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Contributions of Angiotensin Receptor Blockade to Glucose Homeostasis in Obesity  

 

Ruben Rodriguez 
Doctor of Philosophy in Quantitative and Systems Biology 
University of California, Merced, 2018 
Chair: Dr. Rudy M. Ortiz 
 
Abstract 
Obesity is a risk factor for the development of pancreatic dysfunction, insulin resistance. 
Obesity-associated factors such as adipocyte dysfunction, inflammation, leptin resistance, 
and inappropriately activation of the renin-angiotensin system (RAS) contribute to the 
development of these disorders. RAS inhibition improves glucose homeostasis by 
improving pancreatic dysfunction, insulin resistance. The objectives of this project were to 
evaluate the mechanisms by which angiotensin receptor type 1(AT1) improves pancreatic 
dysfunction and insulin resistance. In the second chapter, we demonstrated that AT1 
blockade before the development of hypertension normalized glucose-stimulated insulin 
secretion by increasing the circulating levels of glucagon-like peptide-1 (GLP-1) and by 
increasing the protein expression of pancreatic GLP-1 receptor. In the third chapter, we 
demonstrated that chronic AT1 blockade started after the development of hypertension 
decreased the abundance of large adipocytes, improved the ability to suppress non-
esterified free fatty acids levels after an acute glucose challenge, decreased fasting plasma 
glucose, and protected against the worsening of glucose intolerance. The fourth chapter, 
we showed that that chronic AT1 blockade decreased hyperglycemia by enhancing 
adipose-specific insulin signaling and by decreasing the expression of genes involved in 
hepatic gluconeogenesis. Additionally, this study demonstrated that chronic AT1 inhibition 
increased the expression of CD36 protein in retroperitoneal fat and blunted the protein 
expression of fatty acid synthase in response to an acute glucose challenge, suggesting that 
AT1 blockade reduces the obesity-associated hepatic triglyceride accumulation by 
decreasing hepatic lipogenesis and decreasing the sequestration of free fatty acids from 
circulation. Our findings expand our knowledge of how inappropriately activated RAS 
contributes to the development of pancreatic dysfunction and insulin resistance. By 
understanding the mechanisms by which AT1 blockade improves these disorders, we will 
be able to identify new molecular targets to be used to develop better therapeutic 
approaches aimed at decreasing the prevalence of type 2 diabetes. 
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Chapter 1: Introduction 
Obesity  
Obesity has been increasing over the last four decades, in 2015-2016, the prevalence of 
obesity was 39.8% in US adults (57). Many factors contribute to the development of 
obesity including genetics, environmental factors, sedentary lifestyle, and increased energy 
intake (14, 18, 133). Among these factors, physical activity and energy intake are 
modifiable, with increased physical activity and/or reduced caloric intake leading to a 
reduction in body mass (24, 37). Nevertheless, adherence to the physical activity guidelines 
or lowered caloric intake is low (37, 165). Because of the low adherence to these modifiable 
lifestyle factors the prevalence of obesity and its associated comorbidities will continue to 
increase. Therefore, it is imperative that more therapeutic options become available to help 
mitigate the effects of obesity and its associated comorbidities such as dyslipidemia and 
type 2 diabetes (T2D). Obesity increases the risk of developing these disorders through its 
detrimental effects on peripheral insulin sensitivity (16, 142) and subsequent effects on 
pancreatic function (172). Many obesity-associated factors contribute to the development 
of insulin resistance, with adipocyte dysfunction, inflammation, and leptin resistance 
among the primary factors (54, 60, 71). Another obesity-associated factor associated with 
the development of insulin resistance and pancreatic dysfunction is inappropriately 
activated renin-angiotensin system (RAS) (42). However, the mechanisms by which 
inappropriately activated RAS contributes to insulin resistance, and pancreatic dysfunction 
are not entirely known. 

RAS 
RAS regulates fluid homeostasis and blood pressure. The actions of RAS involve two 
signaling pathways known as the classical pathway and the non-classical pathway. 
Formation of angiotensin II (Ang II), the primary effector of classical RAS begins when 
liver produced angiotensinogen gets cleaved by renin, secreted from the juxtaglomerular 
cells in the kidney, to produce angiotensin I (Ang I). Ang I is cleaved by angiotensin-
converting enzyme (ACE) to produce Ang II. Ang II can bind two receptors, angiotensin 
receptor type 1 (AT1) and angiotensin receptor type 2 (AT2) (45) (Figure 1). AT1 
activation through a series of signaling cascades elicits various actions including 
vasoconstriction, growth, oxidant production, and inflammation (106). On the other hand, 
AT2 activation opposes the actions of AT1 signaling (104). In the non-classical pathway, 
Ang I is cleaved by ACE2 to produce angiotensin (1-9) (Ang (1-9). Ang (1-9) is then 
cleaved by ACE to produce angiotensin (1-7) (Ang (1-7). Additionally, Ang (1-7), the 
primary effector of non-classical RAS, is also produced from Ang II through the actions of 
ACE2. Ang (1-7) antagonizes the actions of Ang II by binding to the Mas receptor (45) 
(Figure 1). Components of classical and non-classical RAS are found in various tissues 
including the kidneys, heart, vasculature, pancreas, adipose, and the nervous system (131). 
Because RAS components are found in various tissues, the inappropriate activation of RAS 
contributes to the pathogenesis of various diseases including cardiovascular, kidney and 
metabolic diseases (42, 45, 106).  
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Insulin secretion and RAS 
The pancreas response to an increase in circulating levels of glucose by secreting insulin. 
This process starts when glucose enters the β-cells in the pancreas through a glucose 
transporter. Upon entering the cell, glucose gets metabolized starting with its 
phosphorylation by glucokinase. This increase in glucose metabolism increases the 
adenosine triphosphate (ATP) to adenosine diphosphate (ADP) ratio, leading to the closure 
of ATP-sensitive K+ channels (Figure 2). Closure of ATP-sensitive K+ channels 
depolarizes the plasma membrane, opening the voltage-dependent calcium channels 
leading to an increase in cytosolic Ca2+ and subsequent exocytosis of the insulin granules 
(87) (Figure 2). Besides glucose, various molecules can regulate insulin secretion. One of 
this molecules is Ang II, in fact, RAS components such as angiotensinogen, (pro) renin, 
AT1, and AT2 are expressed in the human pancreas (86, 154). Additionally, 
angiotensinogen, renin, ACE, AT1, and AT2 are expressed in the rodent pancreas (29, 97, 
160). Interestingly, in rodent models of T2D, ACE, ACE2, and AT1 become elevated (29, 
160). In male Sprague-Dawley rats, Ang II infusion decreases the first phase of glucose-
stimulated insulin secretion (GSIS), impart by decreasing blood flow to the pancreas (23). 
Notwithstanding, in primary β-cells, incubation with Ang II decreased GSIS and proinsulin 
biosynthesis (26, 29).  

Insulin resistance and RAS 
The insulin released from the pancreas enters the portal vein and enters the liver, where 
over 50% of insulin is cleared on the first pass (163). The remaining insulin leaves the liver 
through venous circulation and enters the heart. Insulin is then dispersed through the 
arterial circulation to organs such as the liver, adipose, and skeletal muscle (163). In these 
tissues, insulin promotes synthesis and storage of carbohydrates, proteins, and lipids, while 
also preventing their degradation (142). Insulin elicits these actions upon binding to the 
insulin receptor, a receptor tyrosine kinase. When insulin binds its receptor, it initiates a 
signaling cascade that involves the autophosphorylation of the insulin receptor followed 
by the subsequent activation of insulin receptor substrate (IRS) proteins, phosphoinositide 
3-kinase (PI3K) and Akt, leading to various outcomes including glucose uptake and 
inhibition of lipolysis and glucose production (142) (Figure 3). These effects of insulin 
make it the primary glucoregulatory hormone as its absence, leads to the development of 
type 1 diabetes (T1D) (15). Furthermore, when insulin signaling is impaired, as it happens 
in obesity, insulin resistance develops (35). Insulin resistance if unabated can progress to 
T2D (135). Obesity contributes to the development of insulin resistance primarily through 
its effects on adipose, where, it increases the abundance of large adipocytes leading to 
adipocyte dysfunction, it also increases the production and secretion of adipokines, which 
can impair insulin signaling in adipose and peripheral tissues (54, 60, 71). Additionally, 
obesity also increased the levels of angiotensinogen in retroperitoneal fat and plasma of 
Sprague Dawley rats; these rats displayed elevated plasma Ang II levels and higher blood 
pressure (20). Inappropriate RAS activation has also been implicated in the development 
of insulin resistance (128). Indeed, elevated Ang II levels decreased insulin-stimulated 
glucose uptake and glucose transporter 4 (GLUT4) translocation in L6 and primary 
myotubes (34, 169, 170). In primary human preadipocytes, elevated Ang II levels decrease 
cell differentiation leading to the formation of large adipocytes (69), while in the liver of 
Wistar rats, elevated Ang II levels increased glucose output (137).  
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RAS inhibitors in the clinic 
RAS inhibitors are one of many treatment options for treating patients with hypertension. 
Among these treatment options, β-blockers have been shown to increase the new onset of 
T2D (9). Whereas, thiazide diuretics and calcium channel blockers have neutral effects on 
the development of T2D (53). RAS inhibitors decreased the new onset of T2D in 
individuals with hypertension or cardiovascular disease (CVD) (2, 36, 59, 70, 132). 
Notwithstanding, in these studies, the development of T2D was not a primary outcome. 
Therefore, in the in the Nateglinide and Valsartan in Impaired Glucose Tolerance 
Outcomes Research (NAVIGATOR) trial one of the primary outcomes was the 
development of T2D in individuals with impaired glucose tolerance and established CVD 
or cardiovascular risk factors (105). At the end of the trial, the authors concluded that 
chronic valsartan treatment, along with lifestyle modification, decreased the incidence of 
T2D by 14% (105). Furthermore, in the Diabetes REduction Assessment with ramipril and 
rosiglitazone Medication (DREAM) trial the primary outcome was the development of 
T2D in individuals without CVD but with fasting hyperglycemia or glucose intolerance 
(17). In this study, they found that chronic ramipril treatment did not reduce the incidence 
of T2D but did increase the regression to normoglycemia (17). Collectively these studies 
suggest that RAS inhibitors may be able to reduce the risk of developing T2D in individuals 
with cardiovascular complications. 

Purpose of study 
The prevalence of diabetes and prediabetes in the US was approximately 30.3 and 84.1 
people, respectively, in 2015 (33). If the rates of diabetes continue to increase, the clinical 
implications and economic burden are bound to increase as well. The American Diabetes 
Association estimated the cost of diagnosed diabetes in 2017 as $327 billion, including 
$237 billion in direct medical costs and $90 billion in reduced productivity (1). T2D is a 
chronic disease, with hyperglycemia being the earliest characteristic of the disease. Blood 
glucose is regulated by three primary factors: 1) insulin secretion, 2) tissue glucose uptake 
and 3) tissue-specific production. As illustrated above, there is a plethora of evidence that 
demonstrates that inappropriately activated RAS contributes to the dysregulation of 
glycemia, suggesting that inappropriately activated RAS contributes to the development of 
T2D and that RAS inhibition may delay the new onset of T2D in individuals with 
hypertension or cardiovascular complications. Nevertheless, the mechanisms by which 
RAS inhibitors delay the onset of T2D are not yet known. Therefore, the purpose of these 
studies was to assess the mechanisms by which AT1 blockade contributes to glucose 
regulation in obesity. In these studies we demonstrated that the disease state of the 
organism at the onset of AT1 blockade determines its beneficial effects on pancreatic 
function as treatment before the onset of hypertension and dyslipidemia improved glucose 
intolerance by normalizing GSIS, which was a result of increased plasma glucagon-like 
peptide-1 (GLP-1) and GLP-1 receptor protein expression in the pancreas (141). 
Notwithstanding, chronic AT1 blockade started after the development of hypertension did 
not improve pancreatic function, yet chronic AT1 inhibition improved glucose homeostasis 
by decreasing dyslipidemia and the abundance of large adipocytes (140). Furthermore, we 
demonstrated that the improvement in adipocyte morphology associated with chronic AT1 
blockade is a result of improved insulin signaling in adipose. Additionally, we also 
demonstrated that chronic AT1 blockade decreases hyperglycemia in part by decreasing 
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the expression of genes involved in hepatic gluconeogenesis and that this effect is 
independent of improved insulin signaling in the liver. These findings contribute to our 
understanding of how AT1 blockade contributes to the improvement of glucose 
homeostasis in obesity, which, can influence the timing of when RAS inhibitors are used 
in the clinic. Furthermore, these findings allow us to identify new molecular targets for 
developing better therapeutic approaches aimed at decreasing the prevalence of T2D. 



 
 

5 

Chapter 2: Angiotensin Receptor Blockade Increases Pancreatic Insulin Secretion 
and Decreases Glucose Intolerance during Glucose Supplementation in a Model of 
Metabolic Syndrome 

 
2.1 Abstract 
Renin-angiotensin-system (RAS) blockade improves glucose intolerance and insulin 
resistance, which contribute to the development of metabolic syndrome. The role that 
impaired insulin secretion plays in the pathogenesis of metabolic syndrome are, however, 
not well defined. To assess the contributions of AT1 activation and high glucose intake on 
pancreatic function and their effects on insulin signaling in skeletal muscle and adipose 
tissue, an oral glucose tolerance test was performed (oGTT) in 5 groups (n = 10/group) of 
rats: 1) lean LETO, 2) obese OLETF, 3) OLETF + ARB (10 mg olmesartan /kg/d for 6 
wks; OLETF ARB), 4) OLETF + 5% glucose water for 6 wks (OLETF HG), and 5) OLETF 
+ HG + ARB (OLETF HG/ARB). The glucose response to the oGTT increased 58% in 
OLETF compared to LETO while glucose supplementation increased it an additional 26%. 
Blockade of angiotensin receptor reduced the oGTT response 19% in the ARB treated 
groups and increased pancreatic insulin secretion 64% and 113% in OLETF ARB and 
OLETF HG/ARB, respectively. ARB treatment in OLETF ARB and OLETF HG/ARB did 
not have an effect on insulin signaling proteins in skeletal muscle; however, it reduced 
pancreatic AT1 protein expression 20% and 27%, increased pancreatic GLP-1r protein 
expression 41% and 88%, respectively, and increased fasting plasma GLP-1 approximately 
2.5-fold in OLETF ARB. The results suggest that improvement of glucose intolerance is 
independent of an improvement in muscle insulin signaling, but rather by improved 
glucose-stimulated insulin secretion associated with decreased pancreatic AT1 activation, 
and increased GLP-1 signaling. 
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2.2 Introduction 
Blockade of the renin-angiotensin system (RAS) has been shown to improve glucose 
intolerance (29, 55, 66, 94, 121), insulin resistance (50, 55, 66, 94), beta cell function (29, 
55, 160, 178) and even prevent the onset of type II diabetes (3), suggesting that angiotensin 
II (Ang II) contributes to the manifestation of these conditions. Pancreatic insulin secretion 
is regulated by blood glucose levels and its secretion can be facilitated by glucagon-like 
peptide-1 (GLP-1). GLP-1 is a gut hormone produced in the intestinal endocrine L-cells 
that is released into circulation during food intake and stimulates insulin secretion, inhibits 
glucagon secretion and inhibits gastric emptying (5). The effects of RAS blockade on 
plasma GLP-1 and pancreatic GLP-1 receptor (GLP-1r) during insulin resistant conditions, 
however, are not well-described. 
High consumption of sugar sweetened beverages is associated with the development of 
metabolic syndrome (102). The metabolic syndrome affects 24% (47 million) of the US 
adult population (44) and predisposes individuals to the development of cardiovascular 
disease (CVD) and type II diabetes (58, 174). Although insulin resistance is not a 
diagnostic feature of the metabolic syndrome, insulin resistance is a key component of the 
syndrome because insulin is primarily responsible for the regulation of circulating glucose 
(11, 44). Otsuka Long Evans Tokushima Fatty (OLETF) rats are an ideal model for the 
study of insulin resistance and metabolic syndrome (65, 92, 110) because their 
pathogenesis closely resembles those of the progression of human insulin resistance, 
metabolic syndrome and type II diabetes. 
Insulin signaling is initiated by the binding of insulin to its membrane receptor and involves 
the subsequent activation of insulin receptor substrate-1 (IRS-1), phosphoinositide 3-
kinase (PI3K) and Akt, leading to the translocation of glucose transporter 4 (GLUT4) to 
the plasma membrane to facilitate the cellular uptake of plasma glucose (61, 95). Factors 
that impair the insulin signaling pathway, such as inappropriate activation of the 
angiotensin receptor type 1 (AT1), can lead to the development of insulin resistance and 
contribute to systemic glucose intolerance (126, 156).  Furthermore, adipose tissue, which 
is responsible for only a small fraction of whole body insulin-mediated glucose uptake 
(11), produces and secretes adipokines (ie, adiponectin, leptin, tumor necrosis factor-alpha 
[TNF-α]) that can affect glucose homeostasis and insulin sensitivity in peripheral tissues 
(63, 77). 
While insulin resistance contributes to the development of metabolic syndrome, the 
contributions of impaired insulin secretion and pancreatic AT1 activation to the 
pathogenesis of the metabolic syndrome are not well defined. Therefore, the objectives of 
this study were to assess the contributions of AT1 activation and high glucose intake on 
pancreatic function and their effects on insulin signaling in skeletal muscle and adipose 
tissue, in a model of metabolic syndrome. Using LETO and OLETF rats (as a surrogate 
model of metabolic syndrome) we tested the hypotheses that the blockade of RAS improves 
pancreatic insulin secretion by decreasing pancreatic AT1 and increasing GLP-1r protein 
expression. 
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2.3 Methods 
All experimental procedures were reviewed and approved by the institutional animal care 
and use committees of Kagawa Medical University, Japan, and the University of 
California, Merced. 
2.3.1 Animals. Male, lean strain-control LETO (265 ± 6 g) and obese OLETF (351 ± 2 g) 
rats were studied (Otsuka Pharmaceutical Co. Ltd., Tokushima, Japan). At the beginning 
of the study, rats were 9 weeks of age and were randomly assigned to one of the following 
groups (n = 10/group): 1) untreated, lean LETO, 2) untreated, obese OLETF, 3) OLETF + 
ARB (10 mg/kg/d in diet for 6 wk; OLETF ARB), 4) OLETF + 5% glucose water for 6 wk 
(OLETF HG), and 5) OLETF + HG + ARB (OLETF HG/ARB). HG animals received 5% 
glucose (Nacalai Tesque, Osaka, Japan) in water prepared daily. The ARB (Olmesartan, 
Daiichi-Sankyo, Tokyo, Japan) was mixed in the food and added according to initial food 
consumption rates so that the final dosage was approximately 10 mg/kg/d. All animals were 
maintained in groups of 3 or 4 animals per cage in a specific pathogen-free facility under 
controlled temperature (23°C) and humidity (55%) with a 12-h light and dark cycle. All 
untreated animals were given free access to water and standard laboratory rat chow (MF, 
Oriental Yeast Corp., Tokyo, Japan).  
2.3.2 Blood Pressure. Systolic blood pressure (SBP) was measured before the start of 
treatment and after 6 weeks of treatment in conscious rats by tail-cuff plethysmography 
(BP-98A; Softron Co., Tokyo, Japan). 
2.3.3 Body mass and food intake. Body mass (BM) was measured on a weekly basis to 
calculate the appropriate amount of ARB to mix in the chow.  Mean food intake was 
measured prior to the start of the treatments and prior to the end of the study. 
2.3.4 Oral Glucose Tolerance Test (oGTT). One week before the end of the experimental 
period, oGTTs were performed. Rats were fasted overnight and glucose was administered 
by gavage (2 g/kg). Fifteen minutes prior to the collection of samples from the tail vein a 
small region in the side of the tail was cleaned with alternating wipes of isopropyl alcohol 
and betadine, followed by a subcutaneous injection of 200-300 μL of lidocaine (Henry 
Schein, Melville, NY). Blood glucose was measured prior to gavage (0) and at 15, 30, 60 
and 120 min post-glucose infusion. In addition, the 0, 30 and 120 min samples were 
collected to measure plasma insulin concentration. The glucose area under the curve 
(AUCglucose) and the insulin area under the curve (AUCinsulin) were calculated by the 
trapezoidal method. 
2.3.5 Insulin Resistance Index and Quantitative Insulin Sensitivity Check Index. The insulin 
resistance index (IRI) was calculated as the product of area under the glucose and insulin 
curves (AUCglucose x AUCinsulin) as previously described (55). The quantitative insulin 
sensitivity check index (QUICKI) was calculated as one divided by [log (I0) + log (G0)], 
where I0 is fasting insulin (μU/ml), and G0 is fasting glucose (mg/dl) as previously 
described (50). 
2.3.6 Pancreatic insulin and insulin secretion. For the measurement of total pancreatic 
insulin 200 mg of frozen pancreatic tissue was homogenized in 500 μL of cold lysis buffer 
containing Tris (40 mM), NaCl (120 mM), 0.5% Triton X-100, 0.3% SDS and 3% protease 
inhibitor cocktail (PIC; Sigma-Aldrich, St. Louis, MO). The homogenized tissue was 
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centrifuged (16,100g x 15 min), and the aqueous layer was transferred to a separate tube 
and stored at -80°C for later analysis. AUCinsulin calculated as percent change from baseline 
plasma insulin (to account for the difference in fasting plasma insulin levels among the 
groups at baseline) was used to estimate insulin secretion in response to oGTT as 
previously described (178). 
2.3.7 Dissections. After 6 weeks of treatments, animals were fasted overnight, and tissues 
collected the subsequent morning. After BM measurements were obtained, animals were 
decapitated, and trunk blood was collected into chilled vials containing 50 mM EDTA and 
PIC, and kept on ice until they could be centrifuged. Thereafter, the pancreas, 
gastrocnemius (gastroc) muscle, retroperitoneal (retro) and epididymal (epi) fat were 
rapidly removed, weighed and snap-frozen in liquid nitrogen. Frozen samples were kept at 
−80°C until analyzed. Blood samples were centrifuged (3000g x 15 min at 4°C), and the 
plasma was transferred to cryo-vials, frozen by immersion in liquid nitrogen, and 
immediately stored at -80°C. 
2.3.8 Western Blot. Frozen tissue samples were homogenized in 500 μL of TBS containing 
1% Triton X-100, 1% SDS and 1% protease and phosphatase inhibitor cocktail (Sigma). 
Tissue homogenate was centrifuged (16,000g x15 min), and the aqueous layer was 
transferred to a separate tube and stored at -80°C for later analyses. Total protein content 
was measured by the Bradford assay (Bio-Rad Laboratories, Hercules, CA). Fifty μg of 
total protein were resolved in 4-15% Tris-HCl SDS gradient gels. Proteins were 
electroblotted using the Bio-Rad Trans Blot SD semi-dry cell onto 0.45 μm nitrocellulose 
membranes. Membranes were blocked with 3% bovine serum albumin (BSA) in PBS 
containing 0.05% of Tween 20 (PBS-T), and incubated overnight with primary antibodies 
(diluted 1:100 to 1:1000) against p-IR-β (Tyr1150/1151), Akt2, GLP-1r, AT1, actin (Santa Cruz 
Biotechnology, Santa Cruz, CA), IR-β, p-Akt2 (Ser473) (Assay designs, Ann Arbor, MI), 
GAPDH (Enzo Life Sciences, Farmingdale, NY), and GLUT4 (R & D Systems, 
Minneapolis, MN). Membranes were washed, incubated with HRP-conjugated secondary 
antibodies (Pierce, Rockford, IL), re-washed, and developed by using the Immun-Star 
Western C kit (Bio-Rad). Blots were visualized using a Chemi-Doc XRS system (Bio-Rad) 
and quantified by using Bio-Rad’s Quantity One software. In addition to consistently 
loading the same amount of total protein per well, densitometry values were further 
normalized by correcting for the densitometry values of actin or GAPDH. 
2.3.9 Biochemical analyses. Plasma glucose and triglycerides (TG) were measured using 
an auto-analyzer (Roche Hitachi 912, Indianapolis, IN). Plasma non-esterified fatty acids 
(NEFAs) were measured using a commercially available kit (WAKO, Osaka, Japan). 
Plasma leptin, and plasma and pancreatic insulin (Millipore) were measured using a 
commercially available rat-specific RIA kit. Plasma adiponectin (Millipore), GLP-1, and 
tumor necrosis factor-alpha (TNF-α; Phoenix Pharmaceuticals, Inc.) were measured by 
ELISA. All samples were analyzed in duplicate and run in a single assay with intra-assay, 
percent coefficients of variability of < 10% for all assays. 
2.3.10 Statistics. Means (± standard error) were compared by analysis of variance 
(ANOVA). Glucose tolerance was assessed by comparing mean AUC values obtained from 
the glucose profiles during the oGTTs. The AUC values were also compared by ANOVA. 
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Relationships between dependent and independent variables were evaluated by simple 
regression, and correlations were evaluated using Pearson correlation coefficients. Means, 
regression and correlations were considered significantly different at p<0.05. Statistical 
analyses were performed with the SYSTAT 11.0 software (SPSS, Richmond, CA, USA). 
 
2.4 Results 
2.4.1 ARB decreases SBP. SPB was measured to confirm the development of the 
hypertension and to assess the effectiveness of the ARB. SBP increased (p < 0.001) 33 % 
in OLETF compared to LETO (146 ± 2 vs. 113 ± 4 mmHg). Treatment with ARB decreased 
(p < 0.001) SBP by 27 % and 29 % compared to OLETF and OLETF HG (107 ± 2 vs. 146 
± 2 and 107 ± 2 vs. 151 ± 2 mmHg), respectively. These results demonstrate that the model 
is characterized by an increase in SBP, that the dosage of ARB used was effective in 
reducing SBP and that glucose supplementation had no further effect on SBP. 
2.4.2 ARB has no effect on food intake, but decreases body mass by decreasing adiposity. 
Mean food intake, body mass (BM), relative gastroc, and epi and retro fat masses were 
measured to assess the impact of glucose supplementation and ARB treatment on food 
intake and subsequently on body composition. Prior to the start of the treatments, mean 
food intake was higher (p < 0.01) in OLETF compared to LETO (27.0 ± 1.6 vs. 18.4 ± 0.6 
g/d), and remained so at the end of the study (p < 0.001) (25.9 ± 1.3 vs. 17.1 ± 0.5 g/rat/day).  
Neither ARB treatment, glucose supplementation nor the combination affected mean food 
intake in OLETF (24.2 ± 0.7, 25.9 ± 1.2 and 24.5 ± 1.2 g/d, respectively). BM increased 
27% (p < 0.0001) in OLETF as compared to LETO whereas ARB treatment decreased (p 
< 0.0001) BM by 11% (Figure 4A). Glucose supplementation increased (p < 0.0001) BM 
an additional 10% while ARB treatment decreased (p < 0.0001) it by 12% (Figure 4A). 
Mean relative gastroc mass decreased 13% (p < 0.0) in OLETF as compared to LETO 
whereas ARB prevented this decrease (Figure 4B). Glucose supplementation decreased (p 
< 0.01) mean relative gastroc mass by 9% while ARB treatment prevented this decrease 
(Figure 4B). Mean relative epi and retro fat masses increased (p < 0.0001) 68% and 102%, 
respectively, in OLETF compared to LETO (Figure 4C and 4D). ARB treatment 
decreased (p < 0.01) mean relative retro fat mass 25%, but not mean relative epi fat mass 
(Figure 1C).  Glucose supplementation increased mean relative epi and retro fat masses by 
26% (p < 0.05) and 24% (p < 0.01), respectively. ARB treatment decreased mean relative 
epi and retro fat masses by 13% (p < 0.05) and 22% (p < 0.01) respectively (Figure 4C 
and 4D).  Collectively, these results suggest that the decrease in BM seen with the ARB 
treatment is partially associated with a decrease in adiposity and is independent of changes 
in mean food intake. 
2.4.3 ARB improves OLETF-associated and glucose supplementation increase in plasma 
triglycerides. Fasting plasma TG, NEFAs and TNF-α were measured to assess the effects 
of glucose supplementation and ARB treatment on lipid metabolism and inflammation. 
Fasting plasma TG increased (p < 0.0001) 183% in OLETF compared to LETO while ARB 
treatment decreased (p < 0.05) TG by 19% (Table 1). Glucose supplementation exacerbated 
(p < 0.0001) the increase in TG an additional 35% whereas ARB treatment decreased (p < 
0.05) TG by 15% (Table 1). In addition, fasting plasma NEFAs increased (p < 0.05) 25 % 
in OLETF compared to LETO while glucose supplementation increased (p < 0.001) 
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NEFAs an additional 28 % (Table 1). ARB treatment had no effect on plasma NEFAs 
(Table 1). The inflammatory marker, TNF-α, increased (p < 0.05) 56% with glucose 
supplementation; however, ARB treatment had no effect on circulating TNF-α levels 
(Table 1). Collectively, these results suggest that glucose supplementation contributes to 
dyslipidemia and TNF-α-associated inflammation in OLETF rats, and that 6 weeks of ARB 
treatment is effective at decreasing plasma TG, but not NEFAs or TNF-α levels. 
2.4.4 Glucose supplementation increases plasma leptin. Plasma adipokines, adiponectin 
and leptin, were measured to assess the contributions of adipokines to the development of 
insulin resistance. Mean plasma leptin increased (p < 0.01) 148% in OLETF compared to 
LETO, and ARB treatment decreased (p < 0.01) it 57% (Table 1). Glucose 
supplementation increased (p < 0.0001) mean leptin 112% whereas ARB treatment 
decreased (p < 0.0001) it 54% (Table 1). Plasma adiponectin increased (p < 0.0001) 51 % 
in OLETF compared to LETO (Table 1). ARB treatment and glucose supplementation did 
not have additional effects compared to OLETF; however, ARB treatment in glucose 
supplemented animals increased (p < 0.05) mean adiponectin 21% compared to OLETF 
HG (Table 1). Relative retro fat mass was positively correlated with leptin = 7.023 * 
relative retro fat mass - 8.326 (R = 0.835; p < 0.001). Plasma leptin was positively 
correlated with IRI = 499075 * leptin + 6226218 (R = 0.758; p < 0.001) and negatively 
correlated with QUICKI = - 0.002 * leptin + 0.300 (R = 0.603; p < 0.001), suggesting that 
obesity-induced increase in plasma leptin levels are associated with increased insulin 
resistance without the expected decrease in plasma adiponectin levels.  
2.4.5 ARB improves glucose intolerance. Oral glucose tolerance tests were performed to 
assess the impairment of glucose and insulin clearance and to assess the degree of insulin 
resistance in OLETF and OLETF HG. AUCglucose and AUCinsulin increased (p < 000.1 and 
p < 0.01, respectively) 58% and 30 %, respectively, in OLETF compared to LETO (Figure 
5C and 5D). ARB treatment decreased (p < 0.05 and p < 0.01, respectively) AUCglucose and 
AUCinsulin 19% and 22%, respectively (Figure 5C and 5D). Glucose supplementation 
increased (p < 0.01 and p < 0.05, respectively) the AUCglucose and AUCinsulin an additional 
26% and 13%, respectively, while ARB treatment decreased (p < 0.01 and p < 0.05, 
respectively) AUCglucose and AUCinsulin 19% and 17%, respectively (Figure 5C and 5D). 
These results suggest that ARB improves glucose and insulin clearance. 
2.4.6 ARB improves insulin resistance and sensitivity indices. Insulin resistance index (IRI) 
and quantitative insulin sensitivity check index (QUICKI) were measured to evaluate the 
effects of increased body mass, glucose supplementation and angiotensin receptor 
blockade on insulin resistance and insulin sensitivity. IRI increased (p < 0.0001) 97% in 
OLETF compared to LETO whereas ARB treatment decreased IRI by 39% (p < 0.01) 
(Figure 6A). Glucose supplementation increased (p < 0.01) IRI an additional 28% while 
ARB treatment decreased (p < 0.0001) IRI by 36% (Figure 6A). QUICKI decreased (p < 
0.01) 10% in OLETF compared to LETO, whereas ARB treatment improved (p < 0.05) 
QUICKI by 6% (Figure 6B). Glucose supplementation decreased (p < 0.01) QUICKI an 
additional 8% while ARB treatment improved (p < 0.01) QUIKI by 10% (Figure 6B). 
Body mass was positively correlated with IRI = 74433 * BM -23204720 (R = 0.847; p < 
0.001) and negatively correlated with QUICKI = -0.0004 * BM + 0.447 (R = 0.775; p < 
0.001), suggesting that increased BM is associated with increased insulin resistance and 
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decreased insulin sensitivity, and that AT1 activation increases insulin resistance and 
decreases insulin sensitivity. 
2.4.7 Neither ARB treatment nor glucose supplementation has an effect on insulin 
signaling. Insulin receptor and AKT2 activity, along with GLUT4 protein expression were 
measured in skeletal muscle and retro fat to determine whether impaired glucose clearance 
was associated with glucose supplementation and AT1 activation. There were no changes 
in the activation of insulin receptor in skeletal muscle or retro fat (data not shown). Glucose 
supplementation increased (p < 0.05) skeletal muscle AKT2 activity by 20% (Figure 7A). 
GLUT4 protein expression (Figure 7B) did not change among groups suggesting that 
impaired glucose clearance and its improvement with ARB treatment are independent of 
chronic and sustained alterations to critical elements of the insulin signaling cascade in 
skeletal muscle. 
2.4.8 ARB treatment improves plasma glucose, pancreatic insulin content, plasma insulin 
and glucose-induced insulin secretion. Fasting plasma glucose, pancreatic insulin, plasma 
insulin and glucose-induced insulin secretion were measured to assess the effects of 
glucose supplementation and AT1 activation on glucose handling and glucose-mediated 
insulin secretion. Fasting plasma glucose increased (p < 0.0001) 44 % in OLETF compared 
to LETO while ARB treatment decreased (p < 0.05) plasma glucose by 11% compared to 
OLETF (Figure 8A). Pancreatic insulin content decreased (p < 0.05) 44% in OLETF 
compared to LETO whereas ARB treatment improved (p < 0.05 and p < 0.01, respectively) 
pancreatic insulin by 81% and 119%, respectively, compared to OLETF and OLETF HG 
(Figure 8B). Fasting plasma insulin increased (p < 0.01) 91% in OLETF compared to 
LETO while ARB treatment decreased (p < 0.05) plasma insulin by 41% (Figure 8C). 
Glucose supplementation increased (p < 0.01) fasting plasma insulin an additional 68 % 
whereas ARB treatment decreased (p < 0.0001) plasma insulin by 47 % (Figure 8C). 
Insulin secretion decreased (p < 0.05) 50% in OLETF compared to LETO, while ARB 
treatment improved (p < 0.05 and p < 0.01, respectively) insulin secretion by 64% and 
113%, compared to OLETF and OLETF HG, respectively (Figure 8D). These results 
suggest that activation of AT1 contributes to impaired fasting plasma glucose, pancreatic 
insulin content, plasma insulin and glucose-induced insulin secretion. 
2.4.9 ARB improves GLP-1signaling. Fasting plasma GLP-1 and pancreatic GLP-1r were 
measured to determine the effects of glucose supplementation and AT1 blockade on these 
modulators of insulin secretion. Fasting plasma levels of GLP-1 decreased (p < 0.01) 40% 
in OLETF compared to LETO while ARB treatment increased (p < 0.05) plasma GLP-1 
2.5-fold (Figure 9A). Glucose supplementation did not alter plasma GLP-1 levels, but it 
did prohibit a significant ARB-induced increase (Figure 9A). Neither OLETF strain nor 
glucose supplementation was associated with a significant decrease in GLP-1r protein 
expression compared to LETO, but ARB treatment in both groups increased (p < 0.05 and 
p < 0.01, respectively) GLP-1r by 41% and 88%, respectively, compared to OLETF and 
OLETF HG (Figure 9B), suggesting that AT1 activation impairs insulin secretion partially 
through its effects on GLP-1 and its pancreatic receptor. 
2.4.10 Pancreatic AT1 protein expression increased with glucose supplementation. 
Pancreatic AT1 protein expression was measured to determine whether metabolic 
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alterations in OLETF and OLETF HG increased pancreatic AT1 and to determine the 
effects of ARB treatment on pancreatic AT1 protein expression. Pancreatic AT1 protein 
expression increased (p < 0.01) 37% in OLETF compared to LETO while ARB treatment 
prevented this increase (p < 0.05) (Figure 10). Glucose supplementation exacerbates (p < 
0.05) the strain-associated increase in pancreatic AT1 protein expression an additional 22% 
whereas ARB treatment prevented this increase (p < 0.01) (Figure 10). These results 
suggest that metabolic alterations in OLETF and OLETF HG inappropriately increase 
pancreatic AT1 protein expression and ARB treatment normalized these levels. 
 
2.5 Discussion 
Insulin resistance contributes significantly to the development of metabolic syndrome; 
however, the contributions of impaired insulin secretion and of pancreatic AT1 activation 
to the pathogenesis of metabolic syndrome are not well described. The present study 
demonstrates that insulin secretion is impaired in OLETF rats.  Moreover, the strain 
associated impairment in glucose-mediated insulin secretion is associated with decreased 
pancreatic insulin content, increased AT1 protein expression and a reciprocal decrease in 
GLP-1r protein expression. The decreased pancreatic insulin content is indicative of 
reduced insulin reserve (178). This lowered insulin reserve may be due to beta cell 
exhaustion owing to chronic insulin hyper-secretion as indicated by the hyperinsulinemia 
seen in OLETF and OLETF HG rats, thereby lowering insulin secretion in response to the 
oGTT. Alternatively, these effects may be attributed to the vasoconstrictive actions of 
elevated Ang II, which in vivo induces a dose-dependent reduction in both whole pancreatic 
and islet blood flow (23). Ang II-mediated vasoconstriction may delay the glucose-
stimulated insulin secretion; however, in isolated pancreatic islets Ang II decreases 
glucose-stimulated insulin secretion and blockade of RAS blunts this effect (29, 90) 
suggesting that these effects are independent of vasoconstriction. In the present study 
blockade of the angiotensin receptor prevented the impairment of insulin secretion, the 
decrease in pancreatic insulin content and the hyperinsulinemia, suggesting that activation 
of AT1 contributes directly to beta cell dysfunction. 
In the rat pancreas AT1 is localized to ducts and vessels (96, 160), and becomes up regulated 
in diabetic models (29, 160); however, data on pancreatic AT1 protein expression in a 
model of metabolic syndrome are scarce, and to the best of our knowledge, are lacking in 
response to glucose supplementation. Nonetheless, the present study demonstrates that 
pancreatic AT1

 protein expression is increased in OLETF rats and glucose supplementation 
exacerbated this increase. Chronic treatment with ARB normalized AT1 protein expression 
in both the normal diet and glucose supplemented OLETF rats indicating that ARB 
treatment is effective at normalizing AT1 levels in insulin resistant conditions even in the 
presence of elevated glucose intake. The increase in pancreatic AT1 associated with the 
model may partially explain the decrease in insulin secretion and the prevention of 
impaired insulin secretion with chronic ARB treatment. 
 
Another important and novel discovery of the present study is that circulating levels of 
plasma GLP-1 are suppressed in OLETF rats and glucose supplementation had no 
additional effects on circulating GLP-1 levels. The decrease in circulating levels of plasma 
GLP-1 was rescued by chronic ARB treatment suggesting that AT1 activation contributes 
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to impaired circulating GLP-1 concentrations, which can also contribute to the 
manifestation of insulin resistance in this model. In addition to increasing circulating levels 
of plasma GLP-1, ARB treatment also increased pancreatic GLP-1r protein expression. 
Through the activation of its receptor, GLP-1 facilitates insulin secretion in a glucose-
dependent manner and suppresses glucagon release (5). The usefulness of GLP-1 in the 
treatment of type II diabetes is limited, however, due to its short plasma half-life of 
approximately 4 minutes (84). Therefore, the increase in circulating GLP-1 levels in the 
ARB treated animals suggests that blockade of AT1 may inhibit the degradation of GLP-1 
by dipeptidyl peptidase-IV (78) or increase secretion from intestinal L-cells. Furthermore, 
the increase in pancreatic AT1 protein expression in OLETF rats is associated with reduced 
plasma GLP-1 suggesting that the pancreatic dysfunction observed during insulin resistant 
conditions in these obese rats is attributed to inappropriately elevated RAS and is AT1 
mediated. Chronic ARB treatment increases pancreatic GLP-1r protein expression and 
improves pancreatic dysfunction in the presence of reduced pancreatic AT1 protein 
expression further supporting the contention that AT1 activation contributes to the 
manifestation of insulin resistance by promoting pancreatic dysfunction via reduced 
plasma GLP-1 and pancreatic GLP-1r protein expression. To the extent of our knowledge, 
this is the first study that examines the effects of RAS blockade on plasma GLP-1 and 
pancreatic GLP-1r protein expression. 
While chronic blockade of RAS has been shown to improve insulin-mediated stimulation 
of critical elements of the insulin signaling cascade (62, 119, 120, 147), glucose intolerance 
and insulin resistance improved independently of changes in critical proteins of the insulin 
signaling cascade in skeletal muscle of TG(mREN2)27 rats treated with an ARB (150). 
The present study demonstrated that chronic glucose supplementation worsened glucose 
intolerance and insulin resistance in OLETF rats and that ARB treatment improved these 
conditions independent of consistent increases in proteins of the insulin signaling cascade. 
The lack of changes in insulin-signaling proteins in response to ARB treatment, glucose 
supplementation, or as a function of the insulin resistance (model-effect) suggests that, at 
least statically (ie, after overnight fast), the manifestation of insulin resistance in this model 
is not a function of chronically altered protein expression and/or activation 
(phosphorylation) but rather attributed to pancreatic dysfunction associated with impaired 
insulin secretion. However, the impaired clearance of glucose following the GTTs may 
very well be associated with altered protein expression and/or activation, indicating that, 
at least dynamically (ie, in response to glucose load), insulin signaling in muscle or adipose 
tissue may be impaired. This difference between static and dynamic protein measurements 
warrants further investigation to properly assess the cellular response to a glucose load 
following chronic ARB treatment. Nonetheless, the discrepancies reported in changes (or 
lack thereof) in insulin-signaling proteins in skeletal muscle and adipose may be attributed 
to different animal models or the different methods used to assess activation of the insulin 
signaling elements. For example, in the present study the critical elements of the insulin 
signaling cascade were analyzed during a basal state (ie, after an overnight fast), as oppose 
to the other studies (119, 120, 147), in which the insulin signaling cascade was stimulated 
by pre-incubating the tissue with insulin to elicit an insulin response. 
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Adipose is a key mediator of glucose tolerance due to the secreted adipokines that can 
either promote insulin sensitivity or lead to the development of insulin resistance and 
metabolic syndrome (63, 77). Two of these adipokines, adiponectin and TNF-α, are 
inversely correlated during insulin resistance (76). Increased adiponectin levels have 
beneficial effects on insulin sensitivity, inflammation, and lipid profiles (32, 76). In the 
present study plasma adiponectin levels increased in OLETF compared to LETO regardless 
of treatment and plasma TNF-α levels remained unchanged except for an increase with 
glucose supplementation, contrary to the expected outcome since OLETF rats are 
characterized by obesity, hyperglycemia, and insulin resistance, which are all associated 
with decreased adiponectin and increased TNF-α levels (93, 94). However, the increased 
plasma adiponectin and unchanged TNF-α levels may be due to the short duration of the 
present study since serum adiponectin levels remain elevated and plasma TNF-α levels 
remain unchanged in OLETF rats until they develop type II diabetes around 40 weeks of 
age (28, 93, 94).  Additionally, another adipokine, leptin, acts as a feedback signal 
controlling energy homeostasis (22).  Increased mean relative retro fat mass is associated 
with increased plasma leptin; however, this increase in plasma leptin did not decrease mean 
food intake, an indication of leptin resistance (124). Furthermore, the positive correlation 
of plasma leptin with insulin resistance index in the present study suggests that leptin 
contributes to development of insulin resistance; however, the potential mechanisms 
remain unresolved. 
In conclusion, this study suggests that pancreatic activation of AT1 contributes to impaired 
glucose-mediated insulin secretion, pancreatic insulin content, glucose intolerance and 
insulin resistance via reduced plasma GLP-1. Furthermore, the improvement in glucose 
intolerance associated with chronic AT1 blockade is independent of any consistent 
improvements in muscle and/or adipose insulin signaling, and thus, may be attributed to 
the improvement in glucose-stimulated insulin secretion by increasing circulating plasma 
GLP-1 levels and increasing pancreatic GLP-1r protein expression. Collectively, these data 
suggest that beta cell dysfunction and therefore impaired insulin secretion precedes 
impaired insulin signaling in peripheral tissues (ie, skeletal muscle and adipose) during the 
manifestation of the metabolic syndrome. 
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Chapter 3: Chronic AT1 blockade improves glucose homeostasis in obese OLETF 
rats 
 
3.1 Abstract 
Obesity is associated with the inappropriate activation of the renin-angiotensin-system 
(RAS), which increases arterial pressure, impairs insulin secretion, and decreases 
peripheral tissue insulin sensitivity. RAS blockade reverses these detriments; however, it 
is not clear whether the disease state of the organism and treatment duration determine the 
beneficial effects of RAS inhibition on insulin secretion and insulin sensitivity. Therefore, 
the objective of this study was to compare the benefits of acute vs. chronic angiotensin 
receptor type 1 (AT1) blockade started after the onset of obesity, hyperglycemia, and 
hypertension on pancreatic function and peripheral insulin resistance. We assessed 
adipocyte morphology, glucose intolerance, pancreatic redox balance and insulin secretion 
after 2 and 11-weeks of AT1 blockade in the following groups of rats: (1) untreated Long-
Evans Tokushima Otsuka (lean control; n = 10), (2) untreated Otsuka Long-Evans 
Tokushima Fatty (OLETF; n = 12) and (3) OLETF + ARB (ARB; 10 mg olmesartan/kg/d 
by oral gavage; n = 12). Regardless of treatment duration, AT1 blockade decreased systolic 
blood pressure, fasting plasma triglycerides and the insulin resistance index, whereas 
chronic AT1 blockade decreased fasting plasma glucose, glucose intolerance and the 
relative abundance of large adipocytes by 22%, 36%, and 70%, respectively. AT1 blockade, 
however, did not improve pancreatic oxidative stress or reverse impaired insulin secretion. 
Collectively, these data show that AT1 blockade after the onset of obesity, hyperglycemia, 
and hypertension improves peripheral tissue insulin sensitivity, but cannot completely 
reverse the metabolic derangement characterized by impaired insulin secretion once it has 
been compromised. 
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3.2 Introduction 
Obesity affects 35% of males and 40% of females in the United States (43) and predisposes 
individuals to the development of cardiovascular disease (48) (CVD) and type 2 diabetes 
(T2D) (72). Another detriment of obesity is the inappropriate activation of the renin-
angiotensin system (RAS) (40). Inappropriately activated RAS disrupts the actions of 
insulin in peripheral tissues. In L6 and primary myotubes, elevated Ang II levels decrease 
insulin-stimulated glucose uptake and glucose transporter 4 (GLUT4) translocation (34, 
169, 170). In primary human preadipocytes, elevated Ang II levels decrease cell 
differentiation leading to the formation of large adipocytes (69), while in male Wistar rats, 
elevated Ang II levels increase hepatic glucose output (137), ultimately these events may 
contribute to the development of T2D. On the contrary, angiotensin-converting enzyme 
inhibitors (ACEi) and angiotensin receptor blockers (ARB) reduced the onset of T2D in 
individuals with cardiovascular risk factors or CVD (105, 162). Moreover, in individuals 
without CVD, but with impaired fasting glucose or glucose intolerance, treatment with an 
ACEi increased the regression to normoglycemia (17) suggesting that the state of the 
disease at the onset of RAS inhibition may determine the effectiveness of the intervention 
on glucose regulation. 
Healthy β-cells compensate for glucose intolerance and insulin resistance by insulin 
hypersecretion. However, β-cell dysfunction, the inability of β-cells to sustain this 
compensatory response, ultimately leads to the development of T2D. Many factors such as 
elevated angiotensin II (Ang II) levels may result in β-cell dysfunction (26, 29, 55, 89, 
143). Elevated Ang II levels also increase the expression and activity of the oxidant-
generating enzyme NADPH oxidase 2 (Nox2) in L6 myotubes (89, 170). To manage 
tolerable levels of oxidants, antioxidant enzymes such as superoxide dismutase (SOD) 
neutralize elevated levels of superoxide. Pancreatic islets of male Wistar rats contain 
moderate but physiologically sufficient levels of SOD in the cytoplasm and mitochondria 
(159). However, levels of the hydrogen peroxide removing enzymes, glutathione 
peroxidase (GPx) and catalase, are extremely low in pancreatic islets, composing less than 
1% of the expression levels in the liver (159). Consequently, excessive generation of 
reactive oxygen species (ROS) impairs β-cell function leading to decreased glucose-
stimulated insulin secretion (GSIS) (99). Nevertheless, this condition was reversed by AT1 
blockade in young db/db mice (30) suggesting that activation of AT1 contributes to the 
manifestation of insulin resistance via oxidative injury to the pancreas and associated 
impaired GSIS. However, the degree to which AT1 blockade can correct the pancreatic 
dysfunction present during the later progression of insulin resistance and early onset T2D 
is not well established. 
Although there has been substantial progress in delineating the mechanisms by which RAS 
activation impairs pancreatic β-cell function and peripheral insulin signaling; whether the 
disease state of the organism and treatment duration determine the beneficial effects of 
RAS inhibition is unknown. The objective of this study was to compare the benefits of 
acute vs. chronic AT1 blockade started after the onset of obesity, hyperglycemia, and 
hypertension on pancreatic function and peripheral insulin resistance. Using Otsuka Long-
Evans Tokushima Fatty (OLETF) rats, a model characterized by hyperphagia, obesity, 
hyperglycemia, hypertension, dyslipidemia, and elevated RAS (74, 111, 125), we tested 
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the hypothesis that chronic AT1 blockade after the onset of obesity, hyperglycemia, and 
hypertension decreases fasting plasma glucose and glucose intolerance by improving 
adipocyte morphology, and that these effects are independent of improvements in 
pancreatic function. 
 
3.3 Methods  
All experimental procedures were reviewed and approved by the institutional animal care 
and use committees of Kagawa Medical University (Kagawa, Japan), and the University 
of California, Merced (Merced, CA). 
3.3.1 Animals. Eight-week-old male, Long-Evans Tokushima Otsuka (LETO) and OLETF 
rats were studied (Japan SLC Inc., Hamamatsu, Japan). Rats were randomly assigned to 
their study groups based on body mass (BM), so that mean BM in each group was within 
5% of each other at the onset. The study groups were: (1) untreated LETO (lean control; 
n=5/time point) + vehicle (0.5% methylcellulose by oral gavage once daily; 1µL/g), (2) 
untreated OLETF (n=6/time point) + vehicle, and  (3) OLETF + ARB (ARB; 10 mg 
olmesartan/kg/d by oral gavage at a volume of 1µL/g; for 2 or 11 wks; n=6/time point). 
For ARB administration, olmesartan was suspended in distilled water using 0.5% 
methylcellulose to achieve a concentration of 10 mg/mL and was kept at 4°C for less than 
5 days. The two ARB dosing regiments represented acute (2 weeks) and chronic (11 weeks) 
treatments. Once assigned, a subset of animals from each group (LETO n=3, OLETF n=4, 
and ARB n=4) were surgically implanted with radiotelemeters (PA-C40; DAI, St. Paul, 
MN) as previously described (129, 130). Animals were allowed to recover from the surgery 
for seven days before the initiation of systolic blood pressure (SBP) recordings at -4 weeks 
of age. For each animal, SBP values represented the weekly average of measurements taken 
every other day for 15 weeks. SBP and heart rate were measured at -4, 0, 2, 7 and 11 weeks 
of age by tail-cuff plethysmography (BP-98A; Softron Co., Tokyo, Japan).Treatment with 
ARB was started at 13 weeks of age (T0). At this age, OLETF rats were characterized by 
obesity (360 ± 10 vs. 465 ± 8 g), fasting hyperglycemia (4.3 ± 0.2 vs. 6.5 ± 0.3 mmol/L) 
and elevated mean SBP (125 ± 2 vs. 143 ± 4 mmHg) as compared to LETO.All animals 
were housed in a specific pathogen-free facility under controlled temperature (23 ºC) and 
humidity (55%) with a 12-h light, 12-h dark cycle. All animals had free access to water 
and standard laboratory rat chow consisting of 5% fat, 24% protein, and 54% carbohydrates 
(MF; Oriental Yeast Corp., Tokyo, Japan).  
3.3.2 Body mass and food intake. BM was measured every other day to calculate the 
appropriate ARB dose. Food intake was measured at -4, 2 and 11 weeks. 
3.3.3 Oral Glucose Tolerance Test (oGTT). At -4, 2 and 11 weeks, following a 12 hour fast 
(21:00 – 09:00) oGTTs were performed 09:00 – 12:00 to assess glucose tolerance as 
previously described (141). The positive incremental area under the curve for glucose 
(AUCglucose) and insulin (AUCinsulin) were calculated by the trapezoidal method (6) and used 
to calculate the insulin resistance index (IRI). 
3.3.4 Pancreatic insulin and insulin secretion. For the measurement of total pancreatic 
insulin, 80 mg of frozen pancreatic tissue were homogenized in 250 uL of cold RIPA 
buffer, containing PIC (Thermo, Waltham, MA). The homogenized tissue was centrifuged 



18 
 

 

(20,000g x 10 min at 4°C), and the aqueous layer was transferred to a separate tube and 
stored at -80 C for later analysis. Insulin secretion was calculated using the total area under 
the curve for insulin divided by the total area under the curve for glucose from the oGTT 
as previously described (101, 138). 
3.3.5 Tissue Collection. At 2 and 11 weeks, animals were fasted for 12 hours (21:00 – 
09:00), and tissues collected the following morning between 09:00 – 12:00. After BM 
was measured, animals were decapitated, and trunk blood was collected into chilled vials 
containing 50 mM EDTA and protease inhibitor cocktail (PIC; Sigma-Aldrich, St. Louis, 
MO). Immediately after, the pancreas, liver, and epidydimal fat were rapidly removed 
and snap-frozen in liquid nitrogen. Frozen samples were kept at −80°C until analyzed. 
Additionally, retroperitoneal fat was removed, its mass was recorded, and a piece fixed in 
4% paraformaldehyde, dehydrated, and embedded in paraffin. Blood samples were 
centrifuged (3000 g x 15 min at 4°C) and plasma was transferred to cryovials, frozen by 
immersion in liquid nitrogen, and immediately stored at -80°C. 
3.3.6 Pancreatic oxidative damage and antioxidant enzyme activities. A piece of frozen 
pancreas was homogenized on ice in 50 mM potassium phosphate buffer containing EDTA, 
PIC (Thermo, Waltham, MA) and PMSF (EMD Millipore, Billerica, MA). Supernatants 
were used to measure pancreatic 4-hydroxy-2-nonenal (4-HNE) and nitrotyrosine (NT) 
levels as markers of oxidative damage using antibodies as previously described (109). 
Uniform protein loading was confirmed by Ponceau S staining. Pancreatic SOD, catalase, 
and GPx activities were measured using commercially available kits (Cayman Chemical) 
as previously described for heart (167) and liver (111) in our lab. Total protein content was 
measured with the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA) and used 
to normalize enzyme activities (111, 167). 
3.3.7 Histological analysis of adipose tissue. Paraffin-embedded retroperitoneal fat was 
sectioned (10 µM thick), deparaffinized, rehydrated and stained with hematoxylin and 
eosin (Sigma-Aldrich, St. Louis, MO). Representative photos were taken using an EVOS 
XL Core microscope (Thermo, Waltham, MA) fitted with a 20X objective. Adipocyte 
diameter and area were measured using Adiposoft software (49). Adipocytes were 
separated by size as follows: 25-50 µm, 51-100 µm, and 101-200 µm as previously 
described (119). For this study, adipocytes between 25-50 µm, 51-100 µm, and 101- 200 
µm were classified as small, medium, and large adipocytes, respectively. 
3.3.8 Western blot. Cytosolic and membrane proteins were extracted as previously 
described (168). Total protein content was measured by the Bradford protein assay (Bio-
Rad Laboratories, Hercules, CA). Equal amounts of protein were separated on 6% to 15% 
Bis-Tris gels. Proteins were electroblotted using the Bio-Rad Trans-Blot SD semi-dry cell 
onto 0.45 μm PVDF membranes (EMD Millipore, Billerica, MA). Membranes were 
blocked with Odyssey blocking solution (LI-COR Biosciences, Lincoln, NE). After 
blocking, membranes were incubated overnight with one or two of the following primary 
antibodies: phosphorylated (p)-insulin receptor (IR)-β (Tyr1150/1151), IR-β (Assay 
Designs, Ann Arbor, MI), glucose transporter 2 (EMD Millipore, Billerica, MA), 
phosphoenolpyruvate carboxykinase, glucose 6-phosphatase, tumor necrosis factor-alpha 
and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA) in Odyssey blocking solution + 
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0.2% Tween 20 at 4°C. Membranes were washed, incubated for 1 hour with specific 
secondary antibodies (IRDye; Li-COR Biosciences, Lincoln, NE) in TBS-T + 5% nonfat 
milk + 0.01% SDS , re-washed, and scanned in an Odyssey infrared imager (LI-COR 
Biosciences, Lincoln, NE). In addition to consistently load the same amount of total protein 
per well, densitometry values were further normalized by correcting for the densitometry 
values of β-actin or Ponceau S staining as previously described (158, 166). 
3.3.9 Biochemical analyses. Fasting plasma glucose and triglycerides were measured using 
an Analox GM7 analyzer (Analox Instruments, London, UK). Plasma non-esterified fatty 
acids were measured using a commercially available kit (WAKO, Osaka, Japan). Plasma 
insulin (EMD Millipore, Billerica, MA), adiponectin and TNF-α (R&D Systems, 
Minneapolis, MN) were measured using a commercially available rat-specific RIA and 
ELISA kits. All samples were analyzed in duplicate and run in a single assay with intra-
assay, percent coefficients of variability of < 10% for all assays. 
3.3.10 Statistics. Means (± standard error) were calculated using all samples unless 
otherwise noted. Baseline measurements were compared using an independent sample t-
test. We used a one-way ANOVA at each time point for adiposity measurements with 
treatment group as a between subject factor. For NEFA measurements following an oGTT, 
we used a three factor ANOVA with group and time (wks) as between-subject factors and 
time after administration as a within-subject factor. For all other data, we used a two factor 
ANOVA with group and time as between-subject factors unless otherwise specified in the 
figure legend. When significant differences were observed, pair-wise comparisons were 
carried out using a Bonferroni correction. Glucose tolerance was assessed by comparing 
mean AUC values obtained from the glucose profiles during the oGTTs. Statistical 
significance was set at p < 0.05. Statistical analyses were performed with SPSS version 24 
(IBM, Armonk, NY). 
 
3.4 Results 
3.4.1 Baseline characteristics of OLETF rats. Food intake, fasting plasma glucose (FPG), 
triglycerides (TG), non-esterified fatty acids (NEFA), glucose tolerance, insulin secretion, 
and the IRI were measured to assess the disease state at the onset of the study before 
intervention. At baseline, OLETF rats were characterized by higher food intake and FPG 
as compared to LETO (Table 2). 
3.4.2 Effects of AT1 blockade on SBP and heart rate. SBP and heart rate were measured to 
assess the effects of AT1 blockade on cardiovascular function. SBP measured by tail cuff. 
SBP was greater at baseline in OLETF compared to LETO and remained elevated for the 
duration of the study. AT1 blockade decreased SBP at 2 weeks and remained lower 
throughout the study (Figure 11A). Heart rate measure by tail cuff. There was a significant 
time, but not group effect on heart rate. Mean heart rate decreased with time (Figure 11B). 
SBP measured by telemetry: SBP was greater at -3 weeks in OLETF compared to LETO, 
and AT1 blockade normalized it (Figure 12). However, because the loss of battery life in 
most telemeters, comparisons could only be made until 5 weeks (Figure 12). 

3.4.3 Chronic AT1 blockade decreases fasting plasma glucose. FPG, TG, NEFA, 
adiponectin, and IRI were measured to assess whether the timing of AT1 blockade 
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influenced the biochemical parameters of metabolic syndrome and systemic insulin 
resistance. At 2-weeks, mean FPG was 51% greater in OLETF compared to LETO, and 
ARB had no significant effect. At 11-weeks, mean FPG was 63% higher in OLETF 
compared to LETO, and ARB reduced it 22% compared to OLETF (Table 3). There was 
a significant group, but not time effect on TG. Mean TG were greater in OLETF compared 
to LETO, while ARB reduced them (Table 3). At 2-weeks, mean plasma NEFA were 56% 
higher in OLETF compared to LETO, while ARB had no significant effect (Table 3). At 
11-weeks, mean plasma NEFA were not different among the groups (Table 3). There was 
a significant time, but not group effect on plasma adiponectin. Mean plasma adiponectin 
decreased with time (Table 3). At 2-weeks, mean IRI was not different among the groups 
(Table 3). At 11-weeks, mean IRI was 3.7-fold greater in OLETF compared to LETO and 
ARB normalized it (Table 3). Collectively, these data demonstrate that the improvements 
of parameters related to metabolic syndrome are independent of the timing or duration of 
AT1 blockade, except FPG and IRI, which improved only after chronic blockade. 
3.4.4 The metabolic syndrome-like phenotype is associated with oxidative stress and 
impaired antioxidant capacity in the pancreas. Markers of oxidative damage and 
antioxidant enzyme activities were measured to assess the effects of the metabolic 
syndrome-like phenotype and AT1 signaling on pancreatic redox balance. There was a 
significant group, but not time effect on pancreatic lipid peroxidation (4-HNE levels). 
Mean 4-HNE levels were higher in OLETF compared to LETO and ARB had no significant 
effect (Figure 13A). Mean pancreatic nitrotyrosine levels did not change among the groups 
or different time points (data not shown). There was a significant group, but not time effect 
on pancreatic SOD, catalase and GPx activities. Mean SOD, catalase and GPx activities 
decreased in OLETF compared to LETO, and ARB had no significant effect (Figure 13B, 
13C & 13D). Collectively, these data demonstrate that the metabolic syndrome-like 
phenotype is associated with suppression of pancreatic antioxidant capacity and increased 
lipid peroxidation and is unaffected by AT1 blockade.  
3.4.5 The metabolic syndrome-like phenotype is associated with blunted insulin secretion. 
Pancreatic insulin content, glucose transporter 2 (GLUT2) expression, and insulin secretion 
were measured to assess the effects of a pro-oxidant environment and AT1 signaling on 
pancreatic function. There were no group or time effects on pancreatic GLUT2 protein 
expression (data not shown). At 2-weeks, mean pancreatic insulin content was 2.9-fold 
greater in OLETF compared to LETO, and ARB normalized it (Figure 14A). There was a 
significant group, but not time effect on insulin secretion. Mean insulin secretion was 
reduced in OLETF compared to LETO, and ARB had no significant effect (Figure 14B). 
Collectively, these results suggest that AT1 blockade started after the onset of obesity, 
hyperglycemia, and hypertension is not able to recover impaired pancreatic insulin 
secretory capacity. 
3.4.6 Effects of AT1 blockade on adiposity and adipocyte morphology. BM, Food intake, 
retroperitoneal and epidydimal fat masses, and adipocyte morphology were measured to 
assess whether the timing of AT1 blockade influenced the beneficial effects on BM and 
adipocyte morphology. Mean weekly BM was greater at -4 weeks in OLETF compared to 
LETO, remaining so for the duration of the study (Figure 15A). AT1 blockade regardless 
of treatment duration had no significant effect compared to OLETF (Figure 15A). We 
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further evaluated the gain in BM during the treatment durations. There were significant 
group and time effects on gain in BM during treatment. At 2 and 11-weeks, the gain in BM 
during the treatment was greater in OLETF compared to LETO and ARB treatment 
normalized it (Figure 15B). At 2-weeks, retroperitoneal, and epidydimal fat masses were 
greater in OLETF compared to LETO, and ARB had no significant effect compared to 
OLETF (Table 3). At 11-weeks, retroperitoneal, and epidydimal fat masses were greater 
in OLETF compared to LETO, while ARB reduced retroperitoneal fat mass 30% (Table 
3). There was a significant group, but not time effect on food intake. Mean food intake was 
greater in OLETF compared to LETO (Table 3). At 2-weeks, the relative abundance of 
adipocytes between 25-50 and 101-200 µm were 65% lower and 14.5-fold greater, 
respectively, in OLETF compared to LETO, and ARB had no significant effect compared 
to OLETF (Figure 16A & 16B). At 11-weeks, the relative abundance of adipocytes 
between 25-50 and 51-100 µm were 53% and 22%, respectively, lower in OLETF 
compared to LETO. The relative abundance of adipocytes between 51-100 µm was 
normalized in ARB (Figure 16A & 16C). The relative abundance of adipocytes between 
101-200 µm was 9-fold greater in OLETF compared to LETO, and ARB reduced it 70% 
compared to OLETF (Figure 16A & 16C). Collectively, these data demonstrate that ARB 
treatment reduced gain in BM regardless of treatment duration, but only chronic ARB 
decreased retroperitoneal fat mass and improved adipocyte morphology. 
3.4.7 TNF-α does not contribute to insulin resistance in OLETF rats. Plasma tumor 
necrosis factor-alpha (TNF-α) and epidydimal fat transmembrane TNF-α were measured 
to assess the effects of decreased adiposity associated with chronic AT1 blockade on 
systemic and local inflammation. There were no group or time effects on plasma TNF-α 
(Figure 17A). There were significant group and time effects on transmembrane TNF-α. 
Mean transmembrane TNF-α was not different between LETO and OLETF; nonetheless, 
ARB increased it compared to LETO (Figure 17B). These results suggest that systemic 
nor local TNF-α contribute to the development of insulin resistance in obese OLETF rats. 
3.4.8 Chronic AT1 blockade ameliorates the progression of glucose intolerance in OLETF 
rats. oGTTs were performed to determine whether the improvements in adiposity and 
adipocyte morphology associated with chronic ARB translated to an improvement in 
glucose intolerance. At 2-weeks, mean AUCglucose was not different between LETO and 
OLETF (Figure 18A & 18E). At 11-weeks, mean AUCglucose was 2.2-fold greater in 
OLETF compared to LETO, and chronic ARB decreased it 36% (Figure 18C & 18E). At 
2-weeks, mean AUCinsulin was not different among the groups (Figure 18B & 18F). At 11-
weeks, mean AUCinsulin was not different between LETO and OLETF, nevertheless, ARB 
reduced it 72% compared to OLETF (Figure 18B, 18D & 18F). These data suggest that 
chronic AT1 blockade protects against the progression of glucose intolerance in OLETF 
rats but is not sufficient to completely reverse the impairment. 
3.4.9 Chronic AT1 blockade decreases the NEFA response to an oGTT. Plasma NEFA were 
measured during oGTT to assess the effects of improvements in adiposity and adipocyte 
morphology associated with chronic AT1 blockade on lipid metabolism. At 2-weeks, there 
was no difference in plasma NEFA in response to the glucose challenge between any of 
the groups (Figure 19A). At 11-weeks, plasma NEFA was greater at 15, 30, and 60 minutes 
following the glucose challenge in OLETF compared to LETO, and this effect was reversed 
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in ARB (Figure 19B). These results demonstrate that the development of insulin resistance 
in OLETF rats is associated with the inability to suppress NEFA levels in response to 
glucose administration. Furthermore, chronic, but not acute AT1 blockade normalized 
NEFA levels in response to a glucose challenge suggesting that activation of AT1 
contributes to impaired lipid metabolism. 
3.4.10 Hepatic PEPCK and G6Pase protein expression are not modulated by AT1 signaling 
in OLETF rats. Fasting plasma insulin (FPI) along with hepatic proteins involved in insulin 
signaling and gluconeogenesis were measured to assess the impact of AT1 blockade on 
hepatic insulin signaling. There was a significant group, but not time effect on FPI and 
hepatic phosphorylated (p)-insulin receptor (IR):IR ratio. Mean FPI and p-IR:IR ratio were 
greater in OLETF compared to LETO; however, ARB had no significant effect (Figure 
20A & 20B). There was no group or time effects on the mean expressions of hepatic 
phosphoenolpyruvate carboxykinase (PEPCK-C) and glucose 6-phosphatase (G6Pase) 
(Figure 20C & 20D). Collectively, these results suggest that altered expression of hepatic 
PEPCK-C and G6Pase may not contribute to the increase in FPG in OLETF rats. 
 
3.5 Discussion 
Inappropriately elevated RAS contributes to the dysregulation of glucose homeostasis in 
part by impairing β-cell function and peripheral insulin signaling (42). Conversely, 
inhibition of RAS improves β-cell function and peripheral insulin signaling (29, 62, 121, 
148, 170), which can delay the onset of T2D (162). Nonetheless, it is not clear whether the 
disease state of the organism and treatment duration determine the beneficial effects of 
RAS inhibition on pancreatic function and insulin sensitivity. Therefore, the aim of this 
study was to determine whether acute and chronic AT1 blockade started after the onset of 
obesity, hyperglycemia, and hypertension would have beneficial effects on pancreatic 
function and peripheral insulin resistance. To this end, the present study demonstrates that 
regardless of treatment duration, AT1 blockade  decreases SBP, BM, and fasting plasma 
TG. Moreover, chronic AT1 blockade was associated with the additional benefits of 
decreased FPG, AUCglucose, AUCinsulin, IRI, retroperitoneal fat mass, and a beneficial shift 
in adipocyte size. Despite these benefits, chronic AT1 blockade did not have an effect on 
pancreatic oxidative stress or insulin secretion in our rat model. These results suggest that 
regardless of the disease state, AT1 blockade can improve peripheral insulin resistance but 
cannot reverse impaired pancreatic function. 
We previously demonstrated that 6-weeks of ARB treatment in 9-week old OLETF rats, 
when the initial detriments of the metabolic syndrome are just appearing in the phenotype, 
increased insulin secretion associated with a rise in pancreatic GLP-1r protein expression 
(141). An improvement in insulin secretion is one of many avenues by which disruption of 
RAS can improve glucose intolerance (29, 31). Notwithstanding, in the present study 
(treatment started at 13 weeks of age), the improvement in glucose tolerance after chronic 
AT1 blockade was independent of increased insulin secretion. This disparity between the 
two studies is an important distinction because it may highlight the significance of the 
timing of treatment on pancreatic function. In support of this view, ACE2 overexpression 
in 8-week-old db/db mice improved glucose tolerance, pancreatic function, and prevented 
β-cell apoptosis; however, these beneficial effects were not replicated in 16-week-old 
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db/db mice (13). Similarly, pioglitazone and/or liraglutide treatment in 7 to 9-week-old 
db/db mice increased β-cell function and mass, and increased the expression of various 
genes involved in the regulation of β-cell function; however, again, these effects were 
attenuated in 16 to 18-week-old db/db mice (80). Collectively, these data suggest that early 
events that harm the pancreas may be sufficiently detrimental to hinder the ability of 
targeted treatments to reverse impaired pancreatic function. 
Inappropriately elevated angiotensin II (Ang II) levels result in β-cell dysfunction in 
C57BL/6N mice (89, 143), and increase the expression and activity of Nox2 in L6 
myotubes (170). In the pancreas, an increase in oxidant production shifts the 
oxidant/antioxidant balance to a pro-oxidant state leading to an increase in lipid 
peroxidation since islets have low levels of antioxidant enzymes (159). 4-HNE, a by-
product of lipid peroxidation, decreases islet insulin and DNA content (153). In the present 
study, pancreatic 4-HNE levels were increased in OLETF rats, and pancreatic SOD, 
catalase, and GPx enzyme activities were decreased. Collectively, these results 
demonstrate a chronic pro-oxidant state of the pancreas in obese pre-diabetic OLETF rats. 
Furthermore, these results suggest that the decreased in pancreatic insulin content in 
OLETF may be a result of the pro-oxidant state of the pancreas. Moreover, OLETF rats 
also exhibited decreased insulin secretion despite increased insulin levels after 2-weeks of 
treatment, suggesting that defective glucose sensing may be responsible for this 
impairment. To this effect, β-cell glucose toxicity decreases the expression of GLP-1r and 
GLUT2 leading to impaired insulin secretion (75, 157, 176). Additionally, 10-week-old, 
ad libitum fed OLETF rats have increased levels of plasma dipeptidyl peptidase-4 activity 
compared to food restricted OLETF rats (81), which would decrease plasma GLP-1 (141). 
Collectively, these data demonstrate that early in the development of metabolic syndrome 
OLETF rats are afflicted by an increased pro-oxidant state in the pancreas and decreased 
plasma GLP-1 leading to an impairment in glucose-stimulated insulin secretion. It is 
important to note that while acute or chronic AT1 blockade cannot reverse these detriments, 
RAS inhibition before the onset of dysregulated insulin secretion is protective (122, 141, 
179), suggesting that these detriments are irreversible without sufficiently early 
intervention. If so, identifying appropriate targets for improving therapies to reverse 
dysregulated pancreatic function associated with the manifestation of metabolic syndrome 
will be especially necessary. 
Obesity inappropriately activates RAS in animal models and humans (20, 40). RAS 
inhibition decreases BM and visceral fat mass in animal models of metabolic syndrome 
(12, 108, 115, 117, 118). These beneficial effects on BM and visceral fat mass are partially 
mediated by Mas receptor activation (144) and are attributed to multiple factors including 
the prevention of leptin resistance (117, 118) and increased circulating levels of 
adiponectin (171, 180). In the present study, we did not observe a reduction in BM 
regardless of treatment duration; nevertheless, ARB treatment blunted BM gain during the 
treatment period. The difference in our findings may be attributed to the diets used in the 
aforementioned studies, which were higher in carbohydrates and fat as compared to the 
standard chow used in our study.  Likewise, 4 weeks of telmisartan treatment did not reduce 
BM in spontaneously hypertensive (SHR) rats fed a standard chow (100). Moreover, the 
BM reducing effects of ARB are dependent on the ARB dose and intact leptin signaling, 
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with higher doses decreasing food intake and BM when leptin signaling is normal (116). 
Although OLETF rats have intact leptin signaling at 5-weeks of age; by 8-weeks of age 
they develop peripheral but not central leptin resistance (124) which may be a result of an 
acquired impairment in the transport of leptin across the blood brain barrier (10). While 
AT1 blockade regardless of treatment duration did not decrease BM, we found that chronic 
AT1 blockade decreased retro fat mass and the relative abundance of large adipocytes and 
normalized the relative abundance of medium adipocytes indicative of a beneficial shift in 
adipose morphology. Nevertheless, acute AT1 blockade had no detectable effect on 
adipocyte morphology, glucose intolerance, or FPG suggesting that: 1) at this stage in the 
development of metabolic syndrome, other factors beyond AT1 activation contribute to a 
greater extent or 2) at this stage of the condition, acute disruption of RAS is insufficient to 
overcome the progression of the metabolic syndrome. Although, we only observed an 
improvement in adipocyte morphology after chronic AT1 blockade previous studies have 
shown similar results regardless of treatment duration (47, 66, 113, 115, 120, 121, 164). 
This discrepancy may be due to the use of different animal models and/or RAS inhibitor, 
or the time frame of treatment necessary to detect an effect. 
Adipose expansion as seen in obesity is mediated by adipocyte hypertrophy, hyperplasia, 
or both. Similarly the detrimental effects of obesity on metabolic and cardiovascular health 
are associated with a higher abundance of hypertrophic adipocytes (27). These large 
adipocytes have lower GLUT4 translocation in response to insulin (46), higher lipolysis 
rates (91), and higher pro-inflammatory adipokine expression and secretion (149). 
Therefore, large adipocytes are associated with the development of insulin resistance and 
type 2 diabetes (4, 79). In the present study, chronic AT1 blockade decreased the relative 
abundance of large adipocytes. This positive shift in adipocyte morphology may partially 
explain the improvement in glucose homeostasis. Recent evidence shows that these effects 
are independent of the blood pressure lowering effects of AT1 blockade (117). However, 
the improvement in glucose homeostasis may be independent of increased glucose uptake 
into adipocytes as adipose itself makes a minor contribution to glucose disposal in response 
to feeding (11). In support of this view, a previous study found that glucose uptake in 
adipocytes was not altered by telmisartan treatment in Sprague Dawley (SD) rats or 
transgenic rats with low brain angiotensinogen fed a cafeteria diet (175). Collectively, these 
results suggest that the improvement in glucose homeostasis may be the result of other 
factors associated with a positive shift in adipocyte morphology such as increased 
expression and secretion of anti-inflammatory adipokines and decreased expression and 
secretion of pro-inflammatory adipokines (149). In the present study, OLETF rats did not 
show increased systemic or local inflammation. Additionally, adiponectin levels decreased 
with time, which may be a result of increased BM as obesity is associated with decreased 
circulating levels of adiponectin (7). This is significant because adiponectin is important 
for increasing peripheral insulin sensitivity (177) suggesting that the observed 
improvement in glucose homeostasis after chronic AT1 blockade is not mediated by 
adiponectin.In the same way, a previos study found that AT1 blockade improves glucose 
homeostasis in SHR rats and that these effects are not mediated by peroxisome proliferator-
acti-vated receptor (PPAR)-γ (115), a transcriptional regulator of adiponectin (68). 
Furthermore, we found that at 11 weeks a glucose challenge did not suppress circulating 
NEFA levels and that chronic AT1 blockade reversed this impairment suggesting that the 
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improvement in glucose homeostasis may result from increased adipogenesis, decreased 
lipolysis or both, in smaller insulin-sensitive adipocytes (85). Previous studies have 
demonstrated that Ang II inhibits lipolysis (52), however, a different study demonstated 
that in individuals with impaired glycemia, valsartan treatment for 26 weeks suppressed 
posprandial free fatty acids (112) suggesting a suppression of lipolysis. Furthermore, a 
study in primary cultured human preadipocytes demonstrated that AT1 blockade increased 
the lipid accumulaiton and differentiation of these cells (69). Collectively these results 
suggest that AT1 blockade may protect against ectopic lipid deposition in skeletal muscle 
by suppresing lipolysis and increasing preadipocyte differentiation leading to an 
improvement in insulin sensitivity an ultimately on glycemia (145). Nonetheless, we 
cannot rule out that other mechanisms such as blunting of the hypothalamic pituitary axis 
activity in response to stress may contribute to the AT1 associated improvements in glucose 
homeostasis (8, 108). 
 
3.6 Conclusion 
In summary, the present study demonstrates that after the onset of obesity, hyperglycemia, 
and hypertension in OLETF rats, chronic AT1 blockade results in a beneficial shift in 
adipocyte morphology, and improved FPG and glucose intolerance regardless of the 
glycemic state at the onset of the treatment. Despite this, AT1 blockade cannot reverse 
impaired insulin secretion suggesting that once the pancreas has been compromised, 
recovery will be particularly challenging, and the severity of the condition may be masked 
by the apparent improvement in systemic glucose tolerance. Should these findings in a rat 
model recapitulate in humans, early RAS inhibition may be crucial to preserving pancreatic 
function, and identifying the other factors that contribute to the defined impairments in 
pancreatic function will be critical for proper management of metabolic syndrome 
especially as it relates to the timing of treatment. 
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Chapter 4: Chronic AT1 blockade decreases hyperglycemia by improving adipocyte 
function and decreasing hepatic PCK1 and G6PC1 expression in obese rats 

4.1 Abstract 
Objective: Obesity increases the risk of developing metabolic disorders such as 
dyslipidemia and type 2 diabetes. Inappropriate activation of the renin-angiotensin 
system (RAS) contributes to the development of these disorders by decreasing insulin 
sensitivity in peripheral tissues. Chronic angiotensin receptor type 1 (AT1) blockade 
ameliorates these detrimental effects. However, the dynamics of the contributions of 
insulin-sensitive tissues to the improvement in hyperglycemia is not known. Therefore, 
we determined the static and dynamic responses of insulin-sensitive tissues to an acute 
glucose challenge following chronic blockade of AT1. 

Methods:We assessed insulin signaling in soleus, liver, and retroperitoneal fat before 
(T0), 60 (T60), and 120 (T120) minutes after an acute glucose challenge in the following 
groups of rats: LETO (lean control; n = 5/time point), (2) obese OLETF (n = 7-8/time 
point) and (3) OLETF + ARB (ARB; 10 mg olmesartan/kg/d; n = 7-8/time point).  

Results: AT1 blockade decreased plasma glucose and triglycerides. In retroperitoneal fat, 
at T60 insulin receptor (IR) phosphorylation was 155% higher in ARB than in OLETF. 
Furthermore, at T60 IR and GLUT4 protein decreased 63% and 53%, respectively, in 
OLETF compared to LETO, and ARB normalized the levels. Insulin signaling was not 
impaired in the liver; nevertheless, AT1 blockade decreased hepatic PCK1 and G6PC1 
mRNA expression and blunted the increase in fatty acid synthase protein after the 
glucose challenge.  

Conclusion: Collectively these results suggest that chronic AT1 blockade improves the 
obesity-associated hyperglycemia by enhancing insulin signaling in adipose and by 
decreasing hepatic glucose production.  
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4.2 Introduction 
The prevalence of obesity has been increasing for the last four decades, and in 2015-2016, 
the prevalence of obesity was 39.8% in US adults (57). This rise in obesity is worrisome 
because obesity increases the risk of developing cardiovascular and metabolic disorders 
(83). Obesity increases the risk of developing dyslipidemia and type 2 diabetes (T2D) 
primarily as a result of its detrimental effects on peripheral insulin sensitivity (16, 142). 
Insulin resistance develops as a result of obesity-associated factors such as inflammation, 
leptin resistance, and adipocyte dysfunction (54, 60, 71). Additionally, obesity increased 
the circulating levels of components of the renin-angiotensin system (RAS) in animal 
models and humans (20, 40). Inappropriately activated RAS disrupts the actions of insulin 
in insulin-sensitive tissues (42), suggesting that obesity may contribute to hyperglycemia 
by inappropriately activating the RAS.  
Elevated levels of angiotensin II (Ang II), the primary effector of the RAS, decreased 
glucose-stimulated insulin secretion (GSIS) in isolated islets from C57BL/6 mice and 
blocking Ang II signaling using an angiotensin receptor type 1 (AT1) blocker (ARB) 
reversed this effect (90). Also, in a rat model of diet-induced obesity, the beneficial effects 
of AT1 blockade on GSIS were dependent on the disease state of the organism at the start 
of the ARB treatment (140, 141). Regardless of its effects on pancreatic function, chronic 
AT1 blockade improved glucose homeostasis by decreasing dyslipidemia and the 
abundance of large adipocytes (140). Additionally, in other models of obesity and 
metabolic syndrome, RAS inhibition improved hyperglycemia and glucose intolerance by 
decreasing visceral fat mass and improving adipocyte morphology and function (12, 108, 
115, 117, 120, 121). Furthermore, RAS inhibition increased insulin-dependent glucose 
uptake in skeletal muscle in rodent models of obesity and T2D (62, 148). In the liver of 
type 1 diabetic rats, RAS inhibition decreased the expression of proteins involved in 
gluconeogenesis (25) and in obese rats it decreased hepatic triglycerides (TG) 
accumulation and secretion (136). However, the mechanisms by which chronic RAS 
inhibition improve the tissue-specific insulin signaling and subsequent hyperglycemia are 
not fully elucidated.   
In previous studies, the effects of RAS inhibition on insulin signaling in peripheral tissues 
were evaluated at a single time point or in a single tissue after exogenous insulin challenge 
(67, 98, 119, 120). Although this method is informative, it does not capture the dynamic 
cellular responses of insulin-sensitive tissues following an acute glucose challenge that 
would provide insights to the mechanisms contributing to improvements in insulin 
resistance-associated hyperglycemia. Therefore, the objective of this study was to evaluate 
the dynamic responses of insulin-sensitive tissues to the improvement of hyperglycemia 
following chronic blockade of AT1 before and after acute glucose challenge. To address 
this objective, we used the Otsuka Long Evans Tokushima Fatty (OLETF) rat, which is a 
model of diet-induced obesity, insulin resistance, and T2D (73, 74). We tested the 
hypothesis that AT1 blockade decreases hyperglycemia after an acute glucose challenge 
by improving insulin signaling in adipose and decreasing the expression of genes involved 
in hepatic gluconeogenesis.  
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4.3 Methods 
All experimental procedures were reviewed and approved by the institutional animal care 
and use committees of Kagawa Medical University (Kagawa, Japan), and the University 
of California, Merced. The present manuscript complements our previous studies using the 
same animals (139, 158). 
4.3.1 Animals. Ten-week-old male, Long Evans Tokushima Otsuka (LETO; 279 ± 7g) and 
OLETF (359 ± 3g) rats were studied (Japan SLC Inc., Hamamatsu, Japan). Rats were 
randomly assigned to their study groups based on body mass (BM), so that the mean BM 
in each group was within 5% of each other at the onset of the study. The study groups were: 
(1) LETO (lean control; n=5/time point) + vehicle (0.5% carboxymethyl cellulose by oral 
gavage once daily), (2) untreated OLETF (n=7-8/time point) + vehicle, and  (3) OLETF + 
ARB (ARB; 10 mg olmesartan/kg/d by oral gavage at a volume of 500 µL; for 6 wks; n=7-
8/time point). All animals were maintained in groups of three or four animals per cage in a 
specific pathogen-free facility under controlled temperature (23 ºC) and humidity (55%) 
with a 12-h light, 12-h dark cycle. All animals were given free access to water and standard 
laboratory rat chow consisting of 5% fat, 24% protein, and 54% carbohydrates (MF; 
Oriental Yeast Corp., Tokyo, Japan).  
4.3.2 Oral Glucose Tolerance Test (oGTT). One week before the end of the study animals 
were fasted for 12-hours, and oGTTs were performed as previously described (141). The 
total area under the curve for glucose (AUCglucose) and insulin (AUCinsulin) were calculated 
by the trapezoidal method (6) and used to calculate the insulin resistance index (IRI). 
4.3.3 Body Mass. BM was measured every day to calculate the appropriate ARB dose (139, 
158) and to confirm the diet-induced obesity phenotype.  
4.3.4 Blood Pressure. Systolic blood pressure (SBP) was measured in conscious rats by 
tail-cuff plethysmography (BP-98A; Softron Co., Tokyo, Japan) (139, 158) to confirm the 
strain-dependent hypertension and the effectiveness of the ARB treatment. 
4.3.5 Tissue Collection. At the end of the study, animals were randomly assigned to 3 
different subgroups within each group. Following a 12-hour, overnight fast, animals were 
taken at baseline (T0), and 60 (T60) and 120 (T120) minutes after an acute glucose 
challenge (2 g/kg) (158). Animals were decapitated, and trunk blood was collected into 
chilled vials containing 50 mM EDTA and protease inhibitor cocktail (PIC; Sigma-Aldrich, 
St. Louis, MO). Immediately after, the liver, soleus, and retroperitoneal fat were rapidly 
removed, weighed, and snap-frozen in liquid nitrogen. Additionally, a piece of 
retroperitoneal fat was fixed in 4% paraformaldehyde, dehydrated, and embedded in 
paraffin. Frozen samples were kept at −80°C until analyzed. Blood samples were 
centrifuged (3000 g x 15 min at 4°C) and plasma was transferred to cryovials, frozen by 
immersion in liquid nitrogen, and immediately stored at -80°C. 
4.3.6 Histological analysis of adipose tissue. Paraffin-embedded retroperitoneal fat was 
sectioned (10 µM thick), deparaffinized, rehydrated, and stained with hematoxylin and 
eosin (Sigma-Aldrich, St. Louis, MO). Adipocyte diameter was measured as previously 
described (140).  
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4.3.7 Quantitative PCR. Total RNA was isolated using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA). RNA concentration and integrity were analyzed by measuring the 
absorbance at 260/280 nm and by 1% agarose gel electrophoresis. Contamination of 
genomic DNA in total RNA was eliminated by digestion with DNase I (Roche, 
Indianapolis, Indiana). Total DNA-free RNA (2 μg) was used to synthesize cDNA for each 
sample using oligo-dT, and the high-capacity cDNA reverse transcription kit (Applied 
Biosystems, Foster City, CA). Specific primers for each gene were designed based on the 
nucleotide sequences deposited in the GenBank database (Table 1). qPCR reactions were 
performed for phosphoenolpyruvate carboxykinase 1 (PCK1) and glucose-6-phosphatase 
1 (G6PC1). Two PCR reactions for each cDNA were run (QuantStudio 3 Real-Time PCR 
System, Applied Biosystems, Foster City, CA) in a final volume of 15 μL containing 7.5 
μL of Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA), 5.5 
μL of H2O, 0.50 μL of each primer (20 μM), and 1 μL of cDNA (equivalent to 100 ng of 
the original total RNA). After an initial denaturing step at 94°C for 10 min, amplifications 
were performed for 40 cycles at 94°C for 15 sec and 63°C for 1 min with a single 
fluorescence measurement, and a final melting curve program increasing 0.3°C each 20 s 
from 60°C to 95°C. Positive and negative controls were included for each gene. Standard 
curves for each gene were run to determine the efficiency of amplification using dilutions 
from 5E−2 to 5E−7 ng μL−1 of PCR fragments. Quantitative PCR reactions were performed 
separately for each gene and normalized by the mRNA expression of TATA box binding 
protein (TBP). 
3.3.8 Western Blot Analyses. Proteins were extracted and assayed as previously described 
(140). Blots were incubated with the following antibodies: phosphorylated (p)-IGF-1 
receptor-β (Tyr1135/1136)/(p)-insulin receptor (IR)-β (Tyr1150/1151; 1:500 (#3024), p-
Akt (ser473; 1:1000 (#4060), Akt (1:2000 (#4691), fatty acid synthase (FAS; 1:1000 
(#3180); Cell Signaling, Danvers, MA), IR-β (1:500 (#SC-711), CD36 (1:500 (#SC-9154) 
Santa Cruz Biotechnology, Santa Cruz, CA), and glucose transporter 4 (GLUT4; 1:1000 
(#ab654) Abcam, Cambridge, MA) in Odyssey blocking solution + 0.2% Tween 20 at 4°C. 
Membranes were scanned in an Odyssey infrared imager (LI-COR Biosciences, Lincoln, 
NE). In addition to consistently loading the same amount of total protein per well, 
densitometry values were further normalized by correcting for the densitometry values of 
Ponceau S staining as previously described (158). 
3.3.9 Biochemical Analyses. Fasting plasma glucose and triglycerides (TG) were measured 
using an automatic analyzer (7020 clinical analyzers, Hitachi, Tokyo, Japan). Plasma non-
esterified fatty acids (NEFA) were measured using a commercially available kit (WAKO, 
Osaka, Japan). Plasma adiponectin (R&D Systems, Minneapolis, MN), glucagon 
(Mercodia Inc., Winston Salem, NC), glucagon-like peptide-1 (GLP-1; Phoenix 
Pharmaceuticals, Inc., Burlingame, CA), and insulin (EMD Millipore, Billerica, MA) were 
measured using commercially available, rat-specific RIA and ELISA kits. All samples 
were analyzed in duplicate with intra-assay, percent coefficients of variability of < 10% for 
all assays. 
3.3.10 Statistics. Means (± standard deviation) were calculated using all samples unless 
otherwise noted. We used a one-way ANOVA followed by Bonferroni post-hoc test for 
BM, SBP, and organ masses. For all other data, we used a two factor ANOVA with group 
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and time as between-subject factors unless otherwise specified in the figure legend. When 
significant differences were observed, pair-wise comparisons were carried out using a 
Bonferroni correction. Statistical significance was set at p < 0.05. Statistical analyses were 
performed with SPSS version 24 (IBM, Armonk, NY). 
 
4.4 Results 
4.4.1 AT1 blockade protects against the loss of lean body mass and reduces the 
accumulation of fat. Mean BM, relative soleus, and epi and retroperitoneal fat masses were 
measured to assess the effects of AT1 blockade on body composition. Data on BM, SBP, 
and relative epi and retroperitoneal fat masses have been previously published (139, 158), 
but are briefly included here for completeness. At the end of the study, BM was higher in 
OLETF compared to LETO (366 ± 32 vs. 503 ± 24 g; p < 0.05) and ARB (481 ± 11 g; p > 
0.05) did not affect BM. SBP was higher in OLETF compared to LETO (114 ± 6 vs. 142 
± 5 mmHg; p < 0.05) and ARB (120 ± 6 mmHg; p < 0.05) completely reversed the elevated 
arterial pressure. Relative soleus mass was 19% lower in OLETF compared to LETO 
(0.042 ± 0.004 vs. 0.034 ± 0.002 g/100 g BM; p < 0.05) and ARB (0.037 ± 0.004 g/100 g 
BM; p > 0.05) prevented this effect. Relative epi and retroperitoneal fat masses were 83% 
(1.2 ± 0.1 vs. 2.2 ± 0.3 g/100 g BM; p < 0.05) and 170% (1.5 ± 0.1 vs. 4.0 ± 0.6 g/100 g 
BM; P<0.05) higher, respectively, in OLETF compared to LETO. ARB reduced relative 
epi and retroperitoneal fat masses by 14% (1.9 ± 0.1 g/100 g BM; p < 0.05) and 20% (3.2 
± 0.4 g/100 g BM; p < 0.05), respectively, compared to OLETF. Collectively, these results 
demonstrate that AT1 blockade protects against the loss of lean body mass and reduces the 
accumulation of fat in obese rats. 
4.4.2 AT1 blockade decreases the glucose and TG response to an acute glucose challenge. 
Plasma glucose, TG, NEFA, adiponectin, glucagon, GLP-1, and insulin were measured to 
assess effects of chronic AT1 blockade on lipid and glucoregulatory hormones response to 
an acute glucose challenge. Additionally, IRI was measured to assess systemic insulin 
resistance. There were significant group and time effects on mean plasma glucose. Mean 
plasma glucose was higher in OLETF than in LETO, and ARB reduced it (Figure 21A). 
At T0, plasma TG were not different among the groups. At T60 and T120, plasma TG 
increased in OLETF and ARB compared to LETO, and levels decreased 28% and 38% in 
ARB at T60 and T120, respectively, compared to OLETF (Figure 21B). There were 
significant group and time effects on plasma NEFA. Mean plasma NEFA decreased in 
response to the glucose challenge. Mean plasma NEFA were higher in OLETF and ARB 
compared to LETO (Figure 21C). There was a significant time, but no group effect on 
plasma GLP-1. Plasma GLP-1 was greater at T60 compared to T0 (Figure 21D). There 
were significant group and time effects on mean plasma insulin and glucagon. Mean 
plasma insulin and glucagon increased with the glucose challenge. Furthermore, plasma 
insulin and glucagon were higher in OLETF and ARB than in LETO (Figure 21E & 21F). 
There was a significant group, but no time effect on plasma adiponectin. Mean group 
plasma adiponectin was greater in OLETF (3.7 ± 0.8 µg/mL; p < 0.05) and ARB (4.5 ± 0.8 
µg/mL; p < 0.05) compared to LETO (3.7 ± 0.5 µg/mL). Mean IRI was 3.5-fold higher in 
OLETF compared to LETO (Figure 22). Nevertheless, AT1 blockade lowered IRI by 32% 
compared to OLETF (Figure 22). Collectively, these results demonstrate that AT1 
blockade reduces systemic insulin resistance and glucose intolerance and that these effects 
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are independent of its effects on glucose regulatory hormones. Furthermore, these results 
also demonstrate that AT1 blockade lowers the TG response to an acute glucose challenge.  
4.4.3 Chronic AT1 blockade increases phosphorylation of insulin receptor in 
retroperitoneal fat after an acute glucose challenge. Insulin receptor and AKT 
phosphorylation were measured in soleus and retroperitoneal fat at baseline (T0) and 60 
and 120 mins after an acute glucose challenge to determine the impacts of the obesity-
associated hyperglycemia on peripheral insulin signaling. Soleus insulin signaling. There 
were significant group and time effects on soleus p-IR and p-IR:IR ratio; however, there 
were no group or time effects on IR (Figure 23A, 23B, and 23C). Mean p-IR increased 
following the acute glucose challenge in all the groups, and the response was greater in 
ARB than in LETO (Figure 23A). Mean p-IR:IR ratio increased post-glucose challenge in 
all the groups, and it was greater in OLETF than in LETO (Figure 23C). There was a 
significant time, but no group effect on p-AKT and p-AKT:AKT ratio. Mean p-AKT and 
p-AKT:AKT were greater post-glucose challenge in all the groups compared to T0 (Figure 
23D & 23F). There was a significant group, but no time effect on AKT. Mean AKT was 
lower in OLETF than in LETO (Figure 23E). Retroperitoneal fat insulin signaling. At T0 
and T120, mean p-IR and IR were not different among the groups; however, at T60 p-IR 
was 155% greater in ARB than in OLETF (Figure 24A & 24B). Furthermore, IR decreased 
63% in OLETF compared to LETO, and ARB normalized the levels (Figure 24B). There 
were significant group and time effects on mean p-IR:IR ratio. Mean p-IR:IR ratio was 
greater in OLETF and ARB compared to LETO (Figure 24C). There was a significant 
group, but no time effect on p-AKT and p-AKT:AKT ratio (Figure 24D & 24F). Mean p-
AKT:AKT ratio was greater in OLETF than in LETO, and ARB normalized the levels 
(Figure 24F). At T0, mean AKT was lower in OLETF and ARB than in LETO (Figure 
24E). Additionally, GLUT4 protein expression was measured in retroperitoneal fat to 
determine the contribution of AT1-mediated signaling on GLUT4 protein expression 
during insulin resistant conditions. At T0 and T120, mean GLUT4 was lower in OLETF 
and ARB compared to LETO (Figure 25). However, at T60, mean GLUT4 was 53% lower 
in OLETF compared to LETO, and ARB normalized the levels (Figure 25). Taken together 
these results suggest that insulin signaling may not be impaired in soleus at this stage of 
the insulin resistance in OLETF rats, but that AT1 signaling contributes sufficiently to 
insulin signaling such that chronic ARB treatment enhances insulin signaling in 
retroperitoneal fat, translating to improved glucose tolerance at this stage of the condition 
(140).  
4.4.4 Chronic AT1 blockade decreases the expression of genes involved in hepatic 
gluconeogenesis. Insulin receptor and AKT phosphorylation along with PCK1 and G6PC 
mRNA expressions were measured in the liver at baseline (T0), and 60 and 120 mins after 
an acute glucose challenge to evaluate the contributions of AT1-mediated signaling on 
hepatic insulin signaling and gluconeogenesis. There were significant group and time 
effects on hepatic p-IR and p-IR:IR ratio. Mean p-IR and p-IR:IR ratio increased in all the 
groups 60 minutes post-glucose challenge (Figure 26A and 26C). Mean p-IR was greater 
in OLETF than in LETO (Figure 26A). Mean p-IR:IR ratio was higher in OLETF and 
ARB compared to LETO (Figure 26C). There was a significant group, but no time effect 
on IR. Mean IR was lower in OLETF and ARB compared to LETO (Figure 26B). There 
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was a significant time, but no group effect on p-AKT and p-AKT:AKT ratio. Mean p-
AKT:AKT ratio increased 60 mins after the glucose challenge (Figure 26F). Mean p-AKT 
and p-AKT:AKT ratio were normalized 120 mins post-glucose challenge (Figure 26D & 
26F). There was a significant group, but no time effect on AKT. Mean AKT was lower in 
ARB compared to LETO and OLETF (Figure 26E). mRNA expressions. At T0 and T60, 
mean PCK1 mRNA expression was not different between LETO and OLETF; however, at 
T0 and T60, mean PCK1 mRNA expression was 53% and 69% lower, respectively, in ARB 
compared to OLETF (Figure 27A). At T120, mean PCK1 mRNA expression was 71% and 
78% lower in OLETF and ARB, respectively, compared to LETO (Figure 27A). At T0 
and T120, mean G6PC1 mRNA expression was not different among the groups (Figure 
27B). At T60 mean G6PC mRNA expression was 5.7-fold higher in OLETF than in LETO, 
and ARB normalized the levels (Figure 27B). Collectively, these results suggest that 
hepatic insulin signaling may not be significantly impaired at this stage of early onset 
insulin resistance in OLETF rats. However, AT1-mediated signaling is sufficiently 
elevated to contribute to the hyperglycemia such that chronic blockade of AT1 decreased 
de novo hepatic glucose production, which may be independent of enhanced hepatic insulin 
signaling.   
4.4.5 Chronic AT1 blockade decreases circulating triglycerides and the abundance of large 
adipocytes. Adipocyte morphology along with retroperitoneal fat and hepatic FAS and 
CD36 protein expressions were measured to assess the contributions of AT1-mediated 
effects on retroperitoneal fat insulin signaling and subsequent changes in adipocyte 
function and lipid homeostasis. The relative abundance of adipocytes between 25-50 and 
51-100 µm were 75% and 20% lower, respectively, in OLETF than in LETO (Figure 28A 
& 28B). The relative abundance of adipocytes between 51-100 µm was normalized in ARB 
(Figure 28A & 28B). The relative abundance of adipocytes between 101-200 µm was 55-
fold greater in OLETF compared to LETO, and ARB reduced it by 36% compared to 
OLETF (Figure 28A & 28B). Retroperitoneal fat FAS and CD36 protein expressions. At 
T0, FAS protein expression was 38% and 44% lower in OLETF and ARB, respectively, 
compared to LETO (Figure 29A). At T60, FAS protein expression increased 50% in 
OLETF compared to its protein expression at T0. Furthermore, ARB increased FAS protein 
expression an additional 34% compared to OLETF (Figure 29A). At T0, retroperitoneal 
fat CD36 protein expression was not different among the groups. At T60, CD36 protein 
expression decreased 45% and 44% in LETO and OLETF, respectively, compared to their 
protein expressions at T0, and ARB abrogated this effect (Figure 29B). Liver FAS and 
CD36 protein expressions. At T0, FAS protein expression was not different among the 
groups. At T60, FAS protein expression was 95% and 82% greater in OLETF and ARB, 
respectively, compared to LETO. At T120, FAS protein expression increased an additional 
27% in OLETF compared to its protein expression at T60, and ARB blunted this effect 
(Figure 30A). There was a significant group, but no time effect on CD36 protein 
expression. Mean CD36 protein expression was higher in OLETF and ARB compared to 
LETO (Figure 30B). These results suggest that AT1 blockade improves lipid homeostasis 
by blunting hepatic fatty acid synthesis and by improving adipocyte function and 
morphology.  
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4.5 Discussion 
Obesity predisposes individuals to the development of cardiovascular and metabolic 
disorders (123, 173). Similarly, hypertension and other cardiovascular disorders increase 
the risk of developing T2D and vice versa (53, 64, 152). Notably, some treatments for 
hypertension are associated with the development or worsening of hyperglycemia (41, 53). 
Nevertheless, a meta-analysis found that RAS inhibitors delay the new onset of T2D in 
hypertensive or individuals with a high risk for cardiovascular disease (162). Furthermore, 
in rodent models of obesity and insulin resistance, the beneficial effects of RAS blockade 
on dysglycemia seem to be isolated on improvements in insulin signaling in skeletal 
muscle, adipose, and liver (88, 103, 119, 120, 150). Nevertheless, the dynamic cellular 
responses of these tissues that may contribute to the AT1-mediated effects on the sustained 
hyperglycemia during insulin resistance are not well-defined. Therefore, we aimed to 
determine the contributions of AT1 signaling in insulin-sensitive tissues to the 
hyperglycemia before and after an acute glucose challenge. The study design allowed us 
to evaluate both chronic, static changes during the development of insulin resistance as 
well as the acute, dynamic cellular changes in response to an acute glucose challenge. 
While the early onset of insulin resistance was associated with few and mostly modest, 
unremarkable static alterations in insulin signaling and lipid metabolism, the more 
profound and fascinating perturbations associated with insulin resistance are apparent 
when evaluating the dynamic cellular responses to a glucose challenge. This approach 
allowed us to highlight the impairments in insulin signaling and lipid metabolism in the 
peripheral tissues in response to a controlled glucose challenge. This study demonstrated 
that chronic AT1 blockade: (1) increased insulin receptor phosphorylation, (2) protected 
against degradation of the insulin receptor, (3) normalized GLUT4 protein expression in 
retroperitoneal fat after an acute glucose challenge, and (4) decreased the expression of 
genes involved in hepatic gluconeogenesis. Furthermore, chronic AT1 blockade increased 
FAS and CD36 protein expression in adipose and blunted hepatic FAS protein content after 
the glucose challenge. Collectively, these results suggest that the progressive over-
activation of RAS associated with the manifestation of insulin resistance in the OLETF rat 
contributes to the sustained hyperglycemia by increasing insulin resistance in adipose 
leading to decreased glucose uptake and by increasing hepatic glucose production. 
Additionally, these results suggest that inappropriately activated RAS may increase the 
accumulation of hepatic TG by increasing the pool of free fatty acids (FFA) in circulation 
and increasing hepatic lipogenesis. 
Increased hepatic gluconeogenesis is a significant contributor to the hyperglycemia in T2D 
patients with fasting blood glucose levels greater than 140 mg/dL (39). Nevertheless, in 
patients with blood glucose levels below 140 mg/dL the primary contributor to the 
development of the hyperglycemia is decreased glucose clearance (39) suggesting that the 
development of insulin resistance in adipose and skeletal muscle is the primary component 
of the dysregulation of hepatic gluconeogenesis. In support of this view, the restoration of 
insulin signaling in insulin receptor knockout mice fails to suppress gluconeogenesis (127). 
Furthermore, insulin can still regulate hepatic glucose production in mice that lack both 
hepatic insulin receptor and forkhead box protein O1 (161), suggesting that insulin can 
regulate hepatic gluconeogenesis through its actions on extrahepatic tissues. In the present 
study, hepatic insulin signaling was not impaired in OLETF and chronic AT1 blockade had 



34 
 

 

no profound effects in this regard. However, AT1 blockade decreased hepatic PCK1 and 
G6PC1 mRNA expressions suggesting that over-active RAS may increase hepatic 
gluconeogenesis independent of its effects on hepatic insulin signaling. Indeed, in 
streptozotocin-induced type 1 diabetic rats AT1 inhibition decreased hepatic 
phosphoenolpyruvate carboxykinase protein (25).  
Skeletal muscle accounts for most of the postprandial glucose disposal (38). 
Notwithstanding, deletion of the insulin receptor in skeletal muscle decreases insulin-
stimulated glucose uptake in muscle, yet muscle insulin receptor null mice do not develop 
hyperglycemia or glucose intolerance as a result of other tissues, such as adipose, 
compensating for this defect (21). Similarly, deletion of the insulin receptor in adipose 
leads to lipodystrophy, systemic insulin resistance, and the development of nonalcoholic 
fatty liver disease (NAFLD) that progresses to nonalcoholic steatohepatitis (NASH) (19, 
151). Yet, disruption of insulin signaling without deleting the insulin receptor, decreases 
glucose uptake, lipogenesis, and inflammation in adipose, while also increasing hepatic 
glucose production (146, 155). Furthermore, mice with deletion of the phosphatase and 
tensin homologe (PTEN) in adipocytes, are characterized by enhanced insulin signaling in 
adipose and increased fat mass. However, they do not develop fasting hyperglycemia, 
glucose intolerance, or NAFLD in response to a high-fat diet (114). These studies suggest 
that disruption of insulin signaling in adipose reduces glucose uptake, lipogenesis, and 
increases lipolysis resulting in hyperglycemia and ectopic lipid deposition in peripheral 
tissues. In the present study, we demonstrate that chronic AT1 inhibition increases insulin 
receptor phosphorylation and protects against the hyperinsulinemia-induced reduction in 
insulin receptor protein 60 min after an acute glucose challenge. These results suggest that 
inappropriately activated RAS may decrease insulin receptor phosphorylation in adipose 
by potentially increasing the internalization of the insulin receptor, which would reduce the 
availability of the receptor for binding. Indeed, adipocytes isolated from hyperinsulinemic 
male Sprague-Dawley rats displayed a decreased number of insulin receptors and a blunted 
response to submaximal concentrations of insulin (82). Although chronic AT1 inhibition 
increased insulin receptor phosphorylation, this effect did not translate into increased AKT 
phosphorylation. However, the lack of an increase in AKT phosphorylation may be the 
result of measuring phosphorylation of AKT at the whole cell level instead of measuring 
phosphorylation of AKT bound to the plasma membrane, which was shown in 3T3-L1 
adipocytes to determine its activity (51). Nevertheless, chronic AT1 blockade normalized 
GLUT4 protein and increased FAS and CD36 protein 60 minutes after the glucose 
challenge suggesting that AKT activity was increased, or at least maintained at some 
minimally active level. Collectively, these results suggest that chronic AT1 blockade 
improved insulin signaling in adipose leading to increased glucose uptake and lipogenesis. 
These results are further corroborated by the decrease in the abundance of large adipocytes 
with chronic AT1 blockade. Large adipocytes express and secrete higher levels of pro-
inflammatory adipokines (149), and have higher rates of lipolysis and decreased GLUT4 
translocation in response to insulin (46, 91).  
We previously demonstrated that chronic AT1 blockade decreased the abundance of large 
adipocytes and that this improvement in adipocyte morphology was associated with an 
improvement in the ability to suppress NEFA levels (lipolysis) after an acute glucose 
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challenge in obese insulin-resistant rats (140). In the present study, chronic AT1 blockade 
improved adipocyte morphology; however, this improvement in adipocyte morphology 
had no effect on plasma NEFA levels post-glucose challenge. The discrepancies between 
these two studies may be a result of the animals being younger in the present study and 
therefore less insulin resistant. At this stage of the condition, other tissues such as the liver 
may compensate and sequester the excess FFA released from lipolysis. In support of this, 
hepatic CD36 protein was higher in OLETF in the fasted state and remained elevated after 
glucose challenge, while chronic AT1 blockade did not reverse this effect. Collectively, 
these results suggest that at this stage of the insulin resistance peripheral tissues such as the 
liver sequester FFA at a rate that surpasses that of lipolysis; however, as the condition 
progresses peripheral tissues are no longer able to compensate for the increase in lipolysis 
leading to a sustained elevation in FFA following the acute glucose challenge. 
Furthermore, we previously demonstrated that at this stage of the insulin resistance OLETF 
rats statically presented with higher levels of TG in the liver and that chronic AT1 blockade 
blunted this effect (111). However, the mechanisms contributing to the ARB-mediated 
decrease in hepatic TG was not evaluated in that study. In the present study, 60 minutes 
after an acute glucose challenge, hepatic FAS protein increased in OLETF and ARB. 
Furthermore, FAS levels increased between 60 and 120 min post-glucose, while the 
increase was blunted in the ARB animals suggesting that activated hepatic RAS contributes 
to sustained accumulation of hepatic TG, likely via de novo hepatic synthesis. Additionally, 
CD36 protein content in retroperitoneal fat was increased at 60 min post-glucose challenge 
in the ARB group. Collectively, these results suggest that at this stage of the insulin 
resistance, the over-accumulation of hepatic TG results from increased hepatic lipogenesis 
and increased sequestration of FFA, while the chronic inhibition of AT1 ameliorates the 
hepatic accumulation of TG by blunting hepatic lipogenesis and decreasing the pool of 
FFA in circulation. The near reversal of the insulin resistant-associated derangements in 
OLETF by chronic inhibition of AT1 demonstrates the profound impact that inappropriate 
activation of RAS has on the manifestation of impaired lipid metabolism in this early onset 
condition that goes beyond the elevation in arterial pressure.   
 
4.6 Conclusion 
In summary, the present study demonstrated that chronic activation of AT1 increases 
glucose intolerance by impairing adipose-specific insulin signaling and by increasing the 
expression of genes involved in hepatic gluconeogenesis, likely resulting in elevated 
hepatic glucose production. Additionally, this study demonstrated that chronic activation 
of AT1 decreases the expression of CD36 protein in retroperitoneal fat and increases 
hepatic FAS protein in response to an acute glucose challenge suggesting that the sustained 
and static elevation in hepatic TG accumulation is the consequence of dynamic increases 
in the pool of FFA in circulation following each postprandial event (simulated by an acute 
glucose challenge here). Thus, the early onset insulin resistance condition is characterized 
by perturbations in hepatic lipid metabolism and impaired insulin signaling in adipose 
following an acute glucose challenge (or postprandial event) that is at least partially AT1-
mediated. In adipose, the impaired insulin signaling is associated with altered adipose 
morphology; however, how this altered morphology contributes to the metabolic 
derangement described remains to be elucidated. 
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Chapter 5: Conclusion and Future Directions 
Blood glucose is regulated by three primary factors: 1) insulin secretion, 2) tissue glucose 
uptake and 3) tissue-specific production. The dysregulation of one or some combination of 
these factors contributes to the development of T2D. Inappropriate RAS activation has 
been shown to decrease GSIS and glucose uptake while also increasing glucose production. 
Although some of the molecular mechanisms by which AT1 activation contributes to the 
dysregulation of these factors are known, at present, the contributing mechanisms have yet 
to be fully elucidated. Therefore, this dissertation aimed to assess the mechanisms by which 
AT1 blockade contributes to the regulation of glucose in obesity. To this effect, in chapter 
2 we demonstrated that in obese hyperglycemic rats chronic AT1 blockade normalized 
GSIS, increased plasma GLP-1 and GLP-1 receptor protein expression in the pancreas, and 
decreased glucose intolerance. Notwithstanding, in chapter 3 we demonstrated that in 
obese, hyperglycemic, and hypertensive rats chronic AT1 blockade did not improve 
pancreatic function, yet it decreased fasting plasma glucose, the abundance of large 
adipocytes, prevented the progression of glucose intolerance, and improved the ability to 
suppress NEFA levels after an acute glucose challenge. Since the beneficial effects of AT1 
blockade on pancreatic function appear to be dependent on the disease state of the organism 
at the start of the treatment, we next focused on the mechanisms by which chronic AT1 
blockade improved glucose intolerance. Therefore, in chapter 4, we evaluated the static 
and dynamic responses of insulin-sensitive tissues to an acute glucose challenge following 
chronic blockade of AT1. We demonstrated that the improvement in adipocyte morphology 
associated with chronic AT1 blockade is a result of improved insulin signaling in adipose. 
Additionally, we also demonstrated that chronic AT1 blockade decreases hyperglycemia 
in part by decreasing the expression of genes involved in hepatic gluconeogenesis and that 
this effect is independent of improved insulin signaling in the liver. Collectively, these 
studies demonstrated that the disease state of the organism at the onset of AT1 blockade 
determined its beneficial effects on pancreatic function. However, its beneficial effects on 
glucose intolerance and insulin resistance are independent of the disease state of the 
organism and are driven by enhanced insulin signaling in adipose and decreased hepatic 
glucose production. These findings contribute to our understanding of how AT1 blockade 
contributes to glucose homeostasis in obesity, which, can influence the timing of when 
RAS inhibitors are used in the clinic.  

Future Directions 

In these studies, we demonstrated that chronic AT1 inhibition improved glucose 
homeostasis. However, we did not evaluate whether AT2 or Mas activation contributed to 
this improvement in glucose homeostasis. Therefore, future studies can assess the 
contribution of these pathways to the improvement in glucose homeostasis associated with 
AT1 blockade by using AT1 inhibitors along with AT2 and/or Mas inhibitors both in vivo 
and in vitro.
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Tables 
 
 
Table 1. Mean (±SE) fasting plasma biochemical and hormone measurements after 6 wk 
of treatment in LETO and OLETF rats. 

NEFA, non-esterified fatty acids; TNF-α, tumor necrosis factor-α. 

a p < 0.05 vs. LETO, b p < 0.01 vs. OLETF, c p < 0.0001 vs. LETO,  
d p < 0.05 vs. OLETF, e p < 0.05 vs. OLETF HG, f p < 0.01 vs. LETO,  
g p < 0.0001 vs. OLETF, h p < 0.0001 vs. OLETF HG. 
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Table 2. Baseline characteristics in overnight-fasted LETO and OLETF male rats. 
 LETO OLETF 
FI (g) 18.9 ± 0.3 26.3 ± 0.6a 
   
Glucose (mmol/L) 3.6 ± 0.2 4.6 ± 0.3a 
TG (mmo/L) 0.7 ± 0.1 0.7 ± 0.1 
NEFA (mEq/L) 0.61 ± 0.04 0.67 ± 0.05 
   
Glucose AUC (r.u.)1 265 ± 27 322 ± 45 
Insulin AUC (r.u. x 100)1 102 ± 15 158 ± 37 
Insulin secretion (r.u.) 31.8 ± 3.1 35.4 ± 1.9 
IRI (r.u. x 106) 2.7 ± 0.4 4.5 ± 1.4 

Values are means (±SE) from LETO (n = 6) and OLETF (n = 7) rats. Comparisons were  
evaluated using an independent-sample t-test. a p < 0.05 vs. LETO. 
1 Glucose and insulin AUC were calculated during an oGTT.  
FI, food intake; TG, triglycerides; NEFA, non-esterified fatty acids; IRI, insulin 
resistance index. 
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Table 3. Mean (± SE) morphometrical, biochemical, and hormone measurements in LETO, 
OLETF, and OLETF + ARB male rats.  

Comparisons were assessed using a two factor ANOVA with group and time as between-subject 
factors; * comparisons were assessed using a one-way ANOVA at each time point. 
Main effects: a p < 0.05 vs. LETO; b p < 0.05 vs. OLETF; § p < 0.05 vs. 2 wks.  
Pairwise comparisons: c p < 0.05 vs. LETO 2 wks; e p < 0.05 vs. LETO 11 wks; f p < 0.05 vs. 
OLETF 11 wks; g p < 0.05, OLETF 2 wks vs. OLETF 11 wks;  
h p <0.05, OLETF ARB 2 wks vs. OLETF ARB 11 wks. 
FI, food intake; BM, body mass; TG, triglycerides; NEFA, non-esterified fatty acids;  
IRI, insulin resistance index.  
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Table 4. Primer sequences used for qRT-PCR. 
Primer name Sequence (5’-3’) 
PCK1-FW1 GGATGTGGCCAGGATCGAAA 
PCK1-RV1 ATACATGGTGCGGCCTTTCA 
G6PC-FW1 AACTCCAGCATGTACCGCAA 
G6PC-RV1 GGGCTAGGCAGTAGGGGATA 
TBP-FW1 TGGGCTTCCCAGCTAAGTTC 
TBP-RV1 TGCTGGTGGGTCAACACAAG 
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Figures 

Figure 1. Schematic of the enzymatic cleavage of angiotensinogen to angiotensin II and 
angiotensin (1-7). This figure is from Ramalingam L et al. 2017. (134). 
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Figure 2. Schematic of glucose stimulated insulin secretion in pancreatic β-cells. This 
figure is from Meloni AR et al. 2013. (107). 
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Figure 3. Schematic of insulin signaling. This figure is from Haeusler RA et al. 2018. 
(56). 
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Figure 4. Mean (± SE) (A) body mass, (B) relative gastrocnemius mass, (C) relative 
epididymal fat mass and (D) relative retroperitoneal fat mass from LETO, OLETF, OLETF 
ARB, OLETF HG, and OLETF HG/ARB after 6 weeks of treatment.  *** P < 0.0001 vs. 
LETO; # P < 0.05; ## P < 0.01; § P 0.0001 vs. OLETF, respectively and † P < 0.05; †† P 
< 0.01; ‡ P < 0.0001 vs. OLETF HG, respectively.  
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Figure 5. The response of (A) blood glucose and (B) plasma insulin levels to an oral 
glucose tolerance test and the mean (± SE) area under the curve (AUC) for (C) glucose and 
(D) insulin of fasted LETO, OLETF, OLETF ARB, OLETF HG and OLETF HG/ARB 
after 6 weeks of treatment.  ** P < 0.01; *** P < 0.0001 vs. LETO, respectively; # P < 
0.05; ## P < 0.01 vs. OLETF, respectively and † P < 0.05; †† P < 0.01 vs. OLETF HG, 
respectively. 
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Figure 6. Mean (± SE) (A) insulin resistance index (IRI) and (B) quantitative insulin 
sensitivity check index (QUICKI) of LETO, OLETF, OLETF ARB, OLETF HG and 
OLETF HG/ARB after 6 weeks of treatment.  ** P < 0.01; *** P < 0.0001 vs. LETO, 
respectively; # P < 0.05; ## P < 0.01 vs. OLETF, respectively and †† P < 0.01; ‡ P < 0.0001 
vs. OLETF HG, respectively. 
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Figure 7.  Mean (± SE) % change from LETO for the ratios of (A) p-AKT to AKT2 and 
(B) GLUT4 to actin in gastrocnemius of LETO, OLETF, OLETF ARB, OLETF HG, and 
OLETF HG/ARB after 6 weeks of treatment and representative western blot bands. # P < 
0.05 vs. OLETF. 
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Figure 8.  Mean (± SE) (A) fasting plasma glucose, (B) pancreas insulin content, (C) 
plasma insulin and (D) insulin secretion in response to an oral glucose tolerance test of 
LETO, OLETF, OLETF ARB, OLETF HG, and OLETF HG/ARB after 6 weeks of 
treatment.  Values for insulin secretion are presented as % change from baseline to correct 
for the difference in fasting insulin values among the different groups.  * P < 0.05; ** P < 
0.01; *** P < 0.0001 vs. LETO, respectively; # P < 0.05; ## P < 0.01 vs. OLETF, 
respectively and †† P < 0.01; ‡ P < 0.0001 vs. OLETF HG, respectively. 
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Figure 9.  Mean (± SE) (A) fasting plasma glucagon-like peptide-1 (GLP-1) 
concentrations, and (B) ratio of pancreas GLP-1 receptor protein expression to GAPDH 
(% change from LETO) and representative western blot bands from LETO, OLETF, 
OLETF ARB, OLETF HG, and OLETF HG/ARB after 6 weeks of treatment.  * P < 0.05 
vs. LETO; # P < 0.05 vs. OLETF and †† P < 0.01 vs. OLETF HG. 
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Figure 10.  Mean (± SE) ratio of pancreas angiotensin receptor type 1 (AT1) protein 
expression to GAPDH (% change from LETO) from LETO, OLETF, OLETF ARB, 
OLETF HG, and OLETF HG/ARB after 6 weeks of treatment and representative western 
blot bands.  ** P < 0.01 vs. LETO; # P < 0.05 vs. OLETF and †† P < 0.01 vs. OLETF HG. 
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Figure 11. AT1 blockade decreases systoli c blood pressure. Mean (±SE) (A) systolic blood 
pressure and (B) heart rate measured by tail cuff of Long-Evans Tokushima Otsuka (LETO; 
n=4), Otsuka Long-Evans Tokushima Fatty (OLETF; n=5), and OLETF + ARB (n=5). 
Comparisons were assessed using a two factor ANOVA with group as between-subjects 
factor and time as a within-subjects factor. a p < 0.05 vs. LETO; b p < 0.05 vs. OLETF; # 
p < 0.05 vs. baseline. 
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Figure 12. AT1 blockade decreases systolic blood pressure. Mean (±SE) systolic blood 
pressure measured by telemetry of Long-Evans Tokushima Otsuka (LETO; n=3), Otsuka 
Long-Evans Tokushima Fatty (OLETF; n=4), and OLETF + ARB (n=4). Comparisons 
were assessed using a two factor ANOVA with group as between-subjects factor and time 
as a within-subjects factor. a p < 0.05 LETO, vs. OLETF; b p < 0.05 vs. OLETF.  
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Figure 13. Effe cts of AT1 blockade on redox balance in the pancreas. Mean (± SE) (A) 4-
hydroxynonenal, and the representative dot blot, (B) activity of pancreatic superoxide 
dismutase (C) catalase and (D) glutathione peroxidase in pancreas of Long-Evans 
Tokushima Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty (OLETF), and OLETF 
+ ARB. Comparisons were assessed using a two factor ANOVA with group and time as 
between-subject factors.  a p < 0.05 vs. LETO. 
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Figure 14. Metabolic syndrome blunts insulin secretion. Mean (± SE) (A) pancreatic 
insulin, and (B) insulin secretion of Long-Evans Tokushima Otsuka (LETO), Otsuka Long-
Evans Tokushima Fatty (OLETF), and OLETF ARB. Comparisons were assessed using a 
two factor ANOVA with group and time as between-subject factors. a p < 0.05 vs. LETO; 
c p < 0.05 vs. LETO 2 wks; d p < 0.05 vs. OLETF 2 wks; g p < 0.05, OLETF 2 wks vs. 
OLETF 11 wks. 
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Figure 15. AT1 blockade decreases gain in BM. Mean (± SE) (A) weekly BM and (B) gain 
in BM during treatment of Long-Evans Tokushima Otsuka (LETO), Otsuka Long-Evans 
Tokushima Fatty (OLETF), and OLETF + ARB. Comparisons were assessed using a two 
factor ANOVA with group as between-subjects factor and time as a within-subjects factor 
for (A) and with group and time as between-subject factors for (B). a p < 0.05 vs. LETO; 
b p < 0.05 vs. OLETF 
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Figure 16. Chronic AT1 blockade decreases the relative abundance of large adipocytes. 
(A) Representative images of adipocytes from retroperitoneal adipose. Mean (±SE) 
adipocyte size distribution after (B) 2-weeks of treatment in Long-Evans Tokushima 
Otsuka (LETO; n=4), Otsuka Long-Evans Tokushima Fatty (OLETF; n=6), and OLETF + 
ARB (n=4) and, (C) after 11-weeks of treatment in LETO (n=4), OLETF (n=6), and 
OLETF + ARB (n=5). Comparisons were assessed using a two factor ANOVA at the two-
time points with group as between-subjects factor and adipocyte size as a within-subjects 
factor. a p < 0.05 vs. LETO; b p < 0.05 vs. OLETF; # p < 0.05 vs. small adipocytes (25-50 
µm) for LETO; ‡ p < 0.05 vs. small adipocytes for OLETF; ¶ p < 0.05 vs. small adipocytes 
for OLETF + ARB. Scale bar: 100 µm. 
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Figure 17. Effects of AT1 blockade on systemic and local TNF-α. Mean (±SE) (A) plasma 
TNF-α and (B) epidydimal fat transmembrane TNF-α (% change from LETO at 2 weeks) 
and the representative western blot bands of Long-Evans Tokushima Otsuka (LETO), 
Otsuka Long-Evans Tokushima Fatty (OLETF), and OLETF + ARB. Comparisons were 
assessed using a two factor ANOVA with group and time as between-subject factors. a p 
< 0.05 vs. LETO. 
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Figure 18. Chronic AT1 blockade attenuates the progression of glucose intolerance. The response 
of blood glucose and plasma insulin after (A & B, respectively) 2-weeks and (C & D, respectively) 
11-weeks of treatment to an oral glucose tolerance test following an overnight-fast. The mean (±SE) 
(E) area under the curve for glucose and (F) insulin of Long-Evans Tokushima Otsuka (LETO), 
Otsuka Long-Evans Tokushima Fatty (OLETF), and OLETF + ARB. Comparisons were assessed 
using a two factor ANOVA with group and time as between-subject factors. c p < 0.05 vs. LETO 
2 wks; e p < 0.05 vs. LETO 11 wks; f p < 0.05 vs. OLETF 11 wks; g p < 0.05, OLETF 2 wks vs. 
OLETF 11 wks. 
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Figure 19. Effects of glucose administration on plasma NEFA. The response of NEFA to 
an oral glucose tolerance test following an overnight-fast (A) after 2-weeks of treatment in 
Long-Evans Tokushima Otsuka (LETO; n=5), Otsuka Long-Evans Tokushima Fatty 
(OLETF; n=6), and OLETF + ARB (n=6), and (B) after 11-weeks of treatment in LETO 
(n=5), OLETF (n=6), and OLETF + ARB (n=6). Comparisons were assessed using a three 
factor ANOVA with group and time (wks) as between-subject factors and time after 
administration as a within-subjects factor. e p < 0.05 vs. LETO 11 wks; f p < 0.05 vs. 
OLETF 11 wks; g p < 0.05, OLETF 2 wks vs. OLETF 11 wks. 
  



74 
 

 

Figure 20. Effects of AT1 on fasting plasma insulin along with hepatic proteins involved 
in insulin signaling and gluconeogenesis. Mean (± SE) (A) fasting plasma insulin 
concentrations and liver (B) P-IR to total IR-β ratio, (C) PEPCK-C, and (D) G6Pase (% 
change from LETO at 2 weeks) and the representative western blot bands of Long-Evans 
Tokushima Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty (OLETF), and OLETF 
+ ARB. Comparisons were assessed using a two factor ANOVA with group and time as 
between-subject factors. a p < 0.05 vs. LETO. 
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 Figure 21. AT1 blockade decreases hyperglycemia before and after an acute glucose 
challenge. Mean (±SD) plasma (A) glucose, (B) TG, (C) NEFA, (D) GLP-1, (E) insulin, 
and (F) glucagon in Long-Evans Tokushima Otsuka (LETO), Otsuka Long-Evans 
Tokushima Fatty (OLETF), and OLETF + ARB prior (T0), 60 (T60) and 120 (T120) 
minutes after challenge of glucose. Comparisons were assessed using a two factor ANOVA 
with group and time as between-subject factors. # p<0.05 vs LETO; † p<0.05 vs OLETF; 
§ p<0.05 vs T0; ‡ p<0.05 vs T60. a p<0.05 vs LETO T0; b p<0.05 vs OLETF T0; c p<0.05 
vs OLETF ARB T0; d p<0.05 vs LETO T60; e p<0.05 vs OLETF T60; f p<0.05 vs OLETF 
ARB T60; g p<0.05 vs LETO T120; h p<0.05 vs OLETF T120. 
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Figure 22. AT1 blockade decreases systemic insulin resistance. Mean (±SD) insulin 
resistance index (IRI) in Long-Evans Tokushima Otsuka (LETO), Otsuka Long-Evans 
Tokushima Fatty (OLETF), and OLETF + ARB. Comparisons were assessed using a 
one-way ANOVA with treatment group as a between-subject factor. # p<0.05 vs LETO; 
† p<0.05 vs OLETF. 
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Figure 23. Insulin receptor and AKT phosphorylation are not impaired in soleus of OLETF 
rats. Mean (±SD) (A) p-IR, (B) IR-β, (C) p-IR:IR-β ratio, (D) p-AKT, (E) AKT, and (F) 
p-AKT:AKT ratio (% change from LETO T0) and their representative western blot bands 
in Long-Evans Tokushima Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty 
(OLETF), and OLETF + ARB prior (T0), 60 (T60) and 120 (T120) minutes after 
administration of glucose. Comparisons were assessed using a two factor ANOVA with 
group and time as between-subject factors. # p<0.05 vs LETO; § p<0.05 vs T0. 
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Figure 24. AT1 blockade increases insulin receptor phosphorylation in retroperitoneal fat 
of OLETF rats. Mean (±SD) (A) p-IR, (B) IR-β, (C) p-IR:IR-β ratio, (D) p-AKT, (E) AKT, 
and (F) p-AKT:AKT ratio (% change from LETO T0) and their representative western blot 
bands in Long-Evans Tokushima Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty 
(OLETF), and OLETF + ARB prior (T0), 60 (T60) and 120 (T120) mins after 
administration of glucose. Comparisons were assessed using a two factor ANOVA with 
group and time as between-subject factors. # p<0.05 vs LETO; † p<0.05 vs OLETF; § 
p<0.05 vs T0; a p<0.05 vs LETO T0; c p<0.05 vs OLETF ARB T0; d p<0.05 vs LETO 
T60; e p<0.05 vs OLETF T60; f p<0.05 vs OLETF ARB T60. 
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Figure 25. AT1 blockade normalizes retro fat GLUT4 protein expression 60 mins after 
glucose administration. Mean (±SD) GLUT4 protein expression (% change from LETO 
T0) and the representative western blot bands of Long-Evans Tokushima Otsuka (LETO), 
Otsuka Long-Evans Tokushima Fatty (OLETF), and OLETF + ARB prior (T0), 60 (T60) 
and 120 (T120) mins after administration of glucose. Comparisons were assessed using a 
two factor ANOVA with group and time as between-subject factors. a p<0.05 vs LETO 
T0; d p<0.05 vs LETO T60; g p<0.05 vs LETO T120. 
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Figure 26. Insulin receptor and AKT phosphorylation are not impaired in liver of OLETF 
rats. Mean (±SD) (A) p-IR, (B) IR-β, (C) p-IR:IR-β ratio, (D) p-AKT, (E) AKT, and (F) 
p-AKT:AKT ratio (% change from LETO T0) and their representative western blot bands 
in Long-Evans Tokushima Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty 
(OLETF), and OLETF + ARB prior (T0), 60 (T60) and 120 (T120) mins after 
administration of glucose. Comparisons were assessed using a two factor ANOVA with 
group and time as between-subject factors. # p<0.05 vs LETO; † p<0.05 vs OLETF; § 
p<0.05 vs T0; ‡ p<0.05 vs T60. 
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Figure 27. AT1 blockade reduces the expression of genes involved hepatic 
gluconeogenesis. Mean (±SD) (A) phosphoenolpyruvate carboxykinase 1 (PCK1) and (B) 
glucose-6-phosphatase (G6PC1) mRNA expression (% change from LETO T0) of Long-
Evans Tokushima Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty (OLETF), and 
OLETF + ARB prior (T0), 60 (T60) and 120 (T120) mins after administration of glucose. 
Comparisons were assessed using a two factor ANOVA with group and time as between-
subject factors. a p<0.05 vs LETO T0; b p<0.05 vs OLETF T0; c p<0.05 vs OLETF ARB 
T0; d p<0.05 vs LETO T60; e p<0.05 vs OLETF T60; g p<0.05 vs LETO T120. 
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Figure 28. AT1 blockade decreases the relative abundance of large adipocytes. (A) 
Representative images of adipocytes from retro fat. Mean (±SD) (B) adipocyte size 
distribution of Long-Evans Tokushima Otsuka (LETO; n=5), Otsuka Long-Evans 
Tokushima Fatty (OLETF; n=5), and OLETF + ARB (n=5). Comparisons were assessed 
using a two factor ANOVA with group as between-subjects factor and adipocyte size as a 
within-subjects factor. a p < 0.05 vs. LETO 25-50 µM; c p < 0.05 vs. OLETF ARB 25-50 
µM; d p < 0.05 vs. LETO 51-100 µM; e p < 0.05 vs. OLETF 51-100 µM; f p < 0.05 vs. 
OLETF ARB 51-100 µM; g p < 0.05 vs. LETO 101-200 µM; h p < 0.05 vs. OLETF 101-
200 µM.  
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Figure 29. AT1 blockade increases FAS and CD36 protein expressions 60 mins after 
glucose administration. Mean (±SD) (A) FAS and (B) CD36 protein expression (% change 
from LETO T0) and the representative western blot bands of Long-Evans Tokushima 
Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty (OLETF), and OLETF + ARB prior 
(T0), 60 (T60) and 120 (T120) mins after administration of glucose. Comparisons were 
assessed using a two factor ANOVA with group and time as between-subject factors. a p 
< 0.05 vs. LETO T0; b p<0.05 vs OLETF T0; c p<0.05 vs OLETF ARB T0; e p < 0.05 vs. 
OLETF T60; f p<0.05 vs OLETF ARB T60. 
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Figure 30. AT1 blockade blunts hepatic FAS protein expression 120 mins after 
administration of glucose. Mean (±SD) (A) FAS and (B) CD36 protein expression (% 
change from LETO T0) and the representative western blot bands of Long-Evans 
Tokushima Otsuka (LETO), Otsuka Long-Evans Tokushima Fatty (OLETF), and OLETF 
+ ARB prior (T0), 60 (T60) and 120 (T120) mins after administration of glucose. 
Comparisons were assessed using a two factor ANOVA with group and time as between-
subject factors. # p<0.05 vs LETO; b p<0.05 vs OLETF T0; c p<0.05 vs OLETF ARB T0; 
d p < 0.05 vs. LETO T60; e p < 0.05 vs. OLETF T60; g p < 0.05 vs. LETO T120.   
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