additional 2 hours. Absorbance was measured using a BioTek plate reader at 630 nm. The 

software used to obtain the data was Gen5. The equation to measure the cell viability was:

4.3.6 Statistical analysis

Statistical analyses were carried out on Prism 9.1 Software (GraphPad Software, San Diego, CA). The 

cell cultures on Transwell inserts were performed with 3 replicates for each condition. The media 

collected for fluorescence analysis was measure in one well for the apical samples and in triplicates for 

the basolateral samples. One-way ANOVA analysis and Tukey's were used and p<0.05 was considered 

for statistical significance.
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4.4 Results

The formation of a semi-permeable monolayer formed by Caco-2 cells is a key in vitro model for 

transcellular transport studies to assess bioavailability. In addition to simply transporting the compounds, 

the exposure of the cells to testing compounds could affect monolayer activity, integrity, and/or cell 

viability2,8. This transport study included prior exposure of the cells to the botanical at low doses for an 

extended period of time.

4.4.1 Visualization of an intact monolayer

Caco-2 cells spontaneously differentiate upon remaining confluent for extended time periods (> 20 days). 

During this differentiation, cells are expected to form tight junctions between each other, creating a semi- 

permeable monolayer (Figure 1). Cell morphology was evaluated with an Accu-scope light microscope 

model EXI-310. Images were obtained at 10X under phase contrast illumination using an Excelis camera. 

The cells were confluent, completely covered the surface of the culture well, and were adherent 

throughout the plate.

4.4.2 Testing the intactness of the layer with dextran prior to transport assays

Caco-2 cells form a semi-permeable monolayer, which establishes the selective transport of certain 

compounds from the apical to the basolateral side. To ensure only transcellular transport, the monolayer 

must form an intact semi-permeable barrier. Any defects in the cell monolayer will allow unhindered 

diffusion of compounds between cells (paracellular transport). Semi-permeability of the cell monolayer 

was evaluated with Alexafluor 488- labeled dextran (Figure 2). Dextran is not subject to transcellular 

transport by Caco-2 cells. Any significant presence of Dextran in the basolateral chamber would be 

attributed to paracellular transport and hence a defective permeability barrier of the Caco-2 monolayer. 

Prior to transport, the total fluorescence intensity of dextran in the apical chamber was 521.5 arbitrary 

units per mL (AU, ±10.39, n=12). As our control, dextran passage from the apical to the basolateral 

chamber was assessed in the absence of a Caco-2 monolayer. As expected, more than 2% of the original 

fluorescence was measured in the collected basolateral medium at each time point demonstrating 

unhindered diffusion of dextran. Measuring the basolateral medium from a Caco-2 monolayer chronically 

exposed to crude AKBB extracts during the differentiation, less than 0.20% of the original fluorescence 

was found in the basolateral medium at each time point. This demonstrated that the Caco-2 cells did 

differentiate into an intact semi-permeable barrier. In addition, exposure of the Caco-2 cells to 5 or 10 
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μg∕mL of crude AKBB extracts did not affect the cell growth and differentiation into a semi-permeable 

monolayer.

4.4.3 Testing the intactness of the layer with Lucifer yellow following the acute addition of berry 

extracts

The permeability of the Caco-2 layer was evaluated following transport studies with 100 μg∕mL of AKBB 

(Figure 3). LY was utilized as the fluorescent marker. LY is not subject to transcellular transport by Caco- 

2 cells. Any significant presence of LY (>0.25%) in the basolateral chamber would be attributed to 

paracellular transport and hence a defective permeability barrier of the Caco-2 monolayer. As our control, 

LY passage from the apical to the basolateral chamber was assessed in the absence of a Caco-2 

monolayer. The maximal permeability of the monolayer was 6.08%. Maximal permeability of the Caco-2 

monolayer regardless of conditions including chronic exposure to 5 or 10 μg∕mL and/or acute exposure to 

100 μg∕ml AKBB was also above 0.25% (7.23% in cells only exposed to the acute extract; 5.97% in cells 

chronically exposed to 5 μg∕mL, then acutely exposed to the extract; and 6.02% in cells chronically 

exposed to 10 μg∕mL, then acutely exposed to the extract). The strong presence of LY in the basolateral 

medium indicates a paracellular transport of the marker to the basolateral chamber hence basolateral 

samples are not representative of transcellular transport only.

4.4.4 Transport of crude AKBB extracts through the Caco-2 monolayer.

The literature regarding absorption of anthocyanins lists maximum plasma concentration of the 

metabolites around 0.5 to 4 h post consumption in vivo8. The addition of botanical extracts here is made 

directly on the cells, however, collecting prior to 30 min, the media samples would not contain enough of 

the botanical compounds or their derived metabolites to be detectable. The samples will be evaluated by 

HPLC. To determine the compounds transported through the layer a sample from the apical medium will 

also be evaluated.

4.4.5 Cell viability upon exposure to extracts.

To understand the effects of chronic and acute exposure of AKBB extract on the Caco-2 monolayer, an 

MTT viability assay was performed. Caco-2 cultures were exposed to low doses of botanicals for 7 d (5 

μg∕mL or 10 μg∕mL for 7 d) or high doses for 4 h (100 μg∕mL for 4 h). Cell viability of Caco-2 cells was 

97



not compromised when exposed to 5 or 10 μg∕mL extracts for 7 days, in fact it appeared to have a 

beneficial effect on the cells with values above 100% of viability. Whereas 5 μg∕mL exposure for 7 days 

yielded a relative cell viability of 108.6% ±1.91, 10 μg∕mL exposure for 7 days yielded a relative cell 

viability of 114.6% ±4.95. This increase above 100% is attributed to an increase in either the number of 

cells, or their surface area. However, acute exposure to 100 μg∕mL for 4 hours yielded a relative cell 

viability of 64.2% ±4.91. This further demonstrates that the monolayer was likely compromised by the 

acute concentration of crude AKBB, and the medium collected following transport represents a mixture 

of both paracellular and transcellular transport.

4.5 Discussion

Translation of findings from in vitro studies into in vivo studies often lack a smooth transition often 

requiring complete redesigns of protocols. Studying the bioavailability of specific compounds provides 

insight into bridging this gap in translation. Caco-2 cell monolayers are often utilized to evaluate the 

intestinal transport of compounds found in fruits and vegetables, specifically polyphenols2, providing a 

great in vitro model for bioavailability. AKBB are known to contain a wider variety and higher 

concentration of some polyphenols including anthocyanins compared to their commercial counterparts21. 

Understanding the bioavailability of AKBB extracts would provide some insight into in vivo uptake 

illuminating the various compounds and metabolites transported.

Redan et al. describes differences in transcellular transport outcomes of cells chronically exposed to a low 

dose of the compounds studied prior to an acute exposure as opposed to cells only exposed to the acute 

concentration of the compounds studied2. Therefore, Caco-2 monolayers were first exposed to a low dose 

(5 or 10 μg∕mL) of the crude AKBB extract. Following exposure of low dose of crude AKBB, 

permeability barrier function of Caco-2 monolayers was less than 0.25% of the original dextran 

fluorescence detected each 30 minutes in the basolateral samples in accordance to studies by Redan et 

al.2. Low dose of AKBB extract did not impair the layer permeability compared to control untreated cells. 

In fact, the viability study demonstrated an increase in viability of cells treated with 5 to 10 μg∕mL of 

AKBB extract compared to control cells.

Utilizing LY for post-exposure permeability assessments, we found that acute concentration of AKBB 

severely harmed the cell monolayer as indicated by a high permeability of LY. Two scenarios could 

explain the detection of LY in the basolateral medium. First, the high concentration of extract could have 

compromised the semi-permeability of the Caco-2 monolayer. This would be described as a leak from the 

apical compartment into the basolateral compartment. Or the high concentration of extract had a cytotoxic 
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effect on the cells compromising its barrier function and enabling paracellular transport of the marker. 

The latter scenario is strongly supported by the viability test demonstrating the considerable cytotoxicity 

of high doses of AKBB.

LY (450 Da) has a smaller molecular weight than dextran (3 kDa), making LY a more sensible marker by 

allowing easier diffusion through the barrier. Polyphenolic compounds have molecular weights ranging 

from 300 to 3000 Da30 and the metabolites of these compounds formed by the intestinal microbiome 

range from 100-300 Da31 therefore LY might be more suitable as a permeability reporter for paracellular 

transport. Unfortunately, in preliminary experiments, within 24 hours of washing the cells after 

permeability evaluation with LY, the cells were no longer viable. Visual inspection and phase contrast 

illumination demonstrated the cells were no longer adherent to the culture insert but instead floating as 

debris. The cytotoxicity of LY explains the use of dextran prior to the transport study. The use of LY after 

the AKBB transport study was to practice using different markers to perform evaluation of the semi- 

permeable barrier.

The high dose of AKBB extract demonstrated to compromise the layer with the LY marker and it also 

demonstrated to be cytotoxic to the cells within 4 hours during the viability assay. This leads to the 

question of what concentration of AKBB can be added on the cells for 4 hours without inducing 

cytotoxicity. A viability assay in which cells are chronically exposed to the AKBB extracts immediately 

after reaching confluence and through differentiation, followed by acute concentrations of AKBB for 4h 

must be performed to answer this question.

4.6 Further work

The goal of this pilot study was to obtain preliminary data to determine adequate concentrations of AKBB 

extracts to ensure semi-permeability of the Caco-2 monolayer was preserved and the transport of AKBB 

extracts was transcellular.

Upon determination of a highest concentration of AKBB extracts neither compromising cell viability or 

monolayer permeability barrier function, the Caco-2 monolayer can be utilized for transport studies. The 

cell culture medium in the apical layer can be supplemented with the determined concentration of AKBB 

extracts and the basolateral medium can be collected at specific times (30 min intervals). The original 

apical medium and the basolateral media can then be evaluated by HPLC to determine which compounds 

and what concentration of the compounds from the original AKBB extract is transported through the 

monolayer over time.
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In addition, comparison of HPLC data between basolateral medium from a monolayer chronically 

exposed to low dose of AKBB extract and basolateral medium from a monolayer lacking prior exposure 

to the extract will illuminate the impact of prior exposure of the monolayer onto transcellular transport.
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4.7 Figures

Figure 4.1: Caco-2 cells monolayer imaging. Caco-2 cells were grown to confluence on a 10-cm culture 

dish and maintained for an additional 21 days.
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Figure 4.2. Assessment of semi-permeability of the monolayer prior to transport study. Caco-2 cells were 

grown to confluence and maintained confluent for 21 days on Transwell membranes. Upon confluence, 

the apical medium was supplemented with either 0, 5, or 10 μg∕mL crude AKBB extract for the remainder 

of the differentiation of the cells. On the 21st day of confluence, the cell monolayer intactness was 

quantified by addition of Alexafluor 488 labeled dextran to the apical compartment and its presence 

measured in the basolateral compartment after up to 240 min. Basolateral medium collected from wells 

lacking cells demonstrated unhindered passage of dextran as indicated by the high fluorescence intensity 

(10.57 AU / mL ±1.34, 2.13% permeability). In comparison, basolateral medium collected from wells 

with Caco-2 monolayers treated with or without AKBB extracts demonstrated little permeability of 

dextran every 30 minutes (0.978 AU/ mL ±0.02, 0.18% permeability). Complete permeability is assumed 

at <0.25% permeability of the Caco-2 monolayer.
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Figure 4.3. Assessment of monolayer intactness following the transport study. Caco-2 cells were grown to 

confluence and then exposed to crude AKBB extract (0, 5, or 10 μg∕mL) on Transwell membranes for 21 

days. Thereafter, the cells were exposed to an additional, acute concentration of crude AKBB extract (100 

μg∕mL) for 4 hours. The monolayer permeability was assessed with LY following the acute transport 

paradigm. The maximal fluorescence intensity per mL of medium collected (Fmax) is shown, normalized 

to “no cells” condition. Basolateral medium collected from wells lacking cells demonstrated unhindered 

permeability of LY at all time points measured. This control permeability was used to normalize all data 

sets. Medium collected from monolayers treated with 100 μg∕mL crude AKBB extracts revealed a 

significant permeability of LY regardless of prior exposure to a low dose of the extracts (5 or 10 μg∕mL 

crude AKBB extracts). The maximal permeability for LY in the absence of cells is 6.08%. The maximal 

permeability for LY in the presence of a Caco-2 monolayer was 7.23% in cells only exposed to the acute 

extract; 5.97% in cells first chronically exposed to 5 μg∕mL, then acutely exposed to the extract; and 

6.02% in cells first chronically exposed to 10 μg∕mL, then acutely exposed to the extract.
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Chapter 5. Weight Gain, Conditioning and Metabolic Syndrome: A Sled Dog Model1

5.1 Abstract

Type II diabetes (T2D) and insulin resistance are growing national health concerns. Obesity is a risk 

factor for developing T2D and is associated with chronic and systemic inflammation. Exercise on the 

other hand has been shown to improve glucose metabolism and insulin sensitivity. We investigated the 

effects of conditioning and weight gain on adiponectin, tumor necrosis factor, and glycosylated 

hemoglobin, three biomarkers of T2D. We measured the levels of these three biomarkers in racing, 

sedentary, and overweight sled dogs. Exercise did not have a significant impact on the levels of the 

biomarkers, whereas weight gain had a negative effect. Using a sled dog model, we conclude that weight 

management is important to reduce the risk of T2D and its consequences.

5.2 Introduction

The prevalence of metabolic syndrome and type 2 diabetes (T2D) are increasing around the developed 

world. Metabolic syndrome consists of a series of five risk factors including a large waistline, high 

triglyceride levels, low high-density lipoprotein levels, high blood pressure, and high fasting blood sugar. 

These risk factors can lead to health complications like cardiovascular disease, T2D and other metabolic 

diseases1.

While genetics are an underlying factor in developing T2D, lifestyle and diet are found to be the main 

contributing factors for the development of this disease2. In 2012, the National Diabetes Statistics Report 

estimated that 29.1 million U.S. citizens had T2D, an increase from the 25.8 million estimated in 20103. 

Often T2D requires a lifelong treatment of insulin injections and/or oral medication. The cost associated 

with T2D is exorbitant and reached $245 billion U.S. Dollars in 20124. There is an increasing need to 

develop strategies to lower the prevalence of comorbidities associated with T2D. One lifestyle change 

shown to be an effective strategy is physical exercise5.

Exercise has been shown to decrease body weight and visceral fat accumulation, improve insulin 

sensitivity, increase high-density lipoproteins, decrease triglyceride levels and decrease high blood 

pressure6. Physical activity has both an acute and a chronic effect on insulin sensitivity.

1Collin, A., Jimmie, S., Reynolds, A., Schnurr, T., Duffy, L., Dunlap, K. Weight Gain, Conditioning and 

Metabolic Syndrome: A Sled Dog Model. American Journal of Biochemistry and Biotechnology (2019). 

doi:10.3844/ajbbsp.2019.157.162
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Whereas acute exercise improves insulin sensitivity for as long as 48 to 72 hours after the exercise 

session, an exercise program over the duration of at least three months will help improve insulin 

sensitivity independently of the acute effects6,7. This suggests the importance of a long-term fitness 

program to consistently improve insulin sensitivity and, further, the risk of metabolic syndrome was 

lowered in individuals who remained in a long-term training program8.

The physiological and metabolic benefits are sometimes observed whether exercise is accompanied by 

weight-loss or not. Physical activity and cardiorespiratory fitness without weight-loss have also been 

shown to enhance insulin sensitivity and thus lower risk factors for the development of T2D6,7,9,10. That 

being said, exercise accompanied by weight loss typically provides a stronger effect against insulin 

resistance and the pathogenesis of T2D. Weight regain that often follows exercise training and/or weight 

is less well described; partially due to inherent difficulties of longitudinal clinical trials in humans.

Dogs have been used as a research model for diabetes for over a century, starting as early as 1889 when 

pancreatic studies were performed on dogs. The genetic diversity of domestic dog makes them an 

interesting model for human biomedical research. In fact, insulin therapy was used on a diabetic dog 

before it was used to treat human patients11. Today dogs diagnosed with diabetes are treated in the same 

way as humans11. Sled dogs are at low risk for developing T2D; their increased energy expenditure when 

compared to other elite athletes, make them an ideal model for studying the effects of exercise and 

metabolism12. Recent work in our lab has shown that both acute and chronic exercise increases GLUT4, 

the insulin-sensitive glucose transporter, in mononuclear cells of sled dogs13,14. Therefore, the aim of this 

present study was to investigate the effects of exercise or weight gain separately on biomarkers associated 

with insulin resistance in sled dogs.

Biomarkers typically used to investigate insulin resistance and metabolic changes linked to T2D include 

adiponectin, tumor necrosis factor (TNF), glycosylated hemoglobin (GHbA1c), leptin, interleukin-1, and 

interleukin-6. These markers are used to evaluate inflammation related to the metabolic syndrome. In this 

study, we focused on adiponectin, TNF, and GHbA1c as these are reliable markers with relatively 

affordable testing capabilities.

Adiponectin is an anti-inflammatory adipokine: a cytokine secreted by adipose tissue. Adiponectin 

promotes insulin sensitivity15-18. Plasma levels of adiponectin are notably decreased in individuals with 

obesity, insulin resistance and/ or T2D, but these can be restored upon weight-loss. TNF is a 

proinflammatory adipokine19. Increasing levels of TNF impair glucose tolerance and insulin sensitivity by 
inhibition of the insulin signaling20,21.
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GHbA1c is a biomarker of impaired glucose regulation found in the blood serum. Long-term 

hyperglycemia increases GHbA1c concentration. Patients with T2D have higher levels of GHbA1c, 

which goes along with glucose toxicity in the blood stream22.

Using sled dogs as a model, we investigated the impact of conditioning compared to inactivity and weight 

gain associated with inactivity. We looked at specific biomarkers of T2D: adiponectin, TNF and 

GHbA1c. Fluctuation in these biomarkers help us understand the impact from exercise, inactivity and 

weight gain in attenuating or amplifying the effects of T2D.

5.3 Materials and Methods

5.3.1 Animals and Diet

Privately owned sled dogs were used as test subjects. The protocol of this study was approved by the 

Institute of Animal Care and Use Committee (IACUC) at the University of Alaska, Fairbanks (#02-14). 

The dogs were typical mixed breed racing sled dogs. They were fed a high-quality commercial dog food 

(Performance Chicken and Rice Formula®, Purina) to maintain an ideal body condition score of 4 which 

is defined as “thin” to “ideal” with easily palpable ribs and abdominal tuck23. The dogs were sampled 

before and after 2-month of either conditioning or resting. The dogs in the conditioned group (n=8, age 

range 2.5 to 7 years), were exercised 3-5 times per week for 3-5 miles at approximately 75% of the 

maximum rate of oxygen consumption during incremental exercise (VO2max), which corresponds to a 

speed of 15mph in front of an All-Terrain Vehicle. The dogs in the sedentary group (n=8, age range 2 to 9 

years) were not part of any exercise program for the duration of the study. After this 2-months period, the 

group of sedentary dogs was fed increased rations to achieve a body condition score of 6-7 on a scale of 

9, before they were sampled again. A body condition score of 6-7 is defined as “too heavy” with slight 

excess fat covering the ribs23. Two dogs in the weight gain group would not eat their full rations and thus 

did not gain sufficient weight according to the body conditioning score and were not included in the post 

weight gain analysis, leaving six remaining dogs in the overweight group.

5.3.2 Blood Collections

Blood was drawn after an overnight fast. 6mL of blood was collected into EDTA Vacutainers from the 

cephalic vein. The tubes were spun at 3600rpm for 15 minutes and plasma was immediately removed and 

frozen at -80°C for later analysis.
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5.3.3 Biochemical analysis

The levels of adiponectin, TNF, and GHbA1c were measured using ELISA kits following the protocols 

provided by the manufacturer. The GHbA1c kit for the conditioned vs. sedentary part of the study was a 

competitive ELISA (MyBioSource, San Diego, CA) in which concentrations of GHbA1c were inversely 

proportional to the strength of the color formed. The adiponectin kit for the conditioned vs. sedentary part 

(Millipore) and TNF (R&D Systems) and adiponectin for the weight gain portion of the study (Cloud

Clone Corp., Houston, TX) were sandwich ELISAs in which the concentration of sample is proportional 

to the strength of the color formed. All kits were run in 96 well-plates coated with the specific antibody 

for the protein measured. The sample added either competes with an added antigen, or directly binds the 

antibody. For both methods, a secondary antibody linked to horseradish peroxidase was then added. A 

color forms the absorbance of each sample or standard was read at 450nm to determine quantitative levels 

of each protein in the samples. All absorbance readings were done using Synergy HT multi-mode 

microplate reader (BioTek, United States). A standard curve for each biomarker was run with the samples 

to ensure proper measurements. All samples were run in duplicate at one time on one 96 well-plate per 

biomarker.

5.3.4 Statistical analysis of data

Samples were analyzed using GraphPad Prism statistical software (version 5.0). Data were analyzed using 

one-way ANOVA with Tukey post hoc analysis. All results are expressed as mean ± SD. Differences 

were considered significant at P ≤ 0.05.

5.4 Results

We investigated adiponectin and GHbA1c in active and sedentary dogs and found no differences among 

groups. Because GHbA1c is associated with long-term elevated glucose levels and since these dogs were 

not at risk for diabetes, we evaluated TNF in the next part of the study and investigated the effect of 

weight gain. Our previous finding that conditioning increased the insulin sensitive glucose transporter, 

GLUT4, in mononuclear cells of sled dogs prompted our initial inquiry on the effects of exercise on other 

biomarkers associated with insulin resistance13,14. TNF and adiponectin were measured in the sedentary 

sled dogs after weight gain. Unlike our findings with exercise, weight negatively affected them.
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5.4.1 Conditioned vs. sedentary sled dogs

Adiponectin levels were not significantly different in conditioned sled dogs compared to sedentary sled 

dogs (conditioned average: 3.325 ±0.497 ng/mL; sedentary average: 3.466 ±0.832 ng/mL; p=0.63; Figure 

1A). Similarly, GHbA1c were not significantly different in conditioned sled dogs compared to sedentary 

sled dogs (conditioned average: 0.460 ±0.343 ng/mL; sedentary average: 0.358 ±0.262 ng/mL; p=0.69; 

Figure 1B). Our results indicate that a long-term exercise program had no effect on the biomarkers we 

analyzed.

5.4.2 Weight gain in sedentary sled dogs

Adiponectin levels were significantly decreased upon weight gain from a body condition score of 3-4 to 

6-7 (pre weight gain average: 3.392 ± 0.33 ng/mL; post weight gain average: 1.208 ± 0.50 ng/mL; 

p<0.001; Figure 2A). TNF levels were significantly increased upon weight gain from a body condition 

score of 3-4 to 6-7 (pre weight gain average: 0.129 ±0.014 pg/mL; post weight gain: 0.195 ±0.027 pg/mL; 

p<0.001; Figure 2B). The sedentary dogs that eventually became overweight showed a negative effect on 

the measured biomarkers of insulin resistance.

5.5. Discussion

T2D is often associated with obesity, which stems from a lack of physical activity and an increase in 

visceral fat. Many studies have investigated the importance of physical activity, either including or 

excluding weight loss and mixed results have come from these studies6-8. In the present study, we 

investigated the independent effect of exercise or weight gain in sled dogs on adiponectin, TNF and 

GHbA1c, specific biomarkers of T2D. We demonstrated that weight gain significantly affected the levels 

of these biomarkers while exercise had no influence.

The biomarkers tested for the conditioned group were adiponectin and GHbA1C. Adiponectin is 

beneficial to insulin signaling, as an anti-inflammatory adipokine it promotes insulin sensitivity and 

therefore, we expected to find higher level in conditioned dogs15,18,24, however this was not the case for 

sled dogs (adiponectin p =0.63) . While some studies show increased adiponectin levels with exercise, 

other studies reported no difference, similar to our findings16,25,26. GHbA1c is a marker of long-term blood 

glucose concentration27. We expected to see lower levels in conditioned dogs, but there were no 

significant differences when comparing conditioned and sedentary dogs (p=0.69). It is likely that the 
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sedentary sled dogs in our study are at higher levels of conditioning than most other domestic dogs from a 

lifetime of exercise and, therefore, may not be an ideal sedentary model.

The type of conditioning that our dogs underwent during the 2 months conditioning period prior to 

sampling (exercising 3-5 times per week at 75% VO2max for 3-5 miles) may not have been strenuous 

enough to elicit benefits; Saunders et al. studied vigorous whole-body activity in obese men and saw an 

increase in adiponectin levels28. Other studies which showed an improvement in adiponectin levels used 

an exercise model that only engaged certain muscles in the body29. A potential explanation for the diverse 

findings across studies may be due to the choice of control groups. In some studies, the controls remained 

sedentary whereas in others the control group was composed of active individuals who remained 
active25,28.

Regardless, even in these elite canine athletes, weight gain had negative effects on the biomarkers 

measured. The biomarkers tested here, in the weight gain group, were adiponectin and TNF. TNF 

promotes an inflammatory and cytotoxic action. It disturbs the insulin pathway by decreasing tyrosine 

kinase activity, thus hindering phosphorylation of the insulin. In addition, TNF induces a serine 

phosphorylation on the insulin receptor substrate (IRS). This serine phosphorylation inhibits proper 

tyrosine kinase phosphorylation of the insulin receptor, attenuating insulin signaling, and thereby 

inhibiting glucose uptake20,21. Elevated levels of TNF are found in individuals with obesity and with 

T2D16,21. Weight-loss promotes an increase in plasma adiponectin levels, however the benefits of exercise 

on this parameter have been debated16,28. Both adiponectin and TNF levels behaved as we hypothesized; 

weight gain in sled dogs resulted in decreased adiponectin levels and increased TNF levels (adiponectin: 

p <0.001; TNF: p <0.001). These results highlight the importance of weight management in the treatment 

of T2D and may indicate that adiposity is a higher risk factor for T2D and insulin resistance than physical 

conditioning.

5.6 Conclusion

Weight gain in sled dogs had a negative effect on certain biomarkers associated with insulin resistance, 

while physical conditioning had no effect. Even though exercise did not impact the biomarkers 

investigated in this study, we believe other biomarkers should be tested. TNF and IL-10 are of interest 

considering their relation to T2D. Physically active individuals have lower plasma concentrations of 
inflammatory markers such as TNF than inactive or unfit people6,8,25. Also, in the future we intend to 

investigate the benefits of exercise in conjunction with weight gain or while maintaining excess body fat. 

This would allow us to see if exercise improves the detriments observed with weight gain.
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5.7 Figures

Figure 5.1A. Concentration of adiponectin in conditioned and sedentary dogs.

Sled dogs were either kept sedentary or conditioned with regular exercise training (3-5 times per week at 

75% VO2max for 3-5miles) over a period of 2 months. Adiponectin levels (ng/mL) were measured 

following the 2-month acclimation. Adiponectin levels showed no significant difference between the two 

groups of dogs (P=0.64).
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Figure 5.1B. Concentration of GHbA1c in conditioned and sedentary dogs.

Sled dogs were either kept sedentary or conditioned with regular exercise training (3-5 times per week at 

75% VO2max for 3-5miles) over a period of 2months. GHbA1c levels (ng/mL) were measured following 

the 2 months period. GHbA1c levels showed no significant difference between the two groups of dogs 

(p=0.69).
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Figure 5.2A. Concentration of adiponectin in sedentary dogs pre and post weight gain.

Sedentary sled dogs at an ideal body condition were fed increased rations to become overweight. Blood 

plasma was collected pre and post weight gain. Adiponectin levels (ng/mL) were significantly decreased 

after weight gain (*** P<0.001).
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Figure 5.2B. Concentration of TNF in sedentary dogs pre and post weight gain. Sedentary sled dogs at an 

ideal body condition were fed increased rations to become overweight. Blood plasma was collected pre 

and post weight gain. TNF levels (pg/mL) were significantly decreased after weight gain (*** P<0.001).
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Chapter 6: General Conclusions

6.1. General Overview

Type 2 diabetes (T2D) affects more than 34 million people in the United States1. In the last 20 years, the 

number of diagnoses has more than doubled, making diabetes the 7th leading cause of death in the United 

States1-3. Insulin resistance, the inability of the insulin receptor to bind insulin and trigger the insulin 

signaling cascade, is a precursor of T2D4,5.

Adipocyte dysfunction has been linked to insulin resistance and T2D making adipose tissue a key piece to 

study6,7. Particularly, 3T3-L1 murine adipocytes, due to their expression of the insulin-dependent glucose 

transport 4 (Glut4), are a model for in vitro studies of insulin signaling8. 3T3-L1 fibroblasts have been 

extensively studied for their differentiation process and several protocols of induction have been 

proposed. The most utilized induction protocol includes IBMX in addition to insulin and dexamethasone. 

However, adipogenesis induced with IBMX requires 10-12 days to generate mature adipocytes. This has 

resulted in a search for other inducing agents which would facilitate differentiation of the cells within a 

shorter time frame. Troglitazone, a thiazolidinedione, has been successfully utilized in place of IBMX to 

differentiate the fibroblasts into mature adipocytes within 6-8 days9. With many changes to the cell 

culture medium utilized and the induction of differentiation, several scientists have expressed their 

concern about the 3T3-L1 cell line. Multiple publications have demonstrated differences in the expression 

of specific markers such as the glucose transporters Glut1 and Glut4, with mixed reports concerning the 

presence of each at specific times during adipogenesis10-12. In this manuscript, I demonstrated different 

levels of the adipocyte biomarkers FABP4 and adiponectin when using IBMX compared to troglitazone 

as the inducer of adipogenesis. There have also been concerns about the differentiation efficiency of 3T3- 

L1 fibroblasts, particularly after freeze-thaw cycles13. Additionally, the European Collection of Cell 

Cultures published a statement removing the guarantee that 3T3-L1 fibroblasts will differentiate into 
mature adipocytes14.

Through long years of research, many pharmaceutical drugs have been introduced to mitigate the effects 

from T2D, but the number of diagnoses has continued to increase. Research has turned to flavonoid 

compounds found in fruits and vegetables to address unhealthy diets and the sedentary lifestyles often 

responsible precursors of T2D. Wild Alaska Vaccinium berries have long been a staple of the subsistence 

diets of Alaskan Natives. These berries express a unique repertoire of polyphenols and antioxidant 

capacities unlike commercial berries15. However, instead of acting directly on ROS, recent studies 

demonstrated that health benefits of fruits and vegetables result from direct modulation of biochemical 
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targets including epigenetic mechanisms beyond just passive antioxidant potency. Specifically, Alaskan 

berries contain phytonutrients with anti-diabetic and anti-inflammatory benefits16-20.

Given the plethora of health benefits provided by berries in general, I hypothesized that Alaskan 

blueberries would positively affect the insulin signaling pathway, specifically Glut4 translocation from its 

cytosolic vesicle into the plasma membrane. To test this hypothesis, I generated questions (aims) that 

should be addressed:

Aim 1: What are the differences in the phenotype of 3T3-L1 adipocytes induced with IBMX compared to 

troglitazone (Figure 5)?

Aim 2: Does addition of Alaskan blueberry extracts increase Glut4 translocation to the plasma membrane 

and improve glucose transport in 3T3-L1 adipocytes (Figure 6)?

Aim 3: What is the bioavailability of Alaskan blueberry extracts through a Caco-2 monolayer (Figure 7)?

Aim 4: Does conditioning or weight change have a greater effect on biomarkers of metabolic syndrome 

(Figure 8)?

Chapters 2, 3, 4, and 5 of this manuscript address these aims, and the results and future directions from 

each chapter are briefly discussed below:

6.2. Chapter 2: IBMX and Troglitazone induce 3T3-L1 adipocytes of different phenotype.

The experiments in Chapter 2 explored the differences in phenotypes generated in 3T3-L1 adipocytes 

induced with either IBMX or troglitazone and further evaluated insulin responsiveness of plasma 

membrane Glut4. My results revealed a difference in phenotype associated with the inducer of 

adipogenesis. Troglitazone-induced cells expressed lower levels of Pref-1 following induction and 

throughout adipogenesis compared to IBMX-induced cells which expressed an increasing concentration 

of Pref-1 on days 10 and 12 following induction. Also, biomarkers of adipocytes FABP4 and adiponectin 

were expressed sooner after induction of adipogenesis and to higher maximal concentrations in cells 

treated with troglitazone compared to cells treated with IBMX. I also provided evidence that Glut1 and 

Glut4 are expressed in both fibroblast and adipocyte phenotype. Yet Glut4 presence in the plasma 

membrane was very limited in fibroblasts. Though I demonstrated differentiation of fibroblasts into 

mature adipocytes expressing increased amounts of adipocyte biomarkers, my results suggested that 

neither the levels of plasma membrane Glut4 nor glucose uptake increased upon insulin stimulation. 

Through determination of the presence of Glut1 in adipocytes, I hypothesized that insulin-independent 
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glucose uptake mediated by Glut1 overshadowed insulin-dependent glucose uptake mediated by Glut4. In 

addition, through scientific research, I hypothesized the lack of increase of plasma membrane Glut4 was 

due to a maximal capacity of insertion in the plasma membrane.

Future directions for this chapter would lead to assess the specific proteins involved in adipogenesis, 

including the CCAAT-enhancer binding protein (C/EBP) β, δ, and α; and peroxisome proliferator- 

activated receptor γ (PPARγ). As a key modulator of adipogenesis, PPARγ can induce the adipogenic 

programming, however in order to obtain proper Glut4 expression and translocation pathway, C∕EBPα 

must also be expressed. To address the concerns of the lack of differentiation efficiency, it would be 

interesting to obtain 3T3-L1 fibroblasts from different sources to analyze any differences in the level of 

biomarkers of fibroblasts, adipocytes, and adipogenesis. Finally, resuming glucose uptake assays while 

blocking Glut1 activity would address the hypothesized effect of Glut1 on glucose uptake.

6.3. Chapter 3: Alaskan Blueberries Positively Affect Glut4 Translocation.

Having demonstrated a lack of increase in plasma membrane Glut4 upon insulin stimulation in mature 

adipocytes, Chapter 3 addressed the use of Alaskan blueberry extracts in order to restore insulin

dependent Glut4 translocation. I evaluated the insulin signaling cascade functionality by assessing 

phosphorylation of the insulin receptor and Akt upon exposure to various concentrations of Alaskan 

blueberry extracts (1 μg∕mL, 5 μg∕mL for 24 h or 6 days) and stimulated with insulin. I also evaluated the 

level of plasma membrane Glut4 and glucose uptake exposed to the same conditions. My results revealed 

an increase in the level of phosphorylation of the insulin receptor upon 24h exposure to crude Alaskan 

blueberry extract and insulin stimulation. I also demonstrated an increase in plasma membrane Glut4 

upon 24h exposure to the crude extract, but a lack of increase upon insulin stimulation. Similarly, 

exposure to the crude berry extract increased glucose uptake, but insulin stimulation did not affect glucose 

uptake. The expectation to increase membrane Glut4 10-fold was not met, leading to hypothesize a 

potential dysfunction of the Glut4 vesicle trafficking. Glut4 vesicle trafficking in 3T3-L1 adipocytes 

requires the functionality of the insulin signaling pathway, ending with the phosphorylation of Akt, 

leading to the release of the vesicle from cytosolic sequestration. Trafficking also requires TC10 mediated 

actin remodeling of both cortical actin and perinuclear actin.

Future directions for this chapter would focus on the assessment of the translocation of the cytosolic 

Glut4 storage vesicles to the plasma membrane. Evaluation of the phosphorylation of AS160 and the 

expression of TC10 would help understand the dysfunction of the pathway. Considering the use of 

botanicals, in vitro research is performed with the ultimate goal to be translated into in vivo and human 
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studies. Addition of botanical extracts into the cell culture medium does not properly represent the 

compounds found in animal or human blood upon consumption of fruits and vegetables. A focus on 

bioavailability and transformation of these botanicals by the gut microbiome is a necessary step to 

determine the various compounds derived from each botanical and reveal the pathways they modulate. A 

pilot project into bioavailability of crude Alaskan blueberry extract was begun in Chapter 5.

6.4. Chapter 4: Bioavailability of Alaskan Blueberry Extracts: an in vitro approach

While botanicals from fruits and vegetables are increasingly revisited to alter unhealthy dietary choices, 

in vitro research of these botanicals is often difficult to translate to in vivo research. In Chapter 5, I 

focused on a pilot study to evaluate bioavailability of Alaskan blueberry extract following transport by a 

Caco-2 monolayer. The results demonstrated our ability to form an intact Caco-2 cell monolayer and a 

lack of cytotoxicity from long term (7 d) exposure to low concentration of blueberry extract (5 μg∕mL) 

However, cytotoxicity from an acute exposure of 100 μg∕mL of the extracts degraded the monolayer.

Future directions for this chapter include the determination of an acute concentration of crude Alaskan 

blueberry extract. The cytotoxic effect of 100 μg∕mL of crude extract damaged the Caco-2 monolayer, 

prohibiting us from further evaluating the compounds transported. Determining a proper concentration of 

extract that would not negatively modify the monolayer is essential. Once a proper concentration is 

determined, the transport assays can be resumed, and evaluation of the compounds transported can be 

performed. When these compounds are transported through the Caco-2 monolayer, the next step is to 

utilize this medium on cell cultures to assess the changes in molecular pathways such as Glut4 

translocation from cytosolic vesicles into the plasma membrane. In addition to the assessment of 

bioavailability, assessing biotransformation of the extracts through an intestinal microbiome would 

illuminate other modifications the extracts undergo in the intestines prior to transport across the 

membrane. Evaluation and comparison of the metabolites formed after either transport only or exposure 

to an intestinal microbiome followed by transport would provide information as to the metabolites formed 

and the importance the gut microbiome plays onto the food we ingest.

6.5. Chapter 5: Weight Gain, Conditioning and Metabolic Syndrome: a Sled Dog Model

Chapter 5 explored biomarkers of the metabolic syndrome by utilization of a sled dog model and 

evaluation of biomarkers of metabolic syndrome in dogs, comparing physical activity and inactivity, and 
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inactivity and weight gain. My results demonstrated that weight gain had a stronger impact on the 

biomarkers compared to physical activity, notably decreasing adiponectin and increasing TNF.

Future directions for this chapter involve further experiments such as the comparison between weight gain 

and physical activity while the dogs are physically active, or inactive and evaluating the biomarkers 

again. Additionally, more biomarkers should be assessed including pro-inflammatory markers such as IL- 

6 and anti-inflammatory markers such as IL-10. Because there were no changes observed in the 

biomarkers of active compared to inactive dogs, it would be interesting to perform this study either over a 

longer time span or in another model, as sled dogs are often physically conditioned.
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