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The Role of Angiotensin Converting Enzyme (ACE) 2 in a Murine Model of Insulin
Resistance and Albuminuria.

Insulin resistance and kidney disease are intimately linked and both independently tied to
dysregulation of the renin angiotensin system (RAS). The purpose of this research was to better
investigate Angiotensin Converting Enzyme (ACE) 2 as a possible motif in the pathophysiology
of these two disease processes. The project was divided into two parts. Part 1 investigated ACE2
KO mice as a model of albuminuria. Part 2 investigated how the lack of ACE2 enzyme affected
glucose homeostasis and subsequent albuminuria.

Part 1: The Role of ACE2 in the Progression of Albuminuria
To determine if global loss of ACE2 leads to spontaneous development of albuminuria in mice,
we followed male wild type (WT) and knockout (KO) mice until 20 weeks of age. Basic
metabolic parameters and blood pressure were measured in addition to urinary parameters, and
histological evaluation. We found ACE2 KO mice only differed from their ACE2 WT mice
littermates in terms of increased water consumption which correlated with increased urine output.
Systolic blood pressure was also found to be mildly increased during the dark period. Urinary
albumin was similar between WT and KO mice as was total protein and sodium excretion.
Despite the lack of ACE2 in KO mice, urinary angiotensin (Ang) II and Ang-(1-7) were found to
be equal to that of ACE2 WT mice. Reduction-oxidation (redox) studies suggested elevated
oxidative stress in ACE2 KO kidneys though histopathology did not reveal any major changes at
the tissue level.
To determine the role of ACE2 in a model of kidney disease, mice were chronically infused with
Ang II. Both WT and KO mice groups had a similar pressor response, but ACE2 deficient mice
showed higher levels of kidney damage with respect to albuminuria and proteinuria. In
concordance, integrity of the glomerular filtration barrier was also diminished. Urinary Ang II
increased significantly in KO mice while Ang-(1-7) levels were raised equally. Renal pathology
revealed greater mesangial expansion and renal fibrosis in following Ang II infusion as well as
elevated redox status vs. the Ang II infused WT mice.
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To determine the role of the major ACE2 product Ang-(1-7), mice deficient in ACE2 were
infused with Mas receptor inhibitor, A779. The Mas receptor blockade did not result in
significant phenotypic or urinary differences compared to control groups. Urinary Ang levels
were also unchanged but ACE2 activity levels increased. This was linked to increased NADPH
oxidase (Nox) activity underscoring the role of the Mas receptor in Nox regulation. Overall, a
paucity of histological change was also observed despite increased Nox activity.
Together, these data suggest a lack of ACE2 does not precipitate albuminuria under normal
conditions. The similar urinary Ang levels point towards alternative pathways to Ang II
degradation and Ang-(1-7) synthesis which may influence Nox activity. Finally, ACE2 may
work as a compensatory enzyme to protect the kidney during times of Ang II excess.

Part 2: The Role of ACE2 in Glucose Homeostasis
To determine the role of ACE2 in obesity-related insulin resistance, ACE2 null mice were fed a
high fat (HF) diet for 12 weeks. Body weight and fat were continuously monitored and ACE2
KO mice gained weight at the same rate as WT mice littermates. Terminal fasting glucose and
glucose tolerance were found to be impaired in ACE2 KO mice despite similar weights and body
fat. Plasma metabolic hormones and adipokines were compared between groups. ACE2 KO
mice showed decreased plasma insulin concentration as well as higher cholesterol levels.
Pancreas ACE2 activity was elevated in control mice on a HF diet, suggesting a protective role of
ACE2 in the endocrine pancreas.
Next we investigated obesity-associated insulin resistance of ACE2 null mice as a model for
diabetic albuminuria. The level of insulin resistance and circulating blood glucose was not
sufficient to produce albuminuria in ACE2 KO mice after 12 weeks of HF diet. Renal histology
lacked mesangial expansion or decreased nephrin in the slit diaphragm. Kidney Nox activity was
found to be increased along with fibrosis. ACE2 activity in the kidney was increased among WT
mice as a result of HF diet.
Our results showed the ACE2 KO mouse model demonstrated impaired glucose tolerance likely
due to altered insulin secretion in the pancreas. However, the level and duration of glycemia
were not sufficient to produce a model of diabetic nephropathy.
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Part 1. The Role of ACE2 in the Progression of Albuminuria
Section I. Introduction
1.1 Diabetes: The hallmark of diabetes is high blood glucose levels which can be brought about
by alterations in insulin production, insulin sensitivity, or both. The term “diabetes mellitus” is
Latin and literally translates to “the flow through of honey”. The name accurately describes the
symptom of polyuria and sign of sweet taste from increased urinary glucose.

1.1a Types of diabetes: There are three main types of diabetes: Type 1 diabetes mellitus
(T1DM) is known as inulin deficient diabetes and stems from complete lack of insulin
production, usually due to autoimmune attack on pancreatic β-cells. This generally occurs during
in the first or second decade of life and there is no current prevention or cure. Exogenous insulin
must be injected daily, either manually or through automated pumps. Overall, T1DM is only 5%
of the total burden. Type 2 diabetes mellitus (T2DM) is by far the most prevalent, encompassing
90-95% of cases. The onset is more insidious and usually begins with insulin resistance; a state
when the tissue in the body requires more and more circulating insulin to clear the same amount
of blood glucose. Untreated, the disease process may progress until the β-cells become exhausted
and die, leaving the patient requiring insulin injections. The usual onset of T2DM occurs in the
5th- 6th decade of life and has an 80% concordance with obesity. The increasing obesity of youth
in the United States has sparked a rise in T2DM in among individuals in their 20’s and 30’s.
Other risk factors include family history, lack of physical activity, problems with glucose
metabolism and race. Pharmacological treatment is aimed at resensitizing tissue to the effects of
insulin. The third type of diabetes is gestational diabetes and occurs in the mother during
pregnancy. This is usually transient and subsides once the baby is delivered. Failing to control
the mother’s glucose while pregnant leads to larger neonates and associated pregnancy risks.
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Gestational diabetes also puts both the mother and child at risk of developing diabetes later in
life.

1.2 Diagnosis: The gold standard for diagnosis of diabetes is the hyperinsulinemic euglycemic
clamp but is seldom used due to the invasive nature and risks involved. The diagnosis of diabetes
can be made when any one of the four following criteria are met: 1) Fasting glucose above 126
mg/dl; 2) Plasma glucose above 200 mg/dl two hours after 75 g oral glucose challenge; 3)
Symptoms of hyperglycemia and random plasma glucose test above 200 mg/dl; and 4)
Hemoglobin A1c (HbA1c) above 6.5 (8; 14). Individuals with fasted blood glucose
measurements falling between 110 mg/dl and 126 mg/dl are considered to have impaired fasting
glucose. Impaired glucose tolerance occurs when blood glucose falls between 140 mg/dl and 200
mg/dl or HbA1c between 6.0 and 6.5 mg/dl. Both are considered a prediabetic state and strong
prognosticator for outright diabetes (245). Staying obese and/or conversion from insulin
resistance to diabetes both have increased morbidity and mortality (45; 131).

1.3 Diabetic complications: Diabetes mellitus is not a single disease entity, but rather a cluster
of metabolic disorders sharing the common underlying element of hyperglycemia. In general,
fulminate diabetes is preceded by a window of insulin resistance, abnormal glucose tolerance,
arterial hypertension, abdominal obesity, and dyslipidemia, known as metabolic syndrome. There
are five main pathological results of hyperglycemia are: 1) increased sugars through the polyol
pathway; 2) increased intracellular formation of advanced glycosylation end products (AGEs); 3)
Increased AGE receptor expression; 4) activation of protein kinase (PK) C; and 5) hexosamine
pathway overactivity. Limited success in clinical trials blocking one pathway at a time lead
several groups to the belief that all five of these events ultimately result in mitochondrial
2

overproduction of reactive oxygen species (ROS) (42; 95). At the microvascular level, this is a
result of intracellular hyperglycemia compared to excess fatty acid oxidation in the
macrovasculature from insulin resistance. The susceptibility of certain cell types to the effects of
hyperglycemia lies in the inability of these cells to downregulate glucose uptake and therefore
rely on mitochondrial over activity to clear the surplus. Endothelial cells lining vessels are at the
interface of glucose uptake from blood and are susceptible to intracellular hyperglycemia from an
inability to modulate glucose transport (139).
Large multicenter studies found strict glycemic control improved microvascular injuries such
as retinopathy (1; 197). However, this outcome was not fully explained solely by the reduction in
HbA1c (150). This too, is associated with increased cardiovascular disease (CVD) (115). The
biology of diabetes is characterized not only by hyperglycemia but also hypertension,
dyslipidemia, microalbuminuria, inflammation, and abnormal thrombosis (229). Hypertension is
a common feature of diabetes and a primary contributor towards CVD (Fig 1). The major cause
of morbidity and mortality in persons with diabetes is CVD and the risk is tripled or quadrupled
versus those without diabetes (229). Furthermore, because up to 75% of cases of CVD in patients
with diabetes can be attributed to hypertension, aggressive management of blood pressure is
essential for reduction in cardiovascular morbidity and mortality (228). The ALLHAT clinical
trial showed the power of thiazide-type diuretics in preventing cardiovascular complications of
hypertension. However, patients with initial systolic pressures greater than 160 mm Hg often
require dual therapy to reach guidelines set forth by The Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7)
(68). Frequently, an angiotensin converting enzyme inhibitors (ACEIs) or angiotensin receptor
blockers (ARBs) is used as an adjuvant therapy because of their direct role in decreasing
vasoconstriction and sodium reabsorption. Over time, the effects of ACEIs and ARBs use were
appreciated to do more than merely lower blood pressure.
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Recent investigations have revealed a relationship between vascular derangements, insulin
resistance, and visceral obesity, implicating RAS as a key mediator of cardiovascular dysfunction
(56; 97). There is evidence of higher plasma ACE levels in diabetic patients that contributes to
increased Ang II (161). Clinical data documents the effectiveness of ACEIs and ARBs in blood
pressure reduction among diabetics (56; 97). In addition, long term treatment with AT1 inhibitor,
losartan, lowered the risk of developing diabetes (164). Animal studies provide evidence that
ACE levels are increased in diabetic models, and that ACEIs and ARBs lower blood pressure and
improve kidney function. There is also evidence Ang II modulates insulin resistance (108; 222;
223). In rats, a dramatic increase of ACE was associated with development of hypertension (61).
A study of increased ACE expression revealed that higher ACE levels were associated with an
increased effect of diabetes, in terms of renal function and blood pressure (130). A general role
for RAS in diabetes-induced hypertension is supported by the depressor effects of ACEIs and
ARBs in rats (127; 142). Pure RAS modulation is not sufficient and novel therapies are still
needed. For example, recent clinical trials demonstrate that strict glycemic control in patients
with T2DM correlates with a reduction in cardiovascular complications associated with the
disease (4).

1.4 The Renin Angiotensin System: The first publication on the renin angiotensin aldosterone
system (RAS) was over 100 years ago with the discovery of a pressor compound isolated from
the rabbit kidney dubbed renin (171). In 1934 Goldblatt performed his eponymous kidney clamp
experiment on a canine renal artery to induce chronic hypertension (102). The RAS components
are critical regulators of electrolyte balance and blood pressure (72). The textbook RAS as
known today was in place by the 1970’s (fig. 2). The cascade begins with the production of the
452 amino acid peptide, angiotensinogen (AGT) from liver which is released into systemic
circulation. Renin originates from the juxtaglomerular (JG) cells in the kidney to cleave AGT
4

into the decapeptide angiotenisin I (Ang I). The JG cells at the vascular pole of the glomerulus
release renin into afferent artery when paracrine signaling form macula densa cells sampling the
distal convoluted tubule detect a drop in sodium. The location of renin release is crucial to
systemic effects due to the high vascularity of the kidney and also local RAS signaling along the
nephron.
ACE is a chloride dependent, zinc peptidyl dipeptidase (EC 3.4.15.1) which belongs to
the gluzincin family of metalloproteases (114). ACE plays a central role in RAS; it catalyzes the
cleavage of the C-terminal dipeptide (L-histidyl-L-leucine) from the inactive decapeptide, Ang I,
to produce the potent vasoconstrictor Ang II. It also degrades the vasodilator bradykinin (241).
Ang II acts through two receptor subtypes, AT1 and AT2 (55). The AT1 receptor mediates
virtually all of the known physiological and pathophysiological actions of Ang II in renal,
cardiovascular, and neuronal systems (72). The true impact of this axis in blood pressure
regulation is illustrated by the remarkable efficacy of ACEIs and AT1 receptor blockers ARBs.
Murine models globally lacking the AT1a receptor, the predominant form in mice, maintain a
lower mean arterial pressure (MAP) than wild type. Normal mice receiving cross-transplantation
of kidneys lacking AT1a were spared from hypertension and cardiac hypertrophy following Ang
II infusion (64). The RAS expression in the kidney is paramount in blood pressure (BP)
regulation. Ang II works on multiple layers of the nephron and vasculature. The efferent
arteriole and the proximal convoluted tubule (PCT) are extremely sensitive to direct Ang II
stimulation. At concentrations in the 10-12 M range, Ang II constricts the efferent arteriole, thus
increasing glomerular filtration rate (GFR) without affecting vascular tone (116). This results in
decreased interstitial hydrostatic pressure and increased interstitial osmotic colloid pressure.
These two factors combine to favor fluid reabsorption. Additionally, Ang II increases the activity
of Na+/H+ antiporters in the luminal membrane as well as Na+/HCO3- co-transporter and Na+/K+
ATPase on the basolateral side (93). In fact, Ang II is so powerful in the kidney; it is capable of
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reducing sodium excretions to almost nil (118). For this reason, drugs targeting the RAS have
been used extensively in management of hypertension and congestive heart failure.

1.5 The Angiotensin II Receptors: The kidney responds to Ang II as an endocrine, paracrine
and autocrine signaling peptide. All of this is mediated through two major Ang II receptors, AT1
and AT2 distributed homogeneously throughout the kidney (21; 31; 92). The AT1 receptor is a
seven-transmembrane G-protein coupled receptor sharing 30% homology with AT2 receptor.
These two receptors generally have antagonistic roles. AT1 can either homo-dimerize with itself
or hetero-dimerize with AT2. The AT1 / AT2 heterodimerization favors the AT2 pathway and
blocks AT1 propagation (25). This negative cross talk regulates the intermediate STAT pathway
from cell surface to nucleus (178). Intracellular factor XIIIA transglutaminase cross-links Ang
II–induced AT1 receptors through Gln315 in the carboxyl terminal tail of the AT1 receptor (26).
The signal transduction pathway includes activation of phospholipases, inhibition of adenylate
cyclase, stimulation of tyrosine phosphorylation, and other second messengers (31). This results
in vasoconstriction, aldosterone release, tubular transport, inflammation, fibrogenesis, hyperplasia
and hypertrophy. These AT1 dependent responses are varied throughout the kidney depending on
the cell type and Ang II concentration. In addition to stimulating local inflammation, AT 1
receptor is partially responsible for recruiting monocytes via monocyte chemoattractant protein-1
(MCP-1) production (258). Glomerular inflammation is mainly propagated through MCP-1 with
some contribution from osteopontin. Blockade of AT1 in mice reduced MCP-1 expression,
monocyte/macrophage immigration, as well as inflammation and proteinuria (125). The cytokine
osteopontin adds a component of tubular inflammation and proteinuria (96). Surface expression
of AT1R is stimulated by hypercholesterolemia, changes in osmolality including high glucose,
and Ang II itself. Initially when Ang II binds to AT1R, the complex is internalized by the cell
membrane leading to a decrease in surface receptor expression. However, Ang II stimulates new
6

transcription of AT1 receptors and reduces existing receptor degradation resulting in an overall
increase in receptor expression. Direct renal infusion of supraphysiological concentrations of
Ang-(1-7) (10-8 M) increased fluid, potassium and sodium reabsorption in the loop of Henle (123;
246). This effect was attenuated by AT1 blockade suggesting possible interaction between AT1
and Mas receptor at certain concentrations. Proliferation of vascular endothelial cells was seen in
rat glomeruli. Ang II stimulation of the AT1 receptor and subsequent phosphorylation of MAP
kinase 2 leads to transcription of Egr-1 (261). Hypertrophy occurs in proximal tubular cells via
AT1 activation of p27kip1. A better understanding of the protective effects of AT1 receptor
blockade on T2DM induced hypertension is of profound importance to human health, given the
massive rise in the incidence of T2DM worldwide.

1.5a AT1R and hypertension: The importance of the RAS and the pivotal role of Ang II in the
pathogenesis of nephropathy, hypertension and other cardiovascular diseases is widely
acknowledged (117; 152). Ang II acts through two receptor subtypes, Ang II type 1 and Ang II
type 2 (55). The Ang II type 1 receptors (AT1R) mediate virtually all of the known physiological
and pathophysiological actions of Ang II (72). AT1R is widely accepted to play a key role in the
development of cardiovascular dysfunction in diabetic mice (85; 140; 218; 219; 257). Studies
indicate that AT1R signaling in endothelial cells induce endothelial dysfunction (184).
Classically, activation of AT1R in kidney leads to elevated BP through: vasoconstriction,
increased cardiac output, aldosterone and vasopressin release, sodium reabsorption and
sympathetic facilitation. In fact, kidney AT1a receptor knockout mice do not develop
hypertension after Ang II infusion. More specifically, normal mice receiving bilateral AT 1aR KO
kidneys showed an attenuated response to Ang II induced hypertension, while mice with AT 1aR
only in the kidney were sensitive to the pressor response to Ang II infusion (64). This effect was
independent of aldosterone and highlights renal AT1R as the primarily receptor responsible for
7

Ang II mediated hypertension. A follow-up study with AT1aR specifically deleted from the renal
proximal tubules recapitulated renal importance by finding lower systolic phenotype and
abrogated response to Ang II infusion (112). The vast majority of glomerular filtrate is
reabsorbed in the proximal tubule and regulation of sodium transporters in this region is thought
to be the major regulators of pressure natriuresis. Additional studies found normotensive rats
receiving kidneys from genetically hypertensive donor rats developed hypertension. On the
contrary, genetically hypertensive rats that underwent bilateral nephrectomy and received a
kidney from normotensive rats exhibited a reduction of blood pressure (187). Similar scenarios
have been observed in the clinical realm with patients receiving kidneys from hypertensive
donors. These clinical studies emphasize the role of kidneys in pathogenesis of hypertension.

1.5b AT1R and diabetes: Ang II-dependent hypertension is known to work through the renal
AT1R, resulting in elevated BP and subsequent cardiac hypertrophy (63). Exogenous Ang II
induces endogenous Ang II production, especially in the kidney. The increased endogenous Ang
II has the greatest impact on increased MAP. Ang II infusion creates a feed forward loop of Ang
II induced Ang II production, specifically targeting the AT1a receptor (51; 104). AT2 receptors
fail to antagonize the AT1 hypertensive effect in mice.
An increase in oxidative stress also leads to an increase in renal AT1R protein and mRNA
expression causing stimulation of sodium transporters and hypertension (22). Ang II is also a
pro-oxidant, directly and indirectly upregulating its own receptor expression. High blood glucose
levels can increase reactive oxygen species and eventually oxidative stress to upregulate AT1R
(256). AT1R mRNA and protein levels are also increased in vascular smooth muscles of type 2
diabetic patients (126). In vitro kidney mesangial cells showed a dose and time dependent
increase in AT1R expression with glucose incubation (16). High levels of circulating insulin, as
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seen type 2 diabetics, can also upregulate AT1 receptors in vascular smooth muscles (126; 189).
Additionally, AT1R mRNA expression increases in pancreatic islets of db/db mice, a model of
spontaneous T2DM (57). Renal AT1R levels are increased in murine models of obesity and
diabetes suggesting increased circulating Ang II levels (129). Conversely, there is some evidence
that AT1R blockers improve pancreatic β-cell function, glucose tolerance and delay onset of
T2DM (57; 164).

1.6 Angiotensin Converting Enzyme 2: Emerging evidence shows the deleterious actions of
Ang II may be opposed by the formation of Ang-(1-7), generated by angiotensin converting
enzyme 2 (ACE2) (183). Initially discovered in heart failure patients, ACE2 has been traced to
almost every tissue in the body with highest concentrations in the heart, lung, testis and kidney
(77; 241). Like ACE, ACE2 is a zinc metallopeptidase and shares 42% sequence homology
among the 805 amino acids. It is transcribed from a 40 kb gene located on Xp22 (241). The final
protein confirmation is a type I integral membrane glycoprotein oriented with the N-terminus and
the catalytic site facing the extracellular space to cleave circulating peptides. The ectodomain
may be cleaved by tumor necrosis factor convertase, ADAM 17 (151). ACE2 is only capable of
cleaving one C-carboxy amino acid and can generate Ang (1-9) from Ang I or Ang-(1-7) from
Ang II (77). Alternatively, ACE2 can cleave Ang I to form Ang-(1-9) that can then go on to be
cleaved by ACE to also form Ang-(1-7). The enzyme kinetics favor Ang II as the predominant
substrate, producing 400x more Ang-(1-7) than Ang (1-9) and is not sensitive to current ACE
inhibitors (241; 248). Ang-(1-7) counteracts the actions of Ang II resulting in vasodilation,
antihypertrophy, antiproliferation, and improved glucose homeostasis though Mas receptor
stimulation (213). The Mas receptor produces vasodilation via bradykinin, nitric oxide (NO),
prostaglandins and inhibition of norepinephrine release (15; 41; 101; 199). In addition, ACE2
attenuates fibrosis and inflammation through inhibition of TGF-β, macrophage migration
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inhibitory factor (MIF), and decreased oxidative stress (107; 276; 278). Rescue from these
pathologies is in part, through the protein kinase B (Akt) pathway (211; 278). Animal models
and patients with chronic diabetes have a downregulation of renal ACE2 resulting in
accumulation of angiotensin II (204; 240; 267). Imbalance in Ang II is known to contribute
towards cardiovascular and renal disease. In animal models of both T1DM and T2DM, loss of
ACE2 expression was associated with increases in albuminuria. Pharmacological blockade of
ACE2 worsened mesangial matrix expansion, vascular thickness and focal podocyte loss (225).
How well these findings translate to human diabetic kidney disease is unknown (fig. 3).

1.7 The Mas Receptor: The major product of ACE2, Ang-(1-7), is thought to bind
predominantly to a G-protein coupled receptor found to stimulate MAPK phosphatase (270).
More recently it is appreciated as a key component of the ACE2/Ang-(1-7)/Mas axis in renal
function and pathology. Mas null mice lack Ang-(1-7) binding in renal tissue and fail to exhibit
anti-diuretic effect after Ang-(1-7) loading. Vascular endothelial relaxation was also blunted in
aortic rings (213). ACE and ACE2 are the major sources of Ang-(1-7) under normal conditions
but other endopeptidases such as neprilysin (neutral endopeptidase 24.11) prolyl-endopeptidase
24.26 and thimet oligoeptidase 24.15 are capable of generating Ang-(1-7) from Ang I (255).
Despite the provocative effect of Ang-(1-7) and Mas receptor in experimental models, the overall
importance of the peptide and receptor seem to have little effect in healthy, in vivo animal
models. However, isolated vasculature consistently responds to Ang-(1-7) vasodilation in a dose
dependent manner. This isolated response suggests local concentrations in vivo are much higher
near the Mas receptor and/or increased circulating RAS. Ultimately there are conflicting data for
actions of Ang-(1-7) in renal hemodynamics. Variation in renal perfusion, natriuresis, and
concentrations of Ang-(1-7) needed to elicit a response are model and design dependent.
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1.8 Adipose RAS: In addition to the circulating RAS, there is also tissue expression of RAS in
brain, kidney, pancreas, and fat (46; 53; 144; 156). Both rodent and human adipose tissue have
the capacity to synthesize and respond to Ang II (48). Increased beta adrenergic stimulation
augments plasma Ang II stimulation in obese, but not lean individuals (105). With obesity,
adipocyte RAS becomes activated and contributes to circulating Ang II levels (49).
Overexpression of adipose angiotensinogen has been shown to increase renal angiotensinogen
expression as well (145). Adipocyte RAS is known to contribute towards hypertension and
diabetes, and is thought to be a key component in understanding the progression of metabolic
syndrome (48; 49). A high fat (HF) diet in mice showed increased angiotensinogen expression in
epididymal fat, but ACE2 expression or activity was undetectable (110). Infusion of Ang II in
AT1a KO mice reduced atheroma size in the aorta and subsequent aortic dilation compared to WT
controls (50). Mouse models with RAS manipulation lacking angiotensinogen or ACE enzyme
also showed a decreased ability to store fat (133; 172). Lower body fat was attributed to
increased energy expenditure in the form of elevated fatty acid oxidation in the liver and not
increased locomotor activity. ACE KO mice had significantly lower plasma leptin levels
suggesting earlier satiety after eating (133). Glucose tolerance test also had a reduced area under
the curve (AUC) indicating improved glucose clearance by first phase insulin response. AT1a
KO mice were also seen to have lower body fat. Deletion of AT1a receptor in Apolipoprotein E
(ApoE) KO mice reduced weight of epididymal fat tissue at sacrifice (236).
Reduction in body weight alone is well known to reduce blood pressure in obese
individuals. A meta-analysis of randomized control trials covering 4874 patients found as little as
10 lbs. of weight loss was sufficient to significantly reduce BP with either diet, exercise, or both
(188). The extent to which RAS from fat or kidneys contributes towards blood pressure elevation
is unclear. Post-menopausal women participating in a 13 week weight loss regimen experienced
11

a 5% weight reduction that correlated with significant reduction in plasma concentrations of
angiotensinogen, renin, and aldosterone. This was also accompanied by a 7 mm Hg reduction in
systolic blood pressure (82). It is evident adipocyte RAS can have an impact on blood pressure
beyond local autocrine or paracrine signaling. Patients with metabolic syndrome being treated for
hypertension with angiotensin receptor blocker, telmisartan, decreased visceral fat after 24 weeks
of treatment compared to calcium channel blocker treatment with amlodipine (221). A general
role for RAS in diabetes-induced hypertension is supported by the depressor effects of ACEI and
ARBs in rats (127; 142). Upregulation of ACE2 in prehypertensive patients suggests ACE2 plays
a protective role when there is a perturbation in normal RAS (143).

1.8a Renal RAS: Local RAS activity in the kidney is now appreciated as a major and
independent regulator of blood pressure separate from systemic RAS. Gabriel Navar and others
have eloquently demonstrated renal RAS is not influenced by systemic modulation and acts as an
autonomous force in blood pressure control. Local Ang II regulates salt and water balance across
the tubules and filtration of proteins through the glomerular filtration barrier. The renal
vasculature contains both ACE and ACE2, though distribution is distinct. ACE localized strongly
in the endothelial layer and adventitia while ACE2 is found in the smooth muscle of arterioles
(226). Ang II was found to stain most strongly in the endothelium, with a weaker and spottier
presence in the media. ACE2 is also strongly distributed throughout the glomerulus, proximal
convoluted tubule and even the podocyte. This distribution corresponds to the major foci of Ang
II action suggesting a counter regulatory role of ACE2. The effects of ACE2 are twofold:
clearance of Ang II by degradation into Ang-(1-7) and stimulation of the AT1 counter regulatory
Mas receptor by Ang-(1-7). Ang-(1-7) showed a more ubiquitous distribution across the intima
and media (226). Downstream signaling of Mas receptor results in vasodilation, NO release and
antitrophic effects by inhibiting Ang II-stimulated phosphorylation of MAPK and TGF-β1 (90;
12

232). In the native murine state, ACE staining and gene expression is roughly 5 fold higher than
ACE2. Blockade of AT1R with telmisartan doubled ACE2 and decreased ACE expression of
both parameters to near equal levels (226).
Renal ACE2 expression is reduced in kidney disease and subtotal nephrectomy.
Streptozotocin (STZ)-induced diabetic rats showed decreased ACE2 activity and increased Ang II
content in isolated glomeruli (154). A small study of renal biopsies from T2DM humans found a
reduction in ACE2 mRNA expression in glomerular and proximal tubules with a simultaneous
increase in ACE mRNA expression (204). Renal biopsies from hypertensive humans also
showed an increased ACE/ACE2 ratio (251). Ang II-dependent upregulation of ACE and
inhibition of ACE2 was seen in hypertensive nephropathy with AT1 activation of ERK1/2 and
p38 MAPK (147).

1.9 ACE2 and renal dysfunction: Both ACE and ACE2 have been localized to specific cell
types within the kidney of db/db diabetic mice. Specifically, ACE2 was found in proximal
convoluted tubules, slit diaphragm and basal pole along the glomerular basement membrane
(269). The integrity of podocytes is crucial for proper glomerular filtration and loss of ACE2 in
the slit diaphragm is implicated in the initial development of albuminuria. Once lost, the
proximal tubule is exposed to larger proteins and higher pressures resulting in endothelial damage
thus destroying luminal ACE2 of tubules. The subsequent mechanical stress and inflammation
limits the nephron’s ability to balance filtrate and fluids. Both blockade and loss of ACE2
activity result in elevated renal ACE expression across several models of diabetes (204; 225).
This is supported by the positive feedback Ang II has on ACE, upregulating expression and
activity as well as AT1 receptor expressed throughout the kidney (209). A recent British study
found no link between common allelic variants in ACE, ACE2 or AT1R in genetic predisposition
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for diabetic nephropathy (DN) suggesting these changes happen as the result of a disease process
rather than genetic predisposition (66).
The glomerulus and proximal tubules do not express ACE2 at the same level.
Physiological changes also affect each region independently, making it important to study the
glomerulus and tubules separately. Mesangial cells from the glomerulus are capable of
synthesizing and responding to all components of RAS. Isolated mesangial cells produce Ang II
in a time/dose dependent response to glucose concentrations (224). This creates a glomerular
environment of autocrine and paracrine signaling (104). Mesangial expansion is the defining
pathological feature of diabetic nephropathy and declining creatinine clearance has been linked to
expanding mesangium (176). Mesangial hypertrophy and fibronectin deposition responses to
Ang II are, in part, TGF-β mediated (37). Podocytes react to TGF-β stimulation with foot process
broadening, detachment, and apoptosis (166). TGF-β inhibitor, perfenidone, was shown to
improve renal function in a small group of DN patients with elevated albuminuria and decreased
estimated glomerular filtration rate (eGFR) (220). ACE2 overexpression in the podocyte of STZ
diabetic mice initially prevented albuminuria compared to non-transgenic STZ mice. However,
this effect was transient and by 16 weeks proteinuria was similar between groups (182). Nontransgenic mice showed a loss of podocyte number, loss of nephrin expression and increased
mesangial area.
Nephrin has emerged as one of the prominent podocyte markers in the study of
glomerular disease. Located in the slit diaphragm, nephrin is an indicator of both podocyte
viability and integrity. Among mutations in the human podocyte, those affecting nephrin result in
the most rapid and sever nephropathy which often leads to mortality in the neonatal period (198).
Loss of podocyte integrity is the critical initial insult of nephropathy (244). The progression of
albuminuria is linked with decreased nephrin expression in both human and animal models (36;
78). Use of irbesartan was shown to prevented nephrin loss and subsequent albuminuria in STZ14

diabetic spontaneously hypertensive rats (36). In vitro studies found Ang II/AT1R signaling lead
to nephrin shedding while glycated albumin (from high circulating glucose levels) prevented de
novo nephrin synthesis (78). These data supports the use of ACEIs and ARBs in slowing the
progression of DN.
Decreased renal ACE2 expression is attributed, in part, to a disintegrin and
metalloproteinase 17 (ADAM-17) (151). ACE2 is located on the extracellular surface which
allows active hydrolysis of circulating peptides. ADAM-17 cleaves the transmembrane stalk,
freeing ACE2 into circulation with full catalytic activity. This allows the effects of ACE2 to
travel throughout the body, acting on Ang II in a wider arena. Renal ACE2 is thought to be shed
directly into the nephron, acting in the micro environment to regulate the effects of Ang II on
filtration and sodium reabsorption. Renal ACE2 is ultimately passed in the urine. Temporal
quantification of urinary ACE2 content demonstrates a waxing and waning expression with acute
and chronic diabetes in the db/db mouse model. Mice chronically fed high fat diets showed an
increased ADAM-17 expression in adipose. In vitro adipocytes also had increased ADAM-17
after stimulation from fatty acids, insulin, or glucose. Variation in ACE2 expression may be due
to increased ADAM-17 expression associated with certain aspects of metabolic disease. Urinary
ACE2 correlates with proteinuria in patients with diabetic nephropathy (147; 253).

1.10 Redox Status: Vascular tissue, which is insulin resistant, is capable of generating excess
superoxide in the face of excess glucose or Ang II. Superoxide destroys the vasodilatory effects
of nitric oxide (NO) and produces other reactive oxygen species (ROS) and/or reactive nitrogen
species (RNS) (222). Isolated vasculature from hypertensive humans and rats showed increases
in oxidative activity such as upregulate NADPH, ROS production, and redox signaling (194).
Oxidative stress has also been linked with Ang II dependent models of hypertension (203).
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Reactive oxygen and reactive nitrogen species (RNS) have been highly implicated in the
pathogenesis of cardiovascular diseases such as ischemia/reperfusion injury, hypertension,
atherosclerosis, stroke and diabetes (89; 194). ROS species are important at physiological levels
for immune defense, cell signaling, differentiation, and remodeling. Excess levels lead to NO
inactivation, membrane alteration, and proinflammatory effects.
The most influential species in the ROS/RNS family to the cardiovasculature are
superoxide (O2·¯), hydrogen peroxide (H2O2), and NO. Superoxide can be formed spontaneously
by oxygen accepting an extra electron, or enzymatically through NADPH oxidase or xanthine
oxidase. Superoxide is highly reactive and is quickly scavenged by superoxide dismutase (SOD)
to form hydrogen peroxide. This, in turn is broken in to stable water and oxygen by catalase.
The highly reactive nature of O2·¯ equates to a relatively short half-life in vivo and is often
scavenged near the origination site. Additionally, the strong electronegative charge makes
membrane permeability highly unfavorable. H 2O2 however, has a much longer biological halflife and is membrane permeable. The dichotomy in bioavailability of these two species suggests
varying roles in cell signaling. Cells are well equipped with mechanisms such as SOD, catalase,
glutathione, thioredoxin, ascorbate and others to keep ROS at functional levels. Excess ROS or
insufficient scavenging results in oxidative stress and subsequent pathophysiology.
NADPH oxidases are a family of Nox proteins that move electrons across membranes.
Nox2 is found in phagocytic cells and is composed of cytosolic and membrane bound subunits. It
serves a critical part of our immune defense and mutations in Nox2 result in chronic
granulomatous disease. Seven tissue specific Nox isoforms have been found to date. Renal
Vascular specific Noxs are the major ROS sinks and include Nox1, Nox2, and Nox4. Most are
regulated by vasoactive peptides such as endothelin or Ang II. Nox4, however, is constitutively
active. Nox consists of cytosolic subunits p47phox, p40phox and p67phox that coordinate with
membrane bound anchors p22phos and Nox2/4. The recruitment and activation of this
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multimeric enzyme is stimulated, in part, by AT1 receptor activation via Ang II (106; 122).
Vascular smooth muscles cells from patients with essential hypertension had elevated O 2·¯ and
H2O2 along with Ang II-dependent redox signaling compared with healthy subjects (243). Rats
given pro-oxidant BSO in drinking water had increased AT1 receptors protein in the renal
proximal tubule. Ang II caused IP3 and PLC activation and AT1 MAPK Na+-K+-ATPase and
Na+/H+ exchanger was higher in BSO treated rats. These results were blocked when BSO was
given with Tempol (a membrane-permeable radical scavenger) indicating oxidative stress leads to
increased AT1R expression and increased sodium reabsorption in the rat kidney (22).

1.11 AT1 and Reactive oxygen species (ROS): Excess formation of reactive oxygen species has
been implicated in aging, vascular dysfunction, hypertension and insulin resistance. One of the
main electron donor compounds in the body is NADPH oxidase. Components of NADPH
oxidase (Nox) were increased in pancreatic islets of db/db type 2 diabetic mice. This correlated
with increased markers of oxidative stress. AT1R blocker, valsartan reduced Nox expression
markers of oxidative stress (185). AT1 interacts with the p22phox subunit of Nox to augment
intracellular reactive oxygen species. ROS activates Erk-1, 2 which phosphorylates p27kip1,
sparing it from degradation (120). High amounts of p27kip1 inhibit cyclin-dependent kinase
overexpression and locks cells in G1 phase, preventing synthesis and progression thought the cell
cycle (259). This is a stark contrast to the proliferative effect seen in murine cells isolated from
the ascending limb in the loop of Henle. The AT2 receptor recruits inflammatory cells through
upregulation of the CCL5 receptor (260). In vascular smooth muscle cells, Ang II activates NFκB via AT1 receptor (206). Interestingly Ang II was still able to activate NF-κB in AT1a deficient
mice (207). This may be in part due to AT1b receptor also found in mice. AT1 signaling in the
systemic circulation promotes Ang II induced atherosclerosis by stimulating endothelial and
smooth muscle cells of the vasculature (69). Ang II infusion models show conflicting data
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regarding AT1 response. Some models demonstrate an increase of receptor expression after
infusion. In the kidney, Ang II infusion decreases AT1 receptor but is still responsible for potent
adverse pressor and renal effects (165). Mice lacking AT1a receptors on kidney podocytes and
crossed with a NEP25 model of podocyte injury were similar to NEP25 mice in terms of renal
function and pathology (175). Ang II infusion increased microalbuminuria similarly in both
mouse models but ARB inhibition successfully attenuated albumin/creatinine ratio and sclerosis
despite the lack of AT1a receptors on the podocyte (175). This could be due in part to the unique
presence of AT1b receptors expressed only in mice. Crowley recently described a mouse model
globally lacking AT1a receptors responded to Ang II, most likely through AT1b receptor, with
high mRNA found in the podocytes (65). Knockout of AT1a receptor increased plasma Ang II 5
fold, but reduced renal Ang II by half (247). Adrenal and kidney Ang II levels are greatly
reduced in AT1a KO mice (160). The AT1a receptor is necessary for cellular uptake of Ang II in
these organs (160; 247). Ang II infusion in AT1a KO mice (40 ng/min) failed to increase BP,
kidney weight or sodium retention as found in control mice (158). Losartan blockade returned
BP to normal levels in Ang II infused controls and reduced kidney Ang II content significantly
(158).

1.12 Nephropathy: The term nephrotic syndrome is a clinical phrase that describes a group of
diseases sharing the underlying triad of heavy proteinuria (>3.5 g/day or protein/ creatinine ratio
>200 mg/mmol), hypoalbuminemia (<3 g/dl), and the presence of generalized edema (134). The
glomerular filtration barrier is a trilayer structure consisting of fenestrated capillary endothelial
cells, the glomerular basement membrane (GBM), and the podocyte. Of the three, the podocyte
is the most active in controlling filtration. It is hypothesized that podocyte dysfunction and
changes is in the slit diaphragm are the underlying mechanisms of nephropathy (134). Changes
are seen on histology and categorized as: focal segmental glomerular sclerosis, minimal change
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disease, diffuse mesangial expansion. Insults that perturb the podocyte may range from auto
immune such as IgA nephropathy to metabolic like diabetic nephropathy.

1.12a Diabetic nephropathy: Over the past decade the incidence of diabetic kidney disease has
risen in parallel to the rates of diabetes. The result is a 50% increase in the number of cases since
1998 (70). The diagnosis of chronic kidney disease is based on reduced GFR for more than three
months, often accompanied by albuminuria (11). Progressive albuminuria is the hallmark of
diabetic nephropathy. This biomarker not only reflects renal damage but also contributes towards
the development and progression of the disease. Total daily urine output initially increases with
the progression of DN as larger volumes of albumin and protein are spilled. This is considered
stage 1 of chronic kidney disease (CKD) and may be difficult to diagnose because the GFR is
normal or mildly elevated. The result is mechanical stress and inflammation on the nephron.
This is also associated with increased with the mild mesangial expansion, thickening of basement
membrane, and arteriolar accumulation of hyaline. As the disease progresses, mesangial
expansion forms pathognomonic Kimmelsteil-Wilson nodules. Urine excretion eventually begins
to decline as sclerosis consumes the kidney. Stage 4 CKD (GFR 15-30 ml/min) becomes very
concerning. The kidney is very susceptible to insults from drugs such as NSAIDS, certain
antibiotic, and radio contrast. Many diabetes medicines including metformin and a few
sulfonaureas are renally excreted prompting dosage adjustment or alternative therapies. Planning
for hemo or peritoneal dialysis is also started at this juncture to allow time for the arterio-venous
fistula to mature before stage 5 CKD, termed end stage renal disease (ESRD).
The significance of irreversible CKD progression has resulted in considerable effort
being placed on early detection and better understanding kidney disease pathophysiology.
Animal models of DN vary and murine models lack some of the key features found in humans.
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To date, there is not a unifying murine model which accurately reflects the pathognomonic
findings of human nephropathy (39). A Western diet high in fat and processed meats more
rapidly increased microalbuminuria and decreased eGFR than persons on a DASH diet (162). If
untreated, albuminuria can progress to overt proteinuria and loss of renal function. Clinical
studies have shown albuminuria to be the predominant renal risk marker and almost linearly
related to renal outcomes (73). Diabetes mellitus and hypertension account for approximately
three quarters of severe chronic kidney disease in the US (11). Both etiologies are highly
associated with dysregulation in the renin angiotensin system. RAS was first appreciated as a
contributor towards diabetic nephropathy in the 1980’s when a type 1 diabetic rat model showed
increased efferent arteriolar constriction (128). This caused an increase of glomerular filtration
pressure with elevated stress on the podocytes and glomerular basement membrane. Enalapril, an
ACEI treatment, was found to normalize glomerular pressure and decrease glomerular sclerosis
(274). Similar experiments were repeated in models of T2DM. In humans, the use of antihypertensive medications, especially ACEIs and ARBs in prospective studies not only reduced
albuminuria, but also the GFR decline in diabetic and non-diabetic subjects (23; 38; 132; 157).
The success of RAS blockade in staving off diabetic nephropathy is the empiric foundation for
using ARBs on nephropathies of other etiologies.

1.13 Albuminuria Treatment Strategies: Any diabetic with an albumin to creatinine greater
than 30 mg/1 g should be aggressively treated and followed to prevent further damage. Initial
management according to AHA guidelines includes blood pressure control to 130/80 mm Hg.
RAS modulation with an ACEI or ARB on top of a thiazide diuretic is generally needed to
achieve adequate BP control. At this time, there is no clear superiority of either an ACEI or ARB
so choice is based on pressure outcomes and patient tolerance. In refractory patients, aldosterone
receptor antagonism with eplerenone may be added as a third line medication.
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Diabetes is a multisystem disease and as such, a medical-team approach is critical for
optimum intervention. A nephrologist should be consulted early after diagnosis for optimum
care. Glycemic control may be achieved with medical management (discussed below) as well as
input from a dietician. Reduction of salt intake has proven to be an excellent and inexpensive
adjuvant therapy. Sodium restriction of 1500-2300 mg/day enhances the antihypertensive and
antiproteinuric effects of ACEIs or ARBs in hypertensive individuals with renal disease (79;
249). Decline in GFR was also found to be inversely proportional to salt consumption. Other
anthropomorphic targets include a body mass index between 18.5 kg/m 2 to 24.9 kg/m2 and a waist
circumference smaller than 102 cm for men and 88 cm for women. Cardiovascular risk factors
such as dyslipidemia and smoking may also be aggressively managed with statin therapy and
smoking cessation aids like varenicline.

1.14 Glucose Control Strategies: Diabetic nephropathy is a complication of chronically
elevated blood sugar. Current recommendations by the AHA set a modest target HbA1c <7.
This is in light of the Action to Control Cardiovascular Risk in Diabetes (ACCORD), Action in
Diabetes to Prevent Vascular Disease (ADVANCE), and Veterans Administration Diabetes Trail
(VADT) trials that found lower HbA1c levels increased the risk of macrovascular events. First
line T2DM drugs take advantage of pancreas function through insulin sensitizing drugs,
secretegogues, and incretin therapy. When beta cell function falls below 50%, insulin injections
are added to achieve adequate glycemic control.
There is a paucity of safe and effective drug choices for treating T2DM. Ideally T2DM
could be managed by diet and exercise. Weight loss is has been shown to produce the greatest
drop in HbA1c, though maintaining target weight may is often difficult (4). Exercise also lowers
HbA1c independent of weight loss (237). Unfortunately compliance with these regimens is low
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and patients should still be started on a bridge medication until target blood glucose is met with
lifestyle modification. Reduction of HbA1c to below 6.5% was shown to reduce incidence
microalbuminuria by 9% and worsening renal function by 21% (119). Treatment strategies are
based on a sliding scale of HbA1c levels adjusted for age and comorbidities. Current medications
include: Biguinides (metformin), thiazoladinediones (pioglitazone), sulfonylureas, (glyburide),
DPP-IV inhibitors (sitagliptin) and Glucagon-like peptide-1 (GLP-1) analogs (exenatide).
First line therapy recommendations by both the American Diabetes Association (ADA)
and American Endocrinology Society include metformin or thiazolidinedione (TZD). Initial
treatment with TZDs was shown to be more effective than metformin in lowering blood sugar and
several clinical trials showed great success in reducing the conversion of individuals with
impaired glucose tolerance to T2DM (74). However, scrutiny of the ACCORD trail implicated
rosiglitazone (a TZD) as a major reason for the increased cardiovascular events in the intensive
treatment arm prompting its removal from the European market and more stringent guidelines for
use by the FDA (264). The recent link between pioglitazone and bladder cancer foreshadows a
similar fate for this rosiglitazone analogue. Metformin is the last standing and first line
medication and the only solo agent shown to decrease mortality (2). Metformin has been on the
market for many years and the side effects profile is modest and well known. Impaired renal
function is a contraindication for the use of metformin as it may exacerbate deadly lactic acidosis.
Unfortunately, diabetes is the number one cause of end stage renal disease in this country making
metformin dangerous for those with poor or null kidney function. Patients refractory to
metformin or with sever renal compromise may be placed on adjuvant therapies such as
sulfonylurea. Insulin resistant patients already have elevated β-cell function and sulfonylurea
drugs are feared to further squeeze the capacity of insulin production until the point of β-cell
failure leading to insulin dependence.
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Incretin therapy has become the en mode add on drug of choice. Exenatide not only
decreases blood glucose but also promotes weight loss with a very limited side effect profile.
Unfortunately it is only available in peptide form and must be injected daily making it
unattractive to many patients. Sitagliptin is an oral agent and extends the half-life of endogenous
GLP-1 by inhibiting DPP-IV. It also has been shown to lower blood glucose but is weight
neutral.
Previous treatment strategies have been focused on blood glucose control. It was thought
that controlling the glucose would prevent the hyperglycemic related sequelle such as AGEs.
Strict glycemic control has been shown to improve microvascular outcomes, though
macrovascular outcomes are unaltered. This point is reiterated by the use of insulin as the last
resort in T2DM management. Insulin works extremely well at lowering blood sugar but does not
address the inflammation and insulin resistance at the core of the issue which may be one reason
we don’t see a reduction in macrovascular events with insulin use. Furthermore, insulin requires
close supervision by healthcare professionals and frequent daily blood tests to prevent iatrogenic
hypoglycemia.
Therapies in the pipeline are focused on wasting excess glucose and decreasing the
insulin resistance (235). Sodium-glucose transporter (SGLT)-2 inhibitors work by preventing
sodium reabsorption in the kidneys and foster glucose excretion in urine (62). Difficulty remains
in treating chronic inflammatory state after glucose normalized due to “hyperglyciemic memory”
from epigenetic change. The “Cushingoid” state of glucocorticoid excess in metabolic syndrome
is also being addressed with an 11-beta-hydroxysteroid dehydrogenase-1 inhibitor to decrease
cortisone conversion to cortisol (216; 230).
Modulation of the RAS system has long been the cornerstone of cardiovascular
protection. Independent of systemic BP effects, ACEIs/ARBs have been shown to improve
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microabluminuria endpoints and slow progression to end stage renal disease. Furthermore early
treatment of patients with ARBs not reduced the rate of ESRD but also prolonged the onset of
T2DM (164). The NAVIGATOR trial showed patients with impaired glucose tolerance,
valsartan was able to reduce body weight and prolong the onset of diabetes (7). This suggests
RAS blockade may provide a dual role in not only protecting the vasculature and end organs but
also the precipitating insult of hyperglycemia.
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Section II: Statement of the problem
Diabetes and kidney disease is increasing in the US despite more aggressive
pharmacological intervention. To date, an estimated 26 million Americans have diabetes with
direct medical expenses exceeding 116 billion (9). There is a prudent need for deeper knowledge
of the disease process and targeted therapy. Nearly 75% of diabetics are on glucose lowering
medications while 40% are on RAS inhibitors and 50% on statins (70). There is evidence of
higher plasma ACE levels in diabetic patients which contributes to increased Ang II (161).
Clinical data documents the effectiveness of ACE inhibitors and ARBs in renal protection (56;
97). Animal studies provide evidence that ACE levels are increased in diabetic models, and that
ACE inhibitors and ARBs lower blood pressure and improve kidney function. In rats, a dramatic
increase in ACE was associated with development of hypertension (61). A study of increased
ACE expression revealed that higher ACE was associated with an increased effect of diabetes, in
terms of renal function and blood pressure (130).
Diabetes has caused a dramatic rise in CKD over the past decade to 3.3% of the total
population (9). DN has an insidious onset so patients seldom realize for many years the
magnitude of their illness. Moderately elevated blood glucose of T2DM is not perceptible to the
patient but is still dangerous. Occult micro insults occur and accumulate for years while the
patient remains asymptomatic. End organs such as the eyes and kidneys are particularly
susceptible to such damage. Once a part of the nephron has becomes sclerotic, there is an
irreversible loss of function. Accumulation of these injuries ultimately leads to renal
insufficiency and failure. The key to treatment is early detection and rapid intervention. Current
approaches for the treatment of diabetic nephropathy are insufficient. The first stages of
dysfunction during microalbuminuria are not detected with standard urinary dipstick analysis
stronger insight into the pathogenesis of the disease is needed in order to better treat these patients
and stave off progression to ESRD. We reported that db/db type 2 diabetic mice had reduced
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renal ACE2 expression along with severe albuminuria. Others have shown a distinctive pattern
of ACE and ACE2 expression in kidneys from diabetic mice such that glomerular ACE2
expression is decreased and ACE is increased in the db/db mice (267).
Several questions about the role and timing of ACE2 activity still remain. ACE2 was
initially discovered in heart failure patients suggesting it functions primarily in the face of an
insult. The literature does not clearly describe the role of ACE2 in the native state. Moreover,
the mechanism of protection remains ambiguous. Clearance of Ang II by ACE2 is thought to
have a protective effect but the synergism of Ang-(1-7) production remains controversial and
organ dependent. We look to investigate the necessity of ACE2 in maintaining normal kidney
function with or without dependence on Ang-(1-7) stimulation of Mas receptor.
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Section III: Central hypothesis
3.1 Global ACE2 KO mice are protected against albuminuria:
Our central hypothesis is that ACE2 functions in kidney specific RAS to protect against
the onset of albuminuria. To test this hypothesis, we will use a genetically altered murine model
of global ACE2 deficiency. The mice were created by inserting a non-coding cassette into the
active region of the ACE2 gene of 129/Sv mice and back bred onto C57Bl/6 background for at
least 10 generations. Experiments will be carried out with a focus on the role of ACE2 in the
native condition, under Mas receptor blockade, and an Ang II induced hypertensive insult.
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Section IV: Specific aims
4.1 Complete lack of ACE2 in a mouse model precipitates albuminuria: To better understand
the role of ACE2 in the kidney under normal, non-pathological conditions, we will study
genetically modified mice completely lacking ACE2 expression or activity. ACE2 WT and KO
mice will be monitored at 12 weeks of for spontaneous changes in metabolic, cardiovascular and
urinary parameters. Investigation will continue until 20 weeks of age at which time mice will be
sacrificed and renal tissue studied for enzyme and histology change.
4.2 Infusion of Ang II exacerbates albuminuria in ACE2 null mice: Circulating and tissue
specific Ang II has been shown to be increased in hypertension, obesity, and diabetes. Infusion
of Ang II will limit confounding factors and elucidate the role of renal ACE2 at times of Ang II
excess. ACE2 WT and KO mice will be infused with 1000 ng/kg/min Ang II for four weeks.
During which time metabolic, cardiovascular and urinary parameters will be monitored for
enhanced susceptibility to Ang II. Infusion of Ang II has been previously used to precipitate
vascular and renal changes in other murine models.
4.3 Mas receptor antagonism exacerbates albuminuria in ACE2 KO mice: Under normal
conditions, Ang-(1-7) works to counter act the effects of Ang II and drive towards normal renal
function. Blocking the Mas receptor will expose the importance of both Ang-(1-7) and the
dependence on ACE2 function. ACE2 WT and KO mice will be infused with Mas receptor
inhibitor A779 at 100 ng/kg/m for four weeks. During which time metabolic and urinary
parameters will be monitored for altered metabolic and renal function. Mice will then be
sacrificed and renal histology and enzymology studied.
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Section V: Materials and methods
5.1 ACE2 Mouse Genotyping: ACE2 KO male mice and ACE2 heterozygous female mice
breeding pairs were a gift from Drs. Coffman and Gurley at Duke University. Generation of the
C57Bl6 ACE2 KO mice was described previously (111). Male mouse pups were foot dyed at 3-5
days of age. Tails were clipped 2 mm from the tip using sharp scissors cleaned in 70% ethanol.
DNA digestion and extraction was performed using Qiagen DNeasy kits (Qiagen, Valencia, CA).
Included protocol directions were followed. In brief, tail pieces were placed in 1.5 ml autoclaved
tubes and digested by adding 180 µl ATL buffer and 20 µl proteinase K, then shaking overnight
at 56°C. After digest, 200 µl AL buffer and 200 µl ethanol were added to each sample. Mixture
was vortexed and the entire solution was transferred to the included spin column and collection
tube. The assembly was centrifuged at 8,000 RPM for 1 minute and the collection tube with fluid
was discarded. The column was placed in a new collection tube and 500 µl of AW1 buffer was
added on top of column then spun for 1 min at 8,000 RPM. The collection tube was discarded
and column place in a new collection tube followed by addition of 500 µl AW2 buffer. Assembly
was spun at 13,000 RPM for 3 min. The column was placed in 1.5 ml DNase/RNase free tube
and 100 µl AE buffer was added onto column followed by 1 min incubation at RT. After
incubation, assembly was spun at 8,000 RPM for 1 min and elution buffer collected then stored at
-20°C. For DNA amplification, a master mix solution was prepared with reagents from Applied
Biosystems (Foster, CA) and the final concentrations in each sample used: PCR buffer II 1x 2
mM MgCl2, 0.05 mM dNTP, and 0.01 U/µl Taq DNA polymerase. Primers were purchased from
Eurofins MWG Operon (Huntsville, AL) and diluted to 20 µM aliquots in ultra-pure water.
Concentration of primers in master mix was 0.4 µM ACE2 F, 0.4 µM ACE2 R, 0.4 µM Neo F,
0.4 µM Neo. DNA was amplified in Eppendorf Mastercycler (Eppendorf Inc., Hauppauge, NY).
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5.2 Animal housing and care: Eight week old male mice were housed individually at 22°C with
a 12:12-hour light-dark cycle (6:30-18:30, lights on). Mice were maintained on a standard pellet
diet [29% protein, 17% fat, 54% carbohydrate, Teklad 8640 (Teklad Animal Diets, USA)] with
tap water available ad libitum. Daily food and water intake were calculated from the delta in
mass divided by n days. Cages were examined daily to assess the health of the animals. All
experimental protocols were approved by WSU Animal Care and Use Committee.

5.3 Osmotic pump surgery and infusion: Ang II was procured from Bachem (Torrance, CA)
and dissolved in dd H2O. Ang II solution was loaded into Alzet® osmotic pumps model 1004
(Cupertino, CA) to deliver 1000 ng/kg/min for four weeks. Mice were anesthetized with
isoflurane (4% induction box, 2% maintenance nose cone). The upper back shaved with clippers
and cleaned with alternating swabs of Betadine/70% ethanol 3x. A small 1 cm transverse incision
was made between the scapulae. A blunt probe was inserted to make a subcutaneous pocket in
the left lower flank. The prefilled osmotic pump was inserted cap first into the incision and
positioned in the flank pocket. The opening was closed with 5-0 silk sutures and swabbed with
Betadine. Carprofen (5 mg/kg) was injected subcutaneously (SC) for analgesia during recovery.

5.4 Radiotelemetry surgery: Radiotelemetric catheters were procured from Data Sciences
(model TA11PA-C20, Data Sciences International, St. Paul, MN) for carotid blood pressure
measurement. Mice were anesthetized with ketamine/xylazine (2:5) mixture IM [dose]. The
neck was shaved and swabbed with a Betadine solution and alcohol (disinfectant) alternating 3
times. For arterial catheters, a 5 mm vertical incision was made along the ventral neck. Using
blunt dissection, the left common carotid artery was identified. The artery was clamped and
cannulated. A sterile telemetric catheter was inserted into the artery and tied in place using a
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6-0 silk suture. The body of the transmitter was inserted in a subcutaneous pouch made on the
animal’s flank. The skin was then closed with an uninterrupted suture using 5.0 Dexon™ II
sterile sutures with CE-2 cutting needle. A flank injection of carprofen (5 mg/kg) was given SC at
the time of surgery and day 1 post op providing 48 h of analgesia. Mice were allowed to recover
for 7 days before blood pressure sampling. Measurements were taken once a week for 24 h from
9-16 weeks of age. The catheter was removed after sacrifice.

5.5 Measurement of blood pressure: Radiotelemetry was used to measure BP continuously
(500 Hz) for over a 24 h period at baseline and after four weeks Ang II infusion. The analysis
system used was the standard Dataquest A.R.T.™ system (Data Sciences International, St. Paul,
MN).

5.6 Metabolic urine collection: Mice were placed in metabolic cages for 24 h collection of urine
with free access to food and water. The urine collection tubes were loaded with 5 µL of Roche
Complete inhibitor (Roche Diagnostics, IN) and changed after 12 hours. Samples were kept at
4ºC until the 24 h collection was completed. Upon completion, the urine from each mouse was
pooled and volume recorded. Samples were spun at 1500 g for 5 min at 4°C to remove debris.
Urine was the aliquoted and stored at -80°C until analysis. Spot urine was collected in a large,
clean weigh boat by holding the mouse firmly above until the bladder was voided.

5.7 Urinary measurements: To monitor kidney function, quantitative estimation of urinary
albumin was performed using a mouse albumin Enzyme-linked immunosorbent assay (ELISA)
from Bethyl Laboratories Inc. (Montgomery, TX). Urine samples were collected and stored as
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described above. In a 96 well plate, wells were coated with 100 μl goat anti-mouse albumin
antibody diluted 1:100 in carbonate-bicarbonate buffer and incubated 1 h at room temperature
(RT). After incubation, antibody solution was aspirated from each well and washed with 200 μl
TBS-T buffer 3 times. Each well was incubated with 200 μl blocking buffer (Tris buffered saline
with 1% BSA) overnight at 4°C and washed 3 times with TBS-T the following morning. Urine
(2 μl) was diluted in 798 μl of conjugate buffer. Diluted urine (100 μl) samples were added to
wells in duplicate. At the same time, 100 μl of prepared standards were added to assigned wells
in duplicate followed by 1 h incubation. Wells were washed 5 times with TBS-T buffer. Then
100 μl HRP conjugated detection antibody (1:30,000 in conjugate buffer) was incubated for 1 h at
RT. Wells were washed 5 times with TBS-T buffer. Equal volumes of TMB substrate A and
substrate B (KPL, Gaithersburg, MD) were mixed and 100 μl of combined substrate was added to
each well. The plate was read at 450 nm in Tecan SaFire2 plate reader (Tecan Group Ltd.,
Switzerland) and sample albumin content calculated based on the standard curve.
Creatinine was measured using Quidel Corporation BoneVue® creatinine ELISA (San
Diego, CA) according to manufacturer instructions. Urine samples were diluted 1:40 in dd H 2O
and loaded in duplicate into pre-coated wells along with supplied standards. The plate was
incubated at RT for 30 m, then immediately read at 490 nm in a Tecan SaFire 2 plate reader
(Tecan Group Ltd., Switzerland). Sample creatinine was calculated based on standard curve and
dilution factor. Urinary albumin was normalized to urinary creatinine to account for variability in
glomerular filtration rate among mice.

5.8 Blood and tissue collection: Mice were decapitated using a rodent guillotine and trunk blood
collected in Li-heparin tubes and kept on ice. Organs of interest were quickly collected and flash
frozen in liquid nitrogen then transferred to dry ice. Specifically, kidneys were removed,
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decapsulated and flash frozen in liquid nitrogen and stored at -80°C until homogenization.
Kidneys were cut in half on dry ice and placed in 2 ml bead homogenizing tubes with 1.4 mm
ceramic beads and 1 ml ice cold Complete Lysis-M EDTA free buffer (Roche Diagnostics,
Mannheim, Germany) supplemented with 2.5 mM PMSF. Tissue was homogenized using
Precellys® 24 (Bertin Technologies, Montigny-le-Bretonneux, France) bead homogenizer run at
5,500 oscillations per minute (OPM) for 20 sec. followed by two minute cooling on ice of
samples then a second 5,500 OPM for 20 sec. Tissue homogenates were centrifuged at 10,000 x
g for 10 min at 4°C to remove cellular debris. Total protein content was determined in
supernatant using BSA as a standard and Bio-Rad reagent (Bio-Rad Laboratories Inc., Hercules,
CA). Trunk blood was spun down at 7,000 rpm for 10 minutes and plasma removed, aliquoted
and frozen at -80°C until analysis. Tissue was homogenized in Precellys® 24 (Bertin
Technologies, France) auto homogenizer using 1.4 mm ceramic beads in Complete lysis-M®
buffer (Roche Diagnostics, Mannheim, Germany) supplemented with 2.5 mM
phenylmethanesulfonylfluoride (PMSF). Tissue homogenate was aliquotted and stored at -80°C
until analysis.
5.8a Perfusion: Mice were injected with 0.13 mg Euthasol® IP per gram body weight. Once
unresponsive to tail pinch, the abdomen and thorax were opened for maximum exposure. The
inferior vena cava was cut and a 25 gauge needle inserted into the left ventricle. Slowly, 30-40
ml of cold PBS was infused until liver was pale. The perfusion solution was switched to cold 4%
formaldehyde in PBS and ~50 ml infused until limbs became stiff.

5.9 NADPH oxidase activity: Tissue homogenate was thawed on ice and diluted in phosphate
buffer (50 mM KH2PO4, 1 mM EFTA, 150 mM sucrose). Samples were then added in duplicate
to a white, optically opaque, 96 well plate (Corning Inc., Lowell, MA) along with lucigenin (5
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µM final concentrations). Plate was read in Safire2 (Tecan Group Ltd., Switzerland) plate reader
for 5 minutes under kinetic sampling to establish baseline. NADPH oxidase was stimulated with
100 µM NADPH and recordings taken for ten minutes. Enzyme activity was calculated from
area under the curve normalized to protein content.

5.10 Picrosirius Red staining for collagen: Paraformaldehyde fixed, paraffin embedded heart
and aorta sections (20µm) were stained with Picrosirius Red for visualization of collagen Type I
and III. This staining procedure was performed in house (WSU Lab). The method used a
Weigert’s iron haematoxylin staining kit (Scientific, Inc., Clifton, N.J.). After staining for 8 min,
slides were washed with tap water and stained with a Picrosirius Red solution containing 5 grams
of Direct Red 80 (Sigma-Aldrich, St. Louis, MO) and 500 ml of saturated picric acid solution
(Sigma-Aldrich, St. Louis, MO).

5.11 Fluorescent microscopy for superoxide: Fresh frozen kidneys were sliced on a cryostat to
30 µm thickness and mounted on gel coated slides. Slides were incubated in a humid chamber at
37°C for 30 min with 10 µM dihydroethidium initially derived from a 1 M stock solution in
DMSO and diluted further in acetone. After incubation, a cover slip was mounted using
Vectashield® hard set mounting medium (Vector Laboratories, Inc., Burlingame, CA). Large
sections of cortex were imaged at 100x magnification with a Leica microscope and camera using
fluorescent optic parameters: excitation 488-510 nm; emission 590-620 nm. All images were
captured under identical exposure conditions. Relative fluorescence was determined visually in a
semi quantitative method based on intensity of staining for each group. Representative images of
each treatment group were chosen for presentation.
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5.12 Western blot: Protein homogenate was thawed on ice and 60 µl of sample was added to
equal volume of Laemmli Sample Buffer (™ ?) with 5% β-mercaptoethanol (Bio-Rad, Hercules,
CA) and heated at 96°C for 10 min. Approximately 60 μg protein was loaded to 10% SDS-PAGE
gel and separated by electrophoresis. Proteins on gel were then transferred with Bio-Rad transfer
apparatus, (Hercules, CA) to a 0.2 μm PVDF membrane (Millipore, MA). The membrane was
blocked for 1 h with 10% non-fat milk made in 10 mM Tris buffered saline with Tween-20 (TBST) at RT. For protein expression analysis, membranes were probed with antibodies for: ACE2
(Santa Cruz Biotechnologies, CA), diluted 1:200 in 3% non-fat milk in TBS-T for 2 days at 4°C.
The membranes were then washed with TBS-T buffer 3 times for 5 minutes at RT. Membranes
were incubated for 1 h at RT with horse radish peroxidase (HRP) conjugated donkey anti-rabbit
or donkey anti-goat secondary antibodies (Jackson Immunoresearch, PA) diluted 1:40,000 in
TBS-T buffer. Blots were detected using SuperSignal chemiluminescent substrate (Thermo
Fisher Scientific, Inc., Pierce Protein Biology Products, Rockford, IL) and visualized in
Fujifilm® image analyzer LAS-3000 ImageQuant (Sunnyvale, CA) at ACE2 90 kDa. Protein
intensity was normalized to β-actin and analyzed using MetaMorph 7.6 software (Molecular
Devices, Downingtown, PA).

5.13 Renal histology: Fixed kidney halves were imbedded in paraffin, sliced (4 µm), and
mounted on coated slides. Slides were then deparaffinized and rehydrated in xylene, and
decreasing ethanol concentration baths. Sections for gross histology and mesangial expansion
were stained with hematoxylin and eosin or periodic acid-Schiff. Ten glomeruli from one kidney
of each mouse were counted. Slides for immunohistochemistry were quenched of peroxidase
activity in 3% hydrogen peroxide. Nuclei were counterstained and visualized with aqueous
hematoxylin, dried and coverslipped. Images were captured on a Leica® light microscope.
Semiquantitative analysis of staining was calculated based on degree of pathology per glomerulus
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with respect to mesangial matrix deposition, nuclei, and overall shape. Five sections from each
kidney were viewed.

5.14 Ang RIAs: Twenty four hour urine was collected from metabolic cages with 10 µl 6 N HCl.
A cocktail of protease inhibitors including 0.44 mM 1,20 orthophenanthroline monohydrate
(Sigma, St. Louis MO.), 0.12 mM pepstatin (Peninsula Laboratories, Inc., Belmont CA), 1 µM rat
renin inhibitor (AnaSpec, Inc., #WFML-1) and 1 mM Na p-hydroxymercuribenzoate (SigmaAldrich Co. LLC, St. Louis, MO) and centrifuged and plasma removed. Urine were extracted
using Sep-Pak columns activated with 5 ml sequential washes of a mixture of ethanol: water:4%
acetic acid (83:13:4), methanol, ultra-pure water, and 4% acetic acid. After the sample was
applied to the column, it was washed with ultrapure water and acetone and eluted with 3.5 ml
washes of a mixture of ethanol: water: 4% acetic acid. The sample was eluted, reconstituted and
split for the three RIAs. For Ang II, samples were reconstituted in assay buffer and for Ang I and
Ang-(1-7); a TRIS buffer with 0.1% BSA was used. Recoveries of radiolabeled angiotensin
added to the sample and followed through the extraction were 92% (n=23). Samples were
corrected for recoveries. Ang I was measured using a modified version of the Peninsula assay.
Ang II was measured using the Alpco (Windham, NH) and Ang-(1-7) was measured using the
antibody previously described (Senanayake et al and Nakamura et al). The minimum detectable
levels of the assays were 1 fmol/ml, 0.8 fmol/ml and 2.8 fmol/ml for Ang I, Ang II, and Ang-(17), respectively. Values at or below the minimum detectable level of the assay were arbitrarily
assigned that value for statistical analysis. The intra-assay and inter-assay coefficient of variation
was 18% and 22% for Ang I, 12 and 22% for Ang II, and 8% and 20% for Ang-(1-7).
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5.15 Data and statistical analysis: End point control and experimental data were compared
using factorial analysis of variance (ANOVA) for effect of group, treatment and interaction.
Modified Tukey post hoc test was used to compare means. Glucose tolerance was assessed by
area under the curve over time. Results were considered significant when p<0.05. All data were
analyzed using the software STATISTICA 7.1 (StatSoft, Inc., Tulsa, OK) and expressed as mean
± standard error of the mean (SEM). Effect of treatment is represented by the closed bar symbol
“|-------|” and effect of strain is represented by the open bar symbol “------“.
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Section VI: Results of specific aim 1

Specific aim 1: Complete lack of ACE2 in a mouse model precipitates albuminuria
To better understand the role of ACE2 in the kidney under normal, non-pathological conditions,
genetically modified mice completely lacking ACE2 expression or activity were observed
untreated. ACE2 WT and KO mice were monitored at 12 weeks for spontaneous changes in
metabolic, cardiovascular and urinary parameters. Investigation continued until 20 weeks of age
at which time mice were sacrificed and renal tissue studied for enzyme and histological changes.

6.1 Basic metabolic and cardiovascular parameters
6.1a Food, water, and urine: Total caloric intake was similar between ACE2 WT and
ACE2 KO mice. There was no significant difference in daily caloric intake measured at 20
weeks of age (fig.4a). Daily water intake was also similar between ACE2 WT and KO mice with
no statistical significance found (fig. 4b). Total daily urine output was found to mirror water
intake and was not significantly elevated in ACE2 KO mice compared to age matched controls
(fig. 4c).
6.1b Baseline cardiovascular parameters: Activity level and heart rate were similar
between ACE2 WT and KO mice during both the light and dark intervals. However, there was a
diurnal effect showing significantly increased heart rate and activity for both strains during the
dark period (Heart Rate light/dark: p<0.05; Activity light/dark: p<0.0001) (fig 5a,b).
Systolic arterial pressure (SAP) was similar among strains during the light resting period
(fig. 6a). Both ACE2 WT and KO mice pressures increased significantly during the dark active
period but there was no difference between groups (Light/Dark: F(1, 16)=58.385, p<0.00001).
There was a combined effect of strain indicating KO mice have moderately increased SAP over
the 24 h sampling period (Strain: F(1, 16)=4.8556, p<0.05).
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Diastolic arterial pressure (DAP) was not significantly different between strains during
either the light or dark period (fig. 6b). There was no strain effect as observed as with SAP but
the dark period did show a significant increase in DAP for both strains together recapitulating the
diurnal effect (Light/Dark: F(1, 21)=14.247, p<0.005).
Mean arterial pressure (MAP) was similar among strains during the light resting period
(fig. 6c). Both WT and KO mice pressures increased significantly during the dark active period
but no difference between strains. Overall, there was a strain effect indicating KO mice had
moderately increased MAP (Strain: p=0.00298. light/dark: p<0.0001) likely driven by the
increased systolic component.

6.2 Kidney function
6.2a Creatinine: Urinary creatinine concentration was calculated to provide an
estimated measurement of glomerular filtration rate. Creatinine is a byproduct of muscle
breakdown which occurs at a steady basal rate. The vast majority of creatinine is purely filtered
without any tubular reabsorption. However, approximately 10% is also secreted by the proximal
tubules creating a slight overestimation. The creatinine method was preferred here as it does not
require exogenous infusion of inulin and more complicated collection or quantification
techniques. ACE2 KO mice were found to excrete a lower creatinine concentration per ml than
ACE2 WT mice (fig. 8a) indicating a more dilute urine (p<0.005). Since plasma creatinine was
not measured to calculate proper creatinine clearance, creatinine was normalized to a 24 h time
interval. The 24 h creatinine clearance was found to be not significantly different between ACE2
WT and KO mice (fig. 8b) indicating the no difference in eGFR, but decreased water reabsorption
by the ACE2 KO kidneys.
6.2b Albumin: Albumin is the most abundant protein in blood, serving as a carrier
protein and osmotic force (fig. 9a). Under normal conditions, plasma albumin is slightly larger
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than the average kidney slit diaphragm in the filtration barrier. Presence of increased albumin in
the urine is an early marker of intrinsic glomerular damage. Daily albumin excretion was
unchanged under normal conditions in ACE2 KO mice compared with ACE2 WT mice (p=0.85).
6.2c Protein: Proteinuria is a marker for more overt kidney damage (fig. 9b). Larger
holes in the GBM translate to larger proteins passing into the urine. Total protein excretion per
day was also similar between ACE2 WT and KO mice (p=0.73). These data agreed with the
urinary albumin data since proteinuria should be preceded by a window of albuminuria but was
not detected here.
6.2d Sodium: Sodium is a major extracellular ion and essential for many aspects of life.
The kidney controls sodium secretions and reabsorption very tightly and large changes in urinary
sodium content suggest renal or prerenal problems in sodium handling. Urinary sodium
concentration (fig. 10) for both ACE2 WT and KO mice were very similar. Despite increased
total urine volume in ACE2 KO mice, sodium was unchanged between strains suggesting renal
tubule function was largely unaltered.
6.2e Ang peptides: Intrarenal RAS status is known to change independently of plasma
values but can be sampled non-invasively by measuring peptide products in the urine. After
normalization to urinary creatinine, urinary excretion of Ang II (fig. 11a) was not found to be
significantly elevated compared to ACE2 WT mice control. The same held true also for urinary
Ang-(1-7) (fig. 11b) which also failed to demonstrate a significant increase, though a similar trend
was observed. The ratio of Ang-(1-7) product to Ang II substrate (fig. 11c) was not different
between ACE2 WT and KO mice suggesting similar rates of peptide conversion. Together, these
data suggest similar rates of renal Ang II and Ang-(1-7) production between ACE2 WT and KO
mice despite lack of ACE2 enzyme activity in the KO mice group.
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6.3. Renal ACE2 expression and activity: Kidney homogenates from ACE2 KO mice
confirmed the null genotype, showing a complete lack of ACE2 expression on western blot
membranes. ACE2 WT mice showed strong bands at 90 kDa while ACE2 KO mice were void of
any expression (fig. 12a). ACE2 enzyme activity in KO mice was also undetectable while WT
mice demonstrated appreciable activity (fig. 12b) consistent with our previous experiments in
other mouse strains.
6.4 Kidney histology
6.4a Morphology: Chronic shear stress and inflammation in the kidney result in
structural changes such as mesangial expansion, hypercellularity, and collagen deposition (fig.
14). These changes were not appreciated in the PAS stained kidney sections between ACE2 WT
and KO mice at 20 weeks of age.
6.4b Fibrosis: Picrosirius red (PSR) staining of kidney sections demonstrated similar
intensity and distribution of collagen staining in both ACE2 WT and KO mice (fig 15). Both
groups had minimal areas of birefringence under polarizing light that was mostly localized
around vascular poles or the capsule.
6.5 Nephrin immunofluorescence: Immunofluorescence microscopy of nephrin content in the
slit diaphragm revealed no difference in immunostaining continuity between ACE2 WT and
ACE2 KO mice at 20 weeks of age (fig. 14). Fluorescence intensity was continuous and
unbroken throughout the glomeruli.
6.6 Renal redox status
6.6a Superoxide anion: DHE staining of kidney sections for superoxide radical
suggested a modest increase in staining intensity among the ACE2 KO mice group compared
with WT mice (fig. 16).
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6.6b NADPH oxidase activity: Renal tissue homogenates of ACE2 KO mice were
found to possess 50 % higher levels (arbitrary units) of Nox activity than WT controls (p<0.05)
(fig. 16).
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Section VII: Results of specific aim 2
Specific aim 2: Infusion of Ang II exacerbates albuminuria in ACE2 null mice
The ACE2 WT and KO mice will be infused with 1000 ng/kg/m Ang II for four weeks.
During which time metabolic, cardiovascular and urinary parameters will be monitored for
enhanced susceptibility to Ang II.
7.1 Basic metabolic and cardiovascular parameters
7.1a Food, water, and urine: Infusion of Ang II did not alter daily caloric intake
between ACE2 WT and ACE2 KO mice (fig. 4a). The dipsogenic effect of Ang II was more
pronounced in ACE2 KO mice with daily water intake was nearly double in KO + Ang II mice
compared with WT + Ang II mice (p<0.001) (fig. 4b). Furthermore, both strains showed a
significantly increased water intake compared to untreated controls (WT vs. WT + Ang II,
p<0.05; KO vs. KO + Ang II, p<0.001). Reflective of the increased water intake among KO vs.
WT mice infused with Ang II, urine output was also increased significantly (WT + Ang II vs. KO
+ Ang II, p<0.001) (fig. 4c). Total daily urine output was also increased after Ang II infusion
compared to strain controls, though significance was only found among the KO mice (KO con vs.
KO + Ang II, p<0.001). There was also a strain and treatment interaction observed
(Strain*treatment: F(3, 39)=18.638, p<0.00001).
7.1b Cardiovascular parameters: Effects of Ang II infusion produced a significant and
similar increase in SAP during the dark period among both ACE2 WT and KO mice compared
with untreated controls (fig. 7a) (Treatment: F(1, 22)=112.39, p<0.00001). There was no
significant deviation in SAP between the two strains (164.5 vs. 169.8 mm Hg) (fig. 7a).
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Chronic Ang II infusion elicited a similar pressor effect on MAP during the dark period
in both ACE2 WT and KO mice (fig. 7b). There was an effect of Ang II treatment, but no effect
of strain (Treatment: F(1, 22)=125.23, p<0.00001).
7.2 Kidney function
7.2a Creatinine: Both a strain and treatment effect on creatinine excretion were
observed after Ang II infusion (Strain: F(1, 22)=27.137, p<0.00005; Treatment: F(1, 22)=74.019,
p<0.00001). Chronic Ang II infusion also produced a significant decrease in urinary creatinine
concentration for both ACE2 WT and KO compared to their respective untreated controls (WT
vs. WT+AII p<0.001; KO vs. KO+AII p<0.001) (fig. 8a). Creatinine excretion over 24 h was not
significantly altered after Ang II infusion and no difference was detected when compared with
untreated control groups (fig. 8b). We can extrapolate the eGFR is relatively unchanged as a
result of four weeks of Ang II infusion for both ACE2 WT and KO mice.
7.2b Albumin: Daily albumin excretion was dramatically increased by chronic Ang II
infusion in both ACE2 WT and KO mice compared with untreated controls (WT con vs. WT +
Ang II, p<0.001; KO con vs. KO + Ang II, p<0.001) (fig. 9). Furthermore, ACE2 KO mice
demonstrated an enhanced susceptibility to Ang II infusion with albumin values significantly
higher than similarly treated WT mice (p<0.05). Despite a constant eGFR, albuminuria was
found to be increased as a result of Ang II infusion with the most prominent increase in the ACE2
KO group suggesting increased GBM damage.
7.2c Protein: Ang II infusion resulted in a significant increase in total daily protein
excretion in ACE2 KO mice while ACE2 WT mice were unaffected (KO con vs. Ang II, p<0.01)
(fig. 9b). These data agree with the elevated albuminuria in the ACE2 KO group further
demonstrating the degree of glomerular damage from elevated Ang II levels. The overall results
of Ang II infusion produced both a strain and treatment effect of protein excretion (Strain: F(1,
15)=12.482, p<0.005; treatment: F(1, 15)=7.7194, p=0.05).
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7.2d Sodium: Daily urinary sodium excretion was increased in ACE2 KO mice
following chronic Ang II infusion (p<0.001) (fig. 10). Sodium excretion in similarly treated
ACE2 WT mice was unaltered. In addition to the glomerular damage observed through the
spilling of albumin and protein, ACE2 KO mice also showed specific loss of sodium. It is
unclear from this measurement whether the increased sodium loss was due to tubular damage or a
compensatory mechanism for blood pressure control.
7.2e Ang peptides: Chronic Ang II infusion was shown to increase urinary excretion of
Ang II only in the ACE2 KO mice (p<0.05) (fig. 11a). ACE2 WT mice infused with Ang II
showed no increase in urinary Ang II compared to strain controls. There was also an effect of
treatment for urinary Ang-(1-7) excretion in both ACE2 WT and KO mice (Treatment: F(1,
19)=269.29, p<0.00001) (fig. 11b). Both strains responded similarly to Ang II infusion with a
significant increase in urinary Ang-(1-7) excretion when compared untreated controls (WT vs.
WT+AII p<0.001; KO vs. KO+AII p<0.001). The product to substrate [Ang-(1-7)/Ang II] ratio
increased more than three fold in ACE2 WT mice treated with Ang II (WT vs. WT+AII, p<0.001)
(fig. 11c). Conversely, ACE2 KO mice actually showed a decrease in this ratio below 1
indicating more substrate than product suggesting alternate pathways for Ang-(1-7) generation.
No significance was calculated from untreated ACE2 KO mice.
7.3 Renal ACE2 activity: Kidney homogenates from ACE2 WT mice infused with Ang II
showed a slight bump but no significant change in ACE2 activity (fig. 12b). As anticipated,
ACE2 KO mice were devoid of any activity.
7.4 Kidney histology
7.4a Morphology: Both ACE2 WT and KO mice infused with Ang II showed diffuse
mesangial matrix deposition (fig. 13). ACE2 KO mice appeared slightly worse than WT mice
due to loss of general structure and collapse of capillary loops. No change in cellularity was
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appreciated in the WT mice group but the KO mice group had decreased cellularity likely as a
result of apoptosis.
7.4b Fibrosis: Picrosirius red (PSR) staining in kidney sections demonstrated enhanced
birefringence in the cortex indicating increased collagen deposition (fig. 14). The ACE2 KO
mice group in particular had fibrosis radiating through the cortex, a finding not seen in the other
treatment groups.
7.5 Nephrin immunofluorescence: Both nephrin immunofluorescence intensity and distribution
were decreased after four weeks of Ang II infusion. Glomeruli from ACE2 WT mice post Ang II
showed decreased continuity and intensity of staining compared to WT controls. ACE2 KO mice
infused with Ang II demonstrated attenuation in immunostaining intensity as well as a marked
reduction in immunostaining distribution throughout the glomeruli.
7.6 Renal redox status
7.6a Superoxide anion: Chronic Ang II infusion significantly enhanced DHE staining
intensity in both ACE2 WT and KO mice compared to untreated controls (fig. 16). The
difference between the DHE immunofluorescence intensity was not discernible between the two
strains treated with Ang II. Ang II is a known pro-oxidant and the increased levels were not
surprising. ACE2 WT mice infused with Ang II were able to better metabolize Ang II as seen by
the reduced urinary Ang II content compared to KO mice. It is possible true superoxide levels
may be lower in WT mice but undetectable with this method.
7.6b NADPH oxidase activity: Measuring cardiovascular ROS imparts a high degree of
variability due the limited techniques available to capture the transient species. Most experts in
the field agree results must be validated by at least two independent techniques (76). Ang II
treatment had a combined effect to increase Nox activity in kidneys (Treatment: F(1, 12)=44.667,
p<0.0001) (fig. 17). Nox activity was increased in both ACE2 WT and KO mice infused with
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Ang II with respect to their untreated controls (WT vs. WT+AII p<0.001; KO vs. KO+AII
p<0.05).
Section VIII: Results of specific aim 3
Specific aim 3: Mas receptor antagonism in exacerbates albuminuria in WT mice
ACE2 WT and KO mice will be implanted with a subcutaneous drug eluting osmotic
pump at 16 weeks of age. Over the next four weeks, 8 mice in each group receive a steady dose
of 100 ng/kg/m of Mas receptor inhibitor A779. Metabolic and renal functions will be monitored
for drug related changes.
8.1 Basic metabolic parameters
Chronic systemic Mas receptor antagonism had no effect on basic metabolic parameters.
After four weeks of treatment there was no measureable difference between ACE2 WT and KO
mice with regards to daily caloric or water intake, nor was there any deviation from untreated
control mice (figs. 4a; 4b). Daily urine production, though slightly decreased was not statistically
altered from untreated mice with respect to treatment or strain (fig. 4c).
8.2 Kidney function
8.2a Creatinine: The Mas receptor is the major target of Ang-(1-7) peptide with high
levels of expression in the kidney. A four week infusion of 100 ng/kg/m subcutaneously urinary
creatinine concentration was significantly elevated in ACE2 KO after Mas blockade vs. ACE2
KO controls (p<0.05) (fig. 8a). The 24 h creatinine excretion was not significantly altered in
either A779 treated group compared with the respective strain control (fig. 8b). These data
suggest eGFR was not significantly altered by Mas receptor blockade.
8.2b Albumin: A779 infusion failed to elicit any significant alterations in 24 h albumin
excretion (fig. 9a) for either ACE2 WT or KO mice when compared with strain controls.
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8.2c Protein: As expected, 24 h protein excretion (fig. 9b) was also unchanged as a
result of A779 infusion for both ACE2 WT and KO mice compared to strain controls.
8.2d Sodium: Total daily sodium excretion (fig. 10) remained similar after A779
infusion in both ACE2 WT and KO mice strains compared to respective untreated controls.
8.2e Ang peptides: Urinary Ang II (fig. 11a) and Ang-(1-7) (fig.11b) excretion was also
unchanged as a result of A779 infusion. The only significant change in the urine after chronic
Mas receptor blockade was the ratio of Ang-(1-7)/Ang II (fig. 11c). The ACE2 WT mice had a
higher ratio overall and were more sensitive to the treatment (Strain: F(1, 19)=10.674, p<0.005;
Treatment: F(1, 19)=8.2084, p<0.01). The treated ACE2 WT had a significantly higher
conversion ratio compared to untreated WT and treated KO suggesting increased ACE2 activity
from Mas receptor feedback (WT+ A779 vs. WT, p<0.01; WT+A779 vs. KO+A779; p<0.005).
8.3 Renal ACE2 activity
ACE2 WT kidney homogenates showed enhanced ACE2 activity (p<0.005) following
four weeks Mas receptor blockade (fig. 12). The increase in ACE2 activity underscores the
importance of Mas receptor for Ang-(1-7) signal transduction as well as an active regulatory
feedback loop as suggested above by the urinary Ang-(1-7)/Ang II ratio.
8.4 Kidney histology
8.4a Morphology: Significant structural changes with respect to mesangial expansion or
hypercellularity were not appreciable between ACE2 WT and KO mice treated with A779 at 20
weeks of age (fig. 13). Focal mesangial matrix deposition was seen in glomeruli of a few sections
suggesting mild or early extracellular remodeling from Mas receptor inhibition.
8.4b Fibrosis: Collagen content was determined by PSR staining of kidney sections (fig.
14). A779 treatment mildly increased type I/III collagen staining intensity, though the effects
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were focal and much more subtle than staining observed in Ang II infused kidneys. Furthermore,
this staining did not correspond with alteration in urinary parameters measured.
8.5 Nephrin Immunofluorescence
Four weeks of A779 infusion did not alter nephrin immunofluorescence in either ACE2
WT or ACE2 KO mice compared with respective controls (fig. 14). Microscopy results agree
with urinary albumin data suggesting an intact GBM with no significant damage.
8.6 Renal redox status
8.6a Superoxide anion: Chronic Mas receptor antagonism did not significantly increase
DHE staining in frozen kidney sections of either ACE2 WT or ACE2 KO mice compared with
respective controls (fig. 16). The similar fluorescence intensities indicate little variance in
superoxide levels.
8.6b NADPH oxidase activity: As a whole, ACE2 KO mice had increased Nox activity
(Strain: F(1, 12)=10.307, p<0.01) (fig.17). Treatment with A779 also elevated Nox activity
across WT and KO mice stains (Treatment: F(1, 12)=97.170, p<0.0001). ACE2 KO and WT
mice infused with A779 had Nox activity values significantly higher than their respective
untreated control group (WT+A779 vs. WT, p<0.001; KO+A779 vs. KO, p<0.001). Nox is a
major contributor towards free radical formation in the kidney and may partially explain the
slightly enhanced collagen presence observed after PSR staining.
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Section IX: Discussion
9.1 Overview: Increasing albuminuria is an ominous clinical finding and closely monitored as a
marker for progressive nephropathy. In the US, diabetes is the most common etiology of
nephropathy and the number one cause of end stage renal disease. At this time, the only cure for
ESRD is dialysis as a bridge until a donor kidney can be procured. Early detection and
aggressive treatment are paramount in reducing the serious morbidity and mortality associated
with progressive nephropathy. Current therapeutic strategies go beyond glycemic control and
include pharmacological modulation of the renin angiotensin system. Both ACEIs and ARBs
targeting Ang II have shown to be effective in not only slowing the progression of kidney disease,
but also development of T2DM when initiated early. This research focused on ACE2, a newly
discovered enzyme in the classical RAS cascade with high affinity for Ang II degradation. The
study attempted to understand the role of ACE2 in the development of albuminuria using a
genetically modified KO mouse model. The principal results of the research work are:
1. Lack of ACE2 activity spontaneously increased water intake and urine output.
2. Systolic and mean arterial pressures were not affected by lack of ACE2.
3. Albumin excretion was unchanged in ACE2 KO mice compared with controls.
4. ACE2 KO mice were more sensitive to Ang II induced albuminuria.
5. Mas receptor blockade increased renal ACE2 activity.

9.2 Morphometrics: Sodium and water intake both influence and are influenced by the kidneys.
All mice in this study consumed the same standard chow with the same salt content. Daily
measurements of food consumption showed similar total caloric intake between ACE2 WT and
KO mice under all treatment paradigms. As such, we can extrapolate that sodium intake was also
similar. Water intake and urine output was not altered in the untreated groups. There was an “in
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vs. out” discrepancy as the water consumption measured was roughly 5 ml/day while the urine
out was only about one quarter of that. This was likely due to facets of the metabolic cages which
tend to overestimate water consumption and under estimate urine output. Regardless, all mice
groups were measured under identical conditions to allow proper comparison. Chronic infusion
of Ang II significantly increased water consumption and urine output with the most change
observed in the ACE2 KO mice. Mas blockade with A779 had no effect on water or urine
volumes suggesting changes seen from Ang II infusion were due to Ang II/AT1 signaling rather
than Ang-(1-7)/Mas pathway. Stimulation of the Mas receptor has been shown to increase water
retention in both rats and mice post water loading (212; 213). Our experiments showed neither a
diuretic or antidiuretic effect of Mas receptor inhibition in ACE2 WT or KO mice given free
access to water.
Chronic treatment of ACE2 KO with Ang II produced significant water intake and urine
output. The urine was also more dilute but overall excretion of albumin in a 24 h period was
increased. The increased urine output does not fully explain this finding as albumin should not
pass through the GBM in the absence of pathological changes. The increased water intake and
excretion may be partially attributed to elevated Ang II levels. Ang II exerts its pressor effects
across a range of systems. Centrally, Ang II stimulates salt intake, arginine vasopressin and thirst
(208). Sodium intake and excretion were unchanged in ACE2 WT mice suggesting intact renal
function in finite sodium balance along the nephron. Other possible explanations include
ultrastructure changes not appreciated under 40x power microscopy. One study of 12 week old
ACE2 KO mice found mild mesangial injury with sporadic fibrillar collagen deposition under
electron microscope (192). Other murine models with RAS manipulation were found to have
minor changes in renal structure. RAS is crucial for nephrogenesis during the metanephric phase.
ACE activity, Ang II and AT1 density are all increased during this period. Rats lacking AT1
signaling have reduced nephron mass and papilla atrophy (113; 265). This was associated with
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failure to concentrate urine and increased diuresis. Losartan treatment during lactation in rat pups
led to chronic nephropathy with reduced nephron number and albuminuria (83). Genetically
modified AT1 KO mice are also known to exhibit similar difficulty in concentrating urine (159).
The effects of RAS modulation on the developing fetus are recognized in humans as well. ACEIs
and ARBs carry black box warnings against use in pregnant women.
Mice in our experiments showed water consumption and urine output that were mildly
increased in ACE2 KO mice. We detected similar levels of Ang II in the urine of both strains but
this more accurately reflects intrarenal RAS, not central RAS which is under separate autocrine
and paracrine control. The study did not robustly measure renal function or calculate GFR, but
urinary sodium levels suggested ion transport was intact in all groups except Ang II infused
ACE2 KO mice. The vast majority of sodium reabsorption is done in the proximal convoluted
tubule and does not exclude possible defects in the renal papilla responsible for concentrating
urine.

9.3 Blood pressure: Measurements indicated blood pressure was unaltered by lack of ACE2
activity. Pressures in both strains were significantly higher during the dark interval as expected
for nocturnal animals during the active period. There was a trend for pressures in the KO mice
group to be higher during the dark period across systolic and mean arterial pressures, but none
held significance. Others groups using ACE2 KO mouse models have reported variable results.
Crackower initially found salt loading in SBH/y rats for induction of hypertension was associated
with a significant reduction in renal mRNA expression compared to normotensive SBN/y rats
though later manipulation of a murine model failed to show changes in MAP in ACE2 deficient
mice (60). Gurley summarized published results and showed change in blood pressure due to
lack of ACE2 was dependent upon genetic background. Gurley went on to show ACE2 KO
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C57Bl/6 mice do not show variability in systolic BP (111). Interestingly blood pressure was
unchanged despite increased circulating plasma Ang II levels. The lack of change in BP may be
attributed to multiple layers of BP control. It appears physiologic elevations of Ang II was
insufficient produce a pressor response without a major autonomic, vascular, or mechanical
insult. Gurley found an exaggerated pressor response in ACE2 KO mice during the initial few
days of Ang II infusion (111). Our radiotelemetry blood pressure data suggests both ACE2 WT
and KO mice have a similar response to supraphysiologic doses of Ang II.
The increased sodium excretion in ACE2 KO + Ang II mice may be a drive to expel
sodium and decrease blood pressure. Ang II strongly promotes sodium reabsorption pointing
towards a loss of tubule integrity secondary to proteinuric damage rather than a drive to lower
MAP. More likely, the dose chosen was high enough to produce a ceiling effect and a lower dose
may have revealed differences. We also did not follow blood pressure in mice after the Ang II
pumps had expired. The rate of return to baseline may be shallower in ACE2 KO mice as we
previously observed in db/db diabetic mice with decreased renal ACE2 expression. It has been
found that mice overexpressing or under expressing ACE still maintain normal blood pressure
suggesting homeostatic adaptation (149). Numerous studies have been performed in humans
looking for associations with RAS polymorphisms and hypertension. The larger studies fail to
draw any correlations, though a few studies point to susceptibility of subpopulations (28; 121).
One study in Chinese women with metabolic syndrome found those individuals with ACE2
polymorphisms were had higher diastolic blood pressures (277). Of note, this study by Zhong
only found a difference in women with the comorbidity of metabolic syndrome (277). It may be
that variation in RAS expression or activity only becomes relevant in the face of concomitant
pathology.
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9.4 Urinary parameters: The critical insult in nephropathy is glomerular injury. Ang II is
inextricably linked to the pathogenesis and works through glomerular hypertension as well as
non-hemodynamic pathways including ROS, TGF-β, tumor necrosis factor alpha ( TNF-α), and
macrophage accumulation. There have been several previous experiments in mice focusing on
the contribution of ACE2 towards DN. It was also found that T2DM db/db mice had reduced
glomerular ACE2 staining vs. non diabetic controls (269). Ye went on to show db/db mice had
exaggerated albuminuria when given ACE2 inhibitor, MLN-4760, which then was then rescued
by concomitant telmisartan treatment lending to the importance of AT1 signaling via Ang II in the
development of nephropathy (269). Streptozotocin-induced type 1 diabetic mice treated with
ACE2 inhibitor MLN-4760 had elevated albuminuria with glomerular matrix expansion (225).
This series of experiments tried to elucidate if ACE2 was essential in protecting the
kidney from nephropathy. We found the global lack of ACE2 activity does not produce
albuminuria in a murine model under normal conditions. Mice were followed up to 20 weeks of
age and no difference in albuminuria, proteinuria, or sodium excretion was found, though
creatinine concentration was different, between strains as well as after treatment. Only with
chronic infusion of supraphysiologic levels of Ang II was a difference in renal function observed.
Increased albuminuria, proteinuria and sodium excretion was significantly elevated in the mice
lacking ACE2. This was correlated with increased measurements on intrarenal Ang II and
urinary Ang II. Taken together, these data suggest ACE2 is effective in attenuating Ang II
induced nephropathy. Blocking the Mas receptor pharmacologically with A779 did not alter
renal Ang II or Ang-(1-7).
Monitoring GFR levels is a routine part of CKD management. Individuals with diabetic
nephropathy may initially present with no change in GFR or even a slight increase. The increase
is not always appreciated especially if there is no baseline comparison value. This is the impetus
for urinary microalbumin screening in diabetics. Microalbuminuria of 30-300 mg/L may be
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detected before GFR changes appreciably. Once CKD has progressed to stage II or beyond,
creatinine clearance becomes critical in clinical decision making when choosing drugs and
imaging modalities. Tikellis found no difference in creatinine clearance between normal C57
mice and C57 mice treated with ACE2 inhibitor MLN or ACE2 KO mice (238). Tikellis did
observe and increase in creatinine clearance among STZ diabetic mice treated with MLN.
Unfortunately due to limited resources and tissue, we were only able to measure urinary
creatinine. This was still able to provide estimated kidney function and compare eGFR between
groups as the mice were littermates maintained under identical conditions. Urine collection
revealed ACE2 KO diluted creatinine but unchanged 24 h creatinine excretion suggesting
increased free water loss. The effect was more pronounced after Ang II infusion, though the
relative trend between ACE2 WT and KO mice remained the same. These data can be explained
by the increased water intake observed in ACE2 KO mice and the increase observed as a result of
Ang II infusion.
The presence of drastically increased urinary albumin is an ominous clinical finding
pointing towards progressive overt proteinuria and finally renal failure. Not only was
albuminuria found to be significantly elevated in Ang II infused ACE2 KO vs. ACE2 WT,
protein excretion more than doubled in ACE2 KO mice while remaining unchanged in WT.
These data indicates a higher degree of nephropathy in the ACE2 KO mice. It is possible chronic
Ang II infusion in ACE2 KO mice was capable of disrupting the GBM and large filtrate to
damage the epithelial lining of the tubules and subsequent ion transport. The distal nephron and
collecting duct is the final titration point for sodium balance and main target of Ang II and for
sodium reabsorption. Ang II infusion in mice increased sodium reabsorption at the distal nephron
unrelated to mineralocorticoid stimulation (275). Larger amounts of salt spilling in the urine after
Ang II infusion indicate a disconnect and a loss of tubular integrity.
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Presence of ACE2 conferred moderate protection from albuminuria in the face of Ang II
infusion despite a similar rise in BP. The pressor response to Ang II produced parallel increases
and plateau of SAP and MAP suggesting differences in albuminuria were not directly related to
systemic pressure natriuresis. However, pressure measurements were taken at the left common
carotid artery shorty after branching off from the aortic arch. This measurement point gives a
very good estimate of preload and afterload pressures experienced by the heart but fails to capture
glomerular capillary pressures regulated by afferent and efferent arterioles pressure as well as
glomerular capillary permeability. Rats were found to have 1000x more Ang II in the glomerulus
than in circulating plasma (217). As previously mentioned, renal hemodynamics are selfregulated by the local RAS system and do not necessarily correlate with MAP. A study in
spontaneously type 1 diabetic ACE2 KO mice also had increased albuminuria and mesangial
matrix deposition. These findings were in the face of similar serum glucose, blood pressure and
even renal Ang II levels (262).
Urinary Ang II has been shown to be a suitable substitute for intrarenal Ang II
concentration (252). We have also previously shown ACE2 is not found in the plasma suggesting
urinary Ang II content directly reflects intrarenal RAS status (80). Other studies have used
Matrix Assisted Laser Desorption/Ionization (MALDI) spectroscopy in homogenized kidney and
found a six fold increased in renal Ang II concentration in ACE2 KO mice post Ang II infusion
(111). Increases in urinary Ang-(1-7) levels have been found in essential hypertension patients
with chronic ACE inhibition while untreated patients had the lowest levels of urinary Ang-(1-7)
(86). Alternative Ang I degradation in the face of ACE blockade may explain the increased Ang(1-7) levels. Neprilysin is capable of generating Ang-(1-7) through cleaving three amino acids
from Ang I. We found Ang-(1-7) levels were increased in the Ang II infused group but not
altered with Mas receptor blockade. The high levels of Ang-(1-7) in the ACE2 KO + Ang II
group similar to WT mice suggest an alternative pathway for Ang-(1-7) generation independent
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of ACE2. Despite the similar urinary Ang-(1-7) levels, Ang II content was still highest in ACE2
KO + Ang II. The ratio of Ang-(1-7) to Ang II was also much lower in the KO + Ang II similar
to ACE/ACE2 imbalance seen in models of DN suggesting the ratio is of products is more critical
than absolute values in determining albuminuria and kidney damage. Blockade of the Mas
receptor with A779 increased the Ang-(1-7)/Ang II ratio suggesting higher catalytic conversion
through ACE2. This was confirmed by measurement of renal ACE2 activity and lays out a
positive feedback loop and the dependence of Mas receptor signaling on Ang-(1-7) in the kidney.

9.5 ACE2 in the kidney: Infusion of Ang II did not increase renal ACE2 expression or activity
when measured after four weeks of treatment. Integrating the albuminuria data we see that
presence of ACE2 conferred minor protection Ang II infusion but did not ramp up activity to
handle the increased substrate. Several researchers have shown variability of ACE2 expression
and activity in times of Ang II excess. In rats, a high salt diet decreased renal ACE2 mRNA and
protein expression (30). A study by M.C. Prieto in rats with two kidney, one clip (2K1C)
hypertension found increased endogenous Ang II while ACE2 mRNA and activity in both the
clipped and normal kidney. Prieto went on to show exogenous Ang II infusion decreased ACE2
mRNA expression and activity (202). One study of human subjects found those with chronic
kidney disease or diabetic nephropathy had higher levels of ACE2 in the urine (179). Increased
urinary ACE2 content suggests shedding and loss of intrarenal ACE2 protein expression. A small
separate study by the same group found renal biopsies from 20 individuals with T2DM and DN
had increased ACE and decreased ACE2 staining in the glomeruli and tubules (180). This
increased ACE/ACE2 ratio was positively correlated HbA1c and proteinuria and inversely
correlated with eGFR (180). Isolated human kidney tubular cells treated with Ang II increased
ACE and decreased ACE2 through the AT1/Erk pathway (147). A similar elevation in the renal
ACE/ACE2 ratio and elevated albuminuria has been observed in db/db T2DM mice (267). It
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appears the absolute ACE2 value may not be as critical as the relative expression compared with
ACE. Ang II stimulation appears to feedforward and promote ACE expression further increasing
Ang II. At the same time, ACE2 decreases resulting in a dramatic dichotomy in ACE/ACE2
expression. Mas receptor blockade with A779 did significantly ramp up ACE2 activity. This
result was anticipated based on our knowledge of the RAS system and feedback
inhibition/excitation pharmacology through the Mas receptor. ACE2 is the major source of Ang(1-7) and decreased Mas receptor stimulation by Ang-(1-7) would conceivably feedback to
increase Ang-(1-7) production.
Just as in essential hypertension, genomic studies in humans have failed to find a
consistent mutation in ACE2 to explain DN changes. A Finish study of type 1 diabetics failed to
find any association between 5 selected SNP polymorphisms of ACE2 and DN, BP, BMI or
HbA1c (91). Type 1 diabetics do not have systemic RAS disturbances seen with metabolic
syndrome in T2DM. A later Japanese study found individuals with 4 polymorphisms in the RAS
system were at a 5 fold increase of developing DN (168). Despite the lack of specific mutations
in RAS, blockade of Ang II or AT1 remains the primary pharmacological intervention.

9.6 Reactive oxygen species: The only measureable changes associated with pathology were the
redox measurements showing increased superoxide staining in the kidney possibly through
increased renal Nox activity (Nox4) (94). Ang II promotes an increased redox status two ways:
1) Persistent AT1 stimulation via Ang II is known to promote superoxide production increased
Nox activity (203) and 2), Ang II reduces expression of free radical scavengers like superoxide
dismutase (52). The former is proposed to work via AT1 activation of protein kinase C activation
of Nox in the early phase. Once Nox is activated, intracellular signaling involving Src, PI3-K and
Rac cycle to further stimulate Nox activity and superoxide generation (195).
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An elevated redox status may result in decreased vascular compliance through impaired
NO signaling or mitogen activation of profibrotic factors via TGF-β stimulation (54). Increased
prevalence on superoxide can also directly bind to NO to form peroxynitrite simultaneously
creating a new reactive oxygen/nitrogen species and decreasing NO availability. A study in
glomerular endothelial cells found the balance between NO and O2˙- determined whether the cell
lived or died such that cells with higher peroxynitrite levels underwent apoptosis (200).
Oxidative stress was likely elevated as a result of chronic Ang II infusion. Enhanced superoxide
staining in kidney sections was corroborated by increased Nox activity. Renal collagen
deposition was also similar between WT and KO mice and may be explained by the elevated Ang
II and redox status. Ang II is known to upregulate Nox in vascular smooth muscle cells and
increase superoxide production via AT1 receptor (40; 234). One experimenter found augmenting
ACE2 activity with human recombinant ACE2 (hrACE2) prevented increases renal Ang II levels
after infusion but did not alter renal Ang-(1-7) levels (276). Furthermore, hrACE2 also attenuated
DHE staining in the kidney and decreased markers of Nox expression and activity (276). It was
recently shown in an ACE2 KO mouse model, cardiac remodeling and fibrosis was Nox
dependent (35).
Oxidative stress is a key component of cellular aging and increased superoxide
production in ACE2 KO mice may lead vascular dysfunction and premature aging (75).
Oxidative stress is also profibrotic through TGF-β pathway. Fibrosis is a chronic condition and
was not appreciated by 20 weeks of age in the ACE2 KO mice but both strains infused with Ang
II showed marked renal superoxide presence and fibrosis. A779 treatment did little to provoke
superoxide levels but increased Nox activity. This did not translate to the same level of fibrosis
noted with Ang II infused mice suggesting Nox plays a lesser role in early renal fibrosis. It also
lays out the Mas receptor as a regulator of Nox activity and supports previous working showing
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Ang-(1-7) infusion decreased renal Nox activity and Nox4 expression in the spontaneously
hypertensive rat (SHR) (29).
These combined results showed loss of ACE2 enzyme activity change redox status
compared to WT within each treatment paradigm. Measurements only went up to 20 weeks of
age and results may be limited by duration. Deletion of the AT1 receptor in mice has shown
increased longevity with reduced age related pathologies (27). In particular, the investigators
found 2 protective genes upregulated in the kidneys of aged AT1 KO mice. An NAD+ gene,
Nampt that protects cells against genotoxicity and sirtuin, a histone deacetylase that defends
against oxidative stress induced apoptosis (233; 268). The mature AT1 KO mice also had
decreased atheroma formation and cardiac (211; 278). Conversely, AT1a knockin mice over
expressing the AT1 receptor had increased cardiac collagen expression (32). The redox status of
mice infused with Ang II showed increased superoxide staining and Nox activity, possibly
explaining enhanced fibrosis and collagen deposition mediated through the AT 1 pathway. This
may indicate earlier onset of age related micro and macro vascular dysfunction in the ACE2 KO
mice.

9.7 Histology: Physiological damage based on urinary parameters did not translate cleanly to
histological findings. PAS staining of kidney sections did not reveal Ang II produced noticeable
increases in glomerular extracellular matrix debris and renal fibrosis in both ACE2 WT and
ACE2 KO mice but no difference between groups was detected. Redox status elevated as a result
of excess Ang II but again no difference between groups was detected though a trend was
observed. The site of injury occurs at the glomerular basement membrane. The podocytes may
efface from the capillaries when the slit diaphragm between interdigitated podocyte foot
processes breaks down allowing for progressively larger filtrate to flow out of the fenestrated
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capillaries. As larger proteins pass through, the tubule is damaged by larger foreign filtrate. We
surmise electron microscope investigation of the podocyte would likely show a higher degree of
podocyte derangement in the ACE2 KO mice treated with Ang II vs. the WT mice with Ang II.
We were able to measure nephrin staining in glomeruli to estimate GBM integrity on a more
macro scale. Nephrin is an important crosslinking bridge between podocytes and loss of nephrin
staining has been correlated with albuminuria (182). In accordance with the urinary albumin and
protein data, we found decreased and broken nephrin staining in Ang II infused mice. It was
difficult to determine if there was a difference between ACE2 WT and KO strains, but both were
clearly decreased with respect to control and A779 treated groups.
It has already been discussed that both Ang II and ROS stimulate extracellular matrix
deposition through TGF-β. Currently TGF- β is recognized as the primary cytokine responsible
for ECM and fibrotic pathobiology in DN, target genes thought the Smad2/3 pathway include
collagen PAI-1, and fibronectin (215). Others have shown hrACE2 protected Ang II infused
mice and decreased markers of renal inflammation and fibrosis (276). Picrosirius red staining of
kidney sections and microscopy under a polarizing filter results in birefringence of collagen
fibers. The PSR staining allows for simplified quantification of type I (predominantly), II, and III
collagen specific fibers against a dark background (136). Experiments showed Ang II infusion
increased collagen content along the cortex of Ang II infused mice with highest levels in the
ACE2 KO group. The Mas receptor blockade seemed to have little effect on collagen content.
There did appear to be increased perivascular birefringence in the ACE2 KO + A779 but this was
focal and not consistent throughout all samples. The increased collagen content of Ang II infused
kidney sections supports the elevated albuminuria also found in this group. Given the similar
systemic arterial pressure curves between both ACE2 WT and KO mice during Ang II infusion,
the observed fibrosis is more likely due to increased renal Ang II content in ACE2 KO mice.
Ang II infusion did not significantly increase renal ACE2 activity in WT mice though the
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presence of activity was sufficient to decrease albuminuria and fibrosis. Oxidative stress is also
known to increase fibrosis through TGF- β stimulation (141). We found increased Nox activity
and DHE staining for superoxide among Ang II treated mice supporting the link between Ang II,
ROS and fibrosis in the kidney. Interestingly, the A779 infused mice also had increased Nox
activity in both ACE2 WT and KO but no major increase in DHE staining. Superoxide
generation is not a one way path and there are several scavengers such as SOD, GSH, and
catalase that help scavenge electrons. It is possible ROS scavengers were much higher in A779
treated mice through lack of degradation or increased expression. More time may have been
needed to appreciate the damage from chronically elevated Nox activity in the A779 treated
group. Increased cardiac fibrosis in aged AT1 KO mice took over 2 years to appreciate (27).
Furthermore, redox status of tissue is not solely dependent on Nox activity.
Overall, histological change between strains and treatment groups was remarkably
mundane despite the variation in renal damage. It may be the duration of treatment was too acute
to appreciate renal damage associated with Ang II infusion. Given the similarities in blood
pressure between WT and KO mice within treatment groups, we can anticipate local changes in
renal RAS and arteriole/capillary pressures are responsible for differences in histology. Murine
models are notorious for resisting renal damage. The Diabetic Complications Consortium (DCC)
recognizes this fact and is actively involved in developing models that more accurately reflect the
human disease process.
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Part 2. The Role of ACE2 in Glucose Homeostasis
Section I: Introduction
1.1 Obesity: The most recent data from National Health and Nutritional Examination Survey
(NHANES) found greater than one thirds of the US adults are obese, with a body mass index
(BMI) of ≥30 (88). The increasing prevalence of obesity is blamed, in part on over nutrition,
especially of carbohydrates and more sedentary behavior (5). Obesity is no longer an adult
problem, 31.7% of children and adolescence were at or above the 85 percentile of BMI for age
(191). This places a large portion of the current population at risk for many associated
comorbidities, such as diabetes, hypertension and cancer. Simply relying on BMI is not the most
accurate gauge of obesity or associated comorbidities. The BMI calculator [weight (Kg)/height
(m2)] does not take into account variation in body composition. The assumption is that increases
in BMI are due to increases in body fat. However, the BMI index provides a rapid screening tool
for healthcare professionals and is accurate for most individuals. Other measurements such as
waste to hip ratio can help better determine fat mass and associated risks. In fact, rates of T2DM
have paralleled obesity affecting over 26 million, or roughly one in ten Americans.

1.2 Obesity and type 2 diabetes mellitus: The occurrence of T2DM has reached epidemic rates
in the United States and western countries (181). It is estimated that US children born in 2000
have a greater than 1 in 3 lifetime risk of being diagnosed with diabetes mellitus (186). Genetic
predisposition to T2DM is undeniable. Monozygotic twins have a concordance rate of 70% while
the risk for dizygotic twins and first degree relatives is cut in half (169). Genetics alone cannot
explain the exponential growth of T2DM over the last two decades, especially since it parallels
the increase in obesity. It is no surprise the risk of T2DM rises sharply with incremental
increases in BMI (58). Health insurance companies were quick to realize the long-term costs
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associated with obesity. Subsidizing bariatric surgery for rapid and significant weight loss has
become a cheap short term investment to cut the cost of an individual by more than half (6).
Interestingly, 10% of type 2 diabetics are thin and ¾ of morbidly obese patients are not diabetic
(43). Clearly, obesity alone cannot cause diabetes, but can induce insulin resistance (137).

1.3 ACE2 in adipose: Adipocyte RAS is known to contribute towards hypertension and
diabetes, and is thought to be a key component in understanding the progression of metabolic
syndrome (48; 49). Studies in rats found brown adipose tissue and not the liver was the major
source for RAS during early development (103). Adipocyte progenitor 3T3-L1 cells used for in
vitro studies increase angiotensinogen expression during terminal differentiation (214). In turn,
angiotensinogen expression in adipocytes was shown to be regulated by insulin, glucocorticoids,
and fatty acids (19; 135; 210). Mouse models with RAS manipulation lacking angiotensinogen or
ACE enzyme also showed a decreased ability to store fat (133; 172). ACE KO mice were found
to have significantly lower plasma leptin levels (133). Lower body fat was attributed to increased
energy expenditure in the form of elevated fatty acid oxidation in the liver and not increased
locomotor activity. In humans, an excess accumulation of adipose mass increases circulating
Ang II which in turn feeds back to further stimulate adipose RAS through the AT 1 receptor (167;
273).
Several studies have taken place over the past two decades investigating the benefits of
ACEI and ARBs in blood pressure control. Many subpopulations in these studies experiences
secondary benefits including end organ protection and delayed onset of T2DM (81; 177).
Smaller adipocytes produce more adiponectin and help sensitize tissue to the effects of insulin.
High levels of Ang II have been shown to inhibit adipocyte differentiation and promote a feedforward effect by producing more Ang II associated paracrine signaling. Mice on a high fat diet
demonstrated early increases in epididymal and subcutaneous fat ACE2 activity (110). After 4
64

months of diet, adipose ACE2 levels fell back to base line and a significant increase in plasma
Ang II was measured (110).

1.4 ACE2 in the pancreas: The main role of the pancreas is to promote glucose homeostasis
throughout the body. Perfusion of the pancreas is critical for proper of glucose-stimulated insulin
secretion (GSIS) (239). It has been suggested that pancreatic RAS is an important modulator of
islet blood flow. During hyperglycemia and diabetes, changes in islet and β-cell RAS towards
ACE and AT1 stimulation have been observed (155). Microvessels in the endocrine pancreas are
more sensitive to Ang II infusion and ACE or AT1 inhibition (47).
Insulin is released in two phases: the first phase is fast, occurring 10-15 minutes after
stimulation such as a meal. Excessive Ang II negatively affects insulin through islet perfusion
and first phase insulin release (67). Blockade of Ang II via ACE or ARBs reduced new onset of
diabetes by 25% compared to patients on non RAS blocking antihypertensives (13; 17).
Furthermore, HbA1c levels were improved in patients on RAS blockade suggesting long lasting
glycemic control (3).
Loss of first phase GSIS is considered a predictor for diabetes and can be tested for using
a glucose tolerance test (44). ACE2 KO mice were found to have age dependent increases in
glucose tolerance testing as well as insulin tolerance testing suggesting impairment of first phase
insulin release (190). Insulin sensitivity tests in ACE2 KO mice were similar to WT suggesting
unchanged insulin sensitivity of peripheral tissue (190). Increased fasting glucose despite similar
body weights (34).
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Section II: Statement of the problem
Alteration in the RAS is widely believed to contribute to kidney disease in diabetes.
Whereas ACE promotes the formation of angiotensin II, AEC2 degrades Ang II into Ang-(1-7).
ACE2 is expressed at high levels in vascular and endocrine tissue including the heart, kidney,
adipose and pancreas. Distribution is similar to that of ACE, often colocalizing in the same cells.
In fact, organs and tissue most significantly compromised in T2DM share the commonality of
high ACE2 expression. There is evidence that Ang II modulates insulin resistance (108; 222;
223). Conversely, long term treatment with Ang II receptor inhibitor, losartan, lowered the risk
of developing diabetes (164). Accumulating data suggest a protective role of ACE2 in diabetes
impacting both the pancreas and the kidney (34). Others have found ACE2 to be protective in the
β-cells and islets of the pancreas (110). ACE inhibition increased hepatic sensitivity to insulin
(242). Excessive Ang II stimulation caused poor perfusion, β-cell loss and pancreatic
dysfunction. The role of ACE2 in diet induced obesity and the contribution to diabetes remains
unclear. Others have looked at the production of Ang II in adipose tissue but the influence on the
pancreas is uncertain.
Several studies have demonstrated ACE2 inhibition or deletion in type 1 diabetic models
exacerbates albuminuria and renal damage which was attenuated by infusion of hrACE2 (193).
The role of ACE2 in T2DM has not been as extensively researched and is mainly limited to the
db/db mouse model. We reported that db/db type 2 diabetic mice had reduced renal ACE2
expression along with severe albuminuria. Others have shown a distinctive pattern of ACE and
ACE2 expression in kidneys from diabetic mice such that glomerular ACE2 expression is
decreased and ACE is increased in the db/db mice (267). Overexpression of ACE2 in the
pancreas of db/db mice was shown to protect beta cell integrity (33). It is unknown whether
ACE2 KO mice are more susceptible to the effects of diet induced obesity with respect to both
insulin resistance and development of renal damage.
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Section III: Central hypothesis
Our central hypothesis is that ACE2 functions to protect against obesity induced diabetes and
subsequent albuminuria. To test this hypothesis we will use a genetic altered murine model of
global ACE2 deficiency maintained on a high fat diet to promote obesity and glucose intolerance.
Once diet induced obesity has been established, urine will be interrogated for changes in albumin.
These mice will be investigated with the following two specific aims.
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Section IV: Specific aims
4.1 Specific aim 1: Diet induced obesity impairs glucose tolerance in ACE2 KO mice.
ACE2 KO mice and age matched WT mice will be fed a high fat diet (60%) from 8-20 weeks of
age to promote insulin resistance. During this period: caloric intake, water consumption, body
weight, and percent body fat will be monitored. After 12 weeks of HF diet, a glucose tolerance
test will be performed before sacrifice. Plasma will be measured for markers of insulin resistance
including: leptin, adiponectin, insulin, triglycerides, and cholesterol.
4.2 Specific aim 2: Diet induced obesity promotes albuminuria in ACE2 deficient mice.
ACE2 KO and WT mice will be placed on a HF diet for 12 weeks. After this time course, urine
will be collected for determination of volume, albumin, protein, and sodium. Mice will be
sacrificed and kidneys collected for protein analysis and histological correlation.

68

Section V: Materials and methods
5.1 ACE2 Mouse Genotyping: See Part 1 Materials and methods.
5.2 Animal housing and care: Eight week old male ACE2 WT and KO mice were housed
individually at 22°C with a 12:12-hour light-dark cycle (6:30-18:30, lights on). Mice were
maintained on a standard pellet diet (29% protein, 17% fat, 54% carbohydrate, Teklad 8640
[Teklad Animal Diets, USA]) or high fat diet (20% protein, 60% fat, 20% carbohydrate, Research
Diets D12492 [Research Diets Inc., New Brunswick, NJ]) with tap water available ad libitum.
Daily food and water intake were calculated from the delta in mass divided by n days. Cages
were examined daily to assess the health of the animals. All experimental protocols were
approved by WSU Animal Care and Use Committee.
5.3 Metabolic urine collection: See Part 1 Materials and methods.
5.4 Urinary measurements: See Part 1 Materials and methods.
5.5 Glucose tolerance test: Mice were fasted for 16-18 hours (overnight) with cage change to
ensure complete absence of food from habitat. Free access to water was maintained. The
following morning, a 50 mg/ml glucose stock solution was prepared by dissolving 0.5 g of
dextrose, anhydrous in 10 ml of sterile distilled water. The mouse was restrained, and <1 mm
was cut from the tail yielding approximately 2 µ of blood. Blood glucose was measured using
FreeStyle Freedom Light glucometer and test strips. Following the fasting measurement, mice
were injected with glucose solution (1.5 mg/g, IP) and tail vein blood was sampled at 15, 30, 60,
90, 120 minutes after injection. Glucose readings were plotted as a time course and glucose
tolerance was calculated based on area under the curve.
5.6 Blood and tissue collection: See Part 1 Materials and methods.
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5.7 Plasma measurements: Frozen plasma samples (40 µl) were analyzed at the University of
Cincinnati Mouse Metabolic Phenotyping Center (UC MMPC, Cincinnati, OH). Insulin, leptin,
glucagon, glucose, adiponectin, triglycerides and cholesterol were measured according to the
methods and techniques previously established at the center.
5.8 Morphometric analysis: Body composition was measured via quantitative nuclear magnetic
resonance using the EchoMRI-100 (Echo Medical Systems, Houston, Tx). The EchoMRI-100
was calibrated with provided standard before each round of measurements. Live, unanaesthetized
mice were placed in provided restraining tube and inserted into the magnetic cavity. A rapid scan
was performed (<2 min) yielding whole body fat, lean tissue mass, free water and total body
water.
5.9 ACE2 enzyme activity: ACE2 activity was measured using fluorogenic substrate 7-McaAPK(Dnp) which is specific for ACE2 as described before (Vickers et al., 2002; Guy et al., 2003)
with some modification. Fluorescence of Mca is quenched by Dnp group until cleavage by
ACE2. After cleavage fluorescence was detected at Excitation: 328 nm and Emission: 393 nm
(FusionR Packard plate reader). ACE2 activity was measured in presence of 10 mM lisinopril, an
ACE inhibitor, to prevent any interference from ACE. Four microliter (40 µg) of pancreas
protein were incubated with the substrate in a buffer (50 mM Tris, 5 mM ZnCl2, 150 mM NaCl,
10 µM lisinopril) at 37° C. The plate was read at 0, 1, 2, 3, and 4 h. The results were expressed as
pmoles/hr/µg protein of cleaved substrate.
5.10 Renal NADPH oxidase activity: Kidney tissue homogenate was thawed on ice and diluted
in phosphate buffer (50 mM KH2PO4, 1 mM EFTA, 150 mM sucrose). Samples were then added
in duplicate to a white, optically opaque, 96 well plate (Corning, Lowell, MA) along with
lucigenin (5 µM final concentration). Plate was read in Safire2 (Tecan Group Inc., Switzerland)
plate reader for 5 minutes under kinetic sampling to establish baseline. NADPH oxidase was
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stimulated with 100 µM NADPH and recordings taken for ten minutes at 37°C. Enzyme activity
was calculated from area under the curve normalized to protein content.
5.11 Fluorescent microscopy: See Part 1 Materials and methods
5.12 Renal histology: See Part 1 Materials and methods
5.13 Data and statistical analysis: End point control and experimental data were compared
using factorial ANOVA for effect of group, treatment and interaction. A modified Tukey post
hoc test was used to compare means. Glucose tolerance was assessed by area under the curve
over time. Results were considered significant when p<0.05. All data were analyzed using
STATISTICA 7.1 StatSoft, Inc. and expressed as mean ± SEM. Effect of strain is denoted by the
closed bar symbol “|-----|” and effect of treatment is denoted by the open bar symbol “-----“.
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Section VI: Results of specific aim 1
Specific aim 1: Diet induced obesity impairs glucose tolerance in ACE2 KO mice
ACE2 KO mice and age matched WT were fed a high fat diet (60%) from 8-20 weeks of
age to promote insulin resistance. During this period: caloric intake, water consumption, body
weight, and percent body fat were monitored. After 12 weeks of HF diet, a glucose tolerance test
was performed before sacrifice. Plasma was measured for markers of insulin resistance
including: leptin, adiponectin, insulin, triglycerides, and cholesterol.
6.1 Basic metabolic parameters
6.1a Caloric intake: Increased daily caloric intake is linked to excess adipose tissue and
insulin resistance. Both ACE2 KO and WT mice consumed the same total number of calories of
standard at 20 weeks of age (fig. 18a). Twelve weeks of HF diet produced a treatment effect to
significantly increased daily total caloric intake for ACE2 KO and WT mice over normal chow
controls mice (Treatment: F(1, 19)=7.9116, p<0.01).
6.1b Water consumption: ACE2 KO mice consumed significantly more water per day
than WT littermates at 20 weeks of age (fig.18b). Twelve weeks of HF diet decreased water
intake as an effect of diet in both WT and KO mice with a similar trend as control mice
(p<0.001). The HF diet also produced a strain effect such that KO mice drink more water overall
(p<0.01).
6.1c Urine output: Daily urine output was decreased in accordance with decreased
water intake in both strains after 12 weeks of HF treatment (fig. 18c). There was an effect of
treatment (p<0.05) but not strain observed in our measurements.

6.2 Body weight and percent body fat: At eight weeks of age, total body weight was similar
between ACE2 KO and WT mice (fig. 20a). There was also no difference in percent body fat
mass as determined by EchoMRI™ measurements and normalized to lean mass (fig. 20b).
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ACE2 KO and WT mice gained body weight at a similar rate over the 12 week HF diet
regimen (fig.19a) resulting in similar final total body weights between AE2 KO and WT mice
(fig. 20a). The increased body weight was largely attributed to body fat. Twelve weeks of HF
diet increased percent body fat of ACE2 KO and WT mice in parallel (fig. 19b). At the time of
sacrifice, no body fat significance between WT and KO mice strains on HF diet was detected (fig
20b).
6.3 Glucose homeostasis
6.3a Fed glucose, fasted glucose, and glucose tolerance: Glucose measurements of
ACE2 KO mice and WT mice were taken during both the fed and fasted state to determine the
overall ability of the mice to maintain normal blood glucose levels. Fed glucose samples were
moderately, but non-significantly elevated in ACE2 KO mice compared to WT mice (p=0.0797)
(fig 21a). Blood glucose values following an overnight fast (16 h) were both significantly
depressed to the similar levels (fig 21b). All mice were injected with 1.5 mg/g glucose intra
peritoneal immediately after capturing the fasted time point. Over the next two hours, ACE2 WT
and KO mice produced parallel curves of changing blood glucose in response to the glucose
challenge (fig. 22a). The area under the curve of blood glucose values showed no variation
between ACE2 WT and KO mice.
The ability of the body to handle changes in blood glucose levels can be determined
across a variety of tests. Random fed glucose provides a quick and rough estimate of glucose
levels throughout the day. The HF diet produced a treatment effect, increasing fed glucose levels
for ACE2 KO and WT groups (Treatment: F(1, 27)=5.5676, p<0.05) (fig. 21a). There was also a
strain effect revealing an overall elevated fed glucose in ACE2 KO mice (Strain: F(1,
27)=7.9714, p<0.01). The ACE2 KO mice on a HF diet had higher fed glucose levels than age
matched ACE2 WT on standard chow (p<0.05). Overnight fasted (16 h) blood glucose levels that
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were elevated with respect to HF diet (Treatment: F(1, 27)=19.584, p<0.0005). There was also a
strain specific response such that ACE2 KO mice demonstrated enhance susceptibility to the
effects of HF diet on fasted glucose (Strain: F(1, 27)=5.4926, p<0.05). Specifically, ACE2 KO
mice showed an elevated fasted glucose while ACE2 WT did not show a significant change in
fasted glucose compared to age matched controls on normal diet (ACE2 KO HF vs. ACE2 WT
HF, p<0.001; ACE2 KO HF vs. ACE2 KO SF, p<0.001) (fig. 21b). The HF diet also invoked
impaired glucose tolerance following an intra-peritoneal 1.5 mg/g glucose challenge. Peak value
and total area under the curve were substantially elevated in mice on HF diet with respect to both
treatment and strain (Treatment: F(1, 25)=69.819, p<0.00001; Strain: F(1, 25)=7.8767, p<0.01)
(fig. 21b). ACE2 KO mice had the greatest increase in AUC, surpassing the peak values and
AUCs of both control ACE2 KO mice and HF ACE2 WT mice (KO HF vs. KO SF, p<0.001; KO
HF vs. WT HF, p<0.01) (fig. 22c).
6.4 Plasma hormones; insulin, glucagon: Insulin is responsible for facilitating blood sugar
intake by tissue. Insulin has a cyclical pattern throughout the day as well as short increases in
response to a bolus. Glucagon works opposite of insulin to increase blood sugar by converting
glycogen to glucose in the liver. The balance of these two hormones is essential to keep blood
glucose levels in check. Plasma insulin levels at the time of sacrifice were significantly lower in
ACE2 KO mice compared to control mice (p<0.05) (fig. 23a). Glucagon levels in the plasma of
ACE2 KO mice were comparable that of WT mice (fig. 23b).
Plasma insulin values at the time of sacrifice were significantly elevated in both ACE2
KO and WT mice (fig. 23a). There was an effect of treatment and both mice strains showed
significant increases over their respective normal chow groups (Treatment: F(1, 24)=21.263,
p<0.0005; KO HF vs. KO SF, <0.05; WT HF vs. WT SF, p<0.05 ). The trend of higher plasma
insulin was also observed in ACE2 WT mice vs. KO mice on a HF diet similar to that seen in
ACE2 KO and WT mice on standard chow, though at this time was not significant. There was an
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effect of treatment, though significance between mice strains was lost after diet-induced obesity
(DIO) Plasma glucagon was unchanged between ACE2 KO and WT mice, though the HF diet
depressed both values relative to control mice on normal chow (fig. 23b).
6.5 Plasma Adipokines; adiponectin and leptin: Adipokines are systemically circulating
hormones produced almost exclusively in adipose tissue. Adiponectin drives towards insulin
sensitivity in peripheral tissue and promotes fatty acid oxidation. Plasma adiponectin was not
altered in ACE2 KO mice on a SF diet (fig. 24b). Leptin is released by adipose and functions
centrally to stimulate satiety. Plasma levels directly correlated with overall fat mass (fig. 24a).
In the ACE2 KO mice, plasma leptin levels were slightly increased without significance
compared to ACE2 WT mice.
Consumption of HF diet for 12 weeks elevated plasma adiponectin levels and produced
an effect of treatment (Treatment: F(1, 24)=19.130, p<0.0005) (fig. 24b). There was no
difference between the WT and KO mice strains. Leptin increased nearly 20 fold after diet
induced obesity showing and effect of treatment (Treatment: F(1, 21)=37.148, p<0.0001) (fig.
24a). Once again there was no difference between the mice strains.
6.6 Plasma lipids; triglycerides and cholesterol: Plasma triglycerides are the main lipid found
in fat cells and a ready fuel for beta oxidation. ACE2 KO mice showed insignificantly lower
levels of plasma triglycerides (fig. 25a). Cholesterol is an essential precursor of steroids,
essential for inflammation, metabolism, growth and gender differentiation. Plasma cholesterol
levels in ACE2 KO mice followed a similar trend as triglycerides but again there was no
significant difference between ACE2 KO and WT mice (fig. 25b).
Total circulating triglycerides were up in both ACE2 WT mice and KO mice (fig. 25a).
There was an effect of treatment and ACE2 KO mice with DIO showed a significant increase for
KO mice on a SF diet (Treatment: F(1, 22)=16.263, p<0.001; KO HF vs. KO SF, p<0.05 ).
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Cholesterol was also significantly elevated in ACE2 KO and WT mice with DIO with respect to
both strain and treatment (Strain: F(1, 24)=6.6941, p<0.05; Treatment: F(1, 24)=382.45,
p<0.00001, KO HF vs. KO NC, p<0.001, WT HF vs. WT SF, p<0.001) (fig. 25b). The ACE2 KO
mice showed the greatest increase in plasma cholesterol, significantly more than ACE2 WT mice
(KO HF vs. WT HF, p<0.005).
6.7 Pancreas; ACE2 activity: Pancreas homogenates of control ACE2 WT mice and HF ACE2
WT mice were investigated for ACE2 activity (fig. 26). Diet induced obesity very clearly
increased pancreatic ACE2 activity as determined by Mca fluorogenic substrate (WT HF vs. WT
SF, p<0.01). ACE2 activity in the pancreas of ACE2 KO mice was undetectable as anticipated.
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Section VII: Results of specific aim 2
Specific aim 2: Diet induced obesity promotes albuminuria in ACE2 deficient mice
ACE2 KO and WT mice will be placed on a HF diet for 12 weeks. After this time course, urine
will be collected for determination of volume, albumin, protein, and sodium. Mice will be
sacrificed and kidneys collected for protein analysis and histological correlation.
7.1 Urinalysis
7.1a Water intake and urine volumes: As mentioned above, daily water consumption
was decreased in KO mice by HF diet. Twelve weeks of HF diet decreased water intake of ACE2
KO mice vs. SF controls (p<0.05). There was no statistical difference between the control mice.
Urine volume also decreased as a result of HF diet. This time significance was between the
ACE2 WT + SF mice and ACE2 WT + HF mice (p<0.05). These values do not agree and
indicate an anomaly in the measurements. However, the trend for decreases water intake and
urine output in the HF group is apparent from the bar graphs.
7.1b Creatinine: Creatinine concentration was decreased for ACE2 KO mice compared
to WT mice in both SF and HF diet treatments groups (p<0.05) (fig. 27a). An effect of strain was
found indicating more dilute urine in ACE2 KO mice (Strain: F(1, 20)=18.328, p<0.01). Daily
creatinine excretion was also calculated to better estimate GFR. Creatinine clearance in 24 h was
similar among SF and HF groups but an effect of treatment was found (fig. 27b) indicating HF
diet decreased creatinine excretion in general (Treatment: F(1, 20)=19.673, p<0.05).
7.1c Albumin: Albuminuria was not affected by 12 weeks of HF diet and impaired
glucose tolerance (fig. 28). Both ACE2 WT and KO mice showed similar levels of daily urinary
albumin which were not different from normal chow group. Total urinary protein was also not
significantly affected by diet induced obesity and insulin resistance (fig. 29) despite the mild
increase seen in ACE2 KO on HF diet.
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7.1d Sodium: There was an effect of HF diet on urinary sodium (Treatment: F(1,
21)=21.395, p<0.001) (fig 30). Both ACE2 WT and KO mice showed a marked decrease in daily
urinary sodium excretion compared to respective SF strain controls (p<0.05) (fig. 30). This
decrease goes beyond changes seen in urine volumes and may reflect sodium content of the diet.
7.2 Histology
7.2a Morphology: The PAS staining of all mice strains and treatment paradigms did not
reveal any major histological differences (fig. 31). There was no appreciable difference in
mesangial matrix deposition or cellularity in ACE2 WT or KO mice maintained on HF diet.
Renal function in terms of urinary parameters was unaltered so it was unlikely a change in
glomerular histology would be observed in this case.
7.2b Nephrin: Immunostaining of nephrin in the glomerulus showed no major variance
in staining intensity or distribution among all strains and treatment groups. There was some focal
fluorescent intensity observed in the ACE2 WT + HF mouse group but this was attributed to
artifact from poor perfusion technique.
7.3 Fibrosis: Picrosirius red staining did not show major changes in birefringence under
polarized light in kidney sections from ACE2 WT and KO mice after 12 weeks of HF diet (fig.
34). There appeared to be some increased collagen deposition in the ACE2 KO + HF mice
group, but this was not consistently prominent.
7.4 Renal ACE2: Renal ACE2 activity was increased after 12 weeks of HF diet in ACE2 WT
mice vs. ACE2 WT on standard chow (p<0.05) (fig. 33). ACE2 KO mice showed no ACE2
activity.
7.5 Redox status
7.5a Superoxide anion: DHE staining intensity was not altered by 12 weeks of HF diet
in ACE2 WT or KO mice compared to controls (fig. 35). Renal superoxide levels were therefore
assumed to not be increased as a result of HF diet. The lack of renal fibrosis supports these
findings.
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7.5b Nox activity: Renal Nox activity was significantly increased as an effect of diet in
mice of HF chow (Treatment: F(1, 24)=22.834, p<0.05) (fig. 36). A strain effect was also
observed such that ACE2 KO mice overall had higher Nox activity (Strain: F(1, 24)=27.295,
p<0.01). Both ACE2 WT and KO mice on HF chow had a significant increase in renal Nox
activity over their respective controls (p<0.05).
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Section VIII: Discussion
8 Discussion: The study investigated whether global lack of ACE2 activity affected glucose
handling during normal or HF diet. Other investigators have looked at ACE2 blockade or KO
mice in diabetic murine models and pancreatic response during the disease process. However, it
is not known how ACE2 deficiency affects glucose homeostasis in the face of diet induced
obesity. These results show ACE2 deficiency produced only a mild phenotype in mice with
regards to glucose handling when consuming standard chow. However, the addition of a HF diet
dramatically affected glucose homeostasis more in ACE2 KO mice than in WT mice despite
similar body mass.
Major findings:
1) ACE2 KO mice had higher percent body fat at a young age.
2) Plasma insulin levels were lower in young ACE2 KO mice.
3) High fat diet impaired fasted glucose and increased GTT AUC in ACE2 KO mice.
4) Plasma cholesterol was higher in ACE2 KO mice after HF diet.
5) High fat diet increased ACE2 activity in the pancreas.
6) High fat diet increased renal ACE activity.
8.1 Caloric intake and body composition: Daily caloric intake was the similar between ACE2
WT and KO mice on standard chow. The addition of a high fat diet significantly increased total
daily caloric intake in both strains to roughly the same level. Mice intrinsically have a well-tuned
sense of metabolic demand and rarely become spontaneously obese. However, the mice in these
experiments were not fully able to compensate for the increased caloric density. Previous studies
in our lab also found the activity level to be unchanged in ACE2 KO mice suggesting gross
caloric intake and output is not different. Total body mass was also unaltered as was body fat and
percent body fat in the ACE2 KO mice. The addition of a high fat diet caused a parallel and
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significant increase in body mass from less than 10% to roughly 30% in both strains. It was clear
from EchoMRI™ measurements this increase in weight was almost entirely attributed to
accumulation of adipose tissue. At the time of sacrifice large stores of fat were found around the
epididymis and subcutaneously as well as around major organs such as the aorta and heart. These
findings are typical of the effects of a HF diet. However, other mouse models with manipulation
in the RAS have produced variable responses to weight gain.
The trend in the literature is that mice with decreased Ang II signaling also exhibit
decreased weight gain. Complete KO of the Ang II precursor, angiotensinogen or the Ang II
receptors AT1 or AT2 provided attenuation of DIO (148; 173; 272). Pharmacological blockade
using ACEIs and ARBs was also shown effective in decreasing weight gain in rats when
consuming high fat chow (71; 153). Interestingly, we did not find the lack of ACE2 activity in
KO mice to conversely increase weight gain over WT mice. This may be partially attributed to
the short duration of treatment as most of these studies only found a difference weight gain after
4-6 months of high fat diet. Twelve weeks of high fat diet negated any significance in body fat.
Increased visceral fat is known to promote upregulation in RAS through the ACE/Ang II/AT 1
axis. The ACE2 KO mouse model may have increased sensitivity to these changes due to
inability to degrade Ang II. It is possible preconditioning occurred in the ACE2 KO mice making
them more susceptible the effects of high fat diet. We have previously found db/db mice show an
early compensatory increase of ACE2 in the renal proximal tubules. This increase was associated
with preservation of renal function until ACE2 expression dropped and ACE rose to become the
dominant enzyme. By eight weeks of age db/db mice expressed high ACE/ACE2 ratio. A
similar trend was recently observed in the pancreas of db/db mice (33).
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8.2 Glucose homeostasis: Both fasted glucose and glucose tolerance testing, two of the major
tests of diabetes and insulin insensitivity, were similar between ACE2 KO and WT mice fed
standard chow. Fed glucose was mildly elevated, but not significantly though plasma insulin was
significantly decreased in ACE2 KO mice. These were the only metabolic differences we
observed in the ACE2 KO mice. There was no problem with glucagon stimulation or maintaining
basal glucose levels. The ACE2 KO mice showed no deviation in glucose stimulated insulin
response via GTT. The response curves were overlapping and there was no calculated difference
in area under the curve. All mice in this experiment were terminated by 5 months of age. It is
possible that given more time, the trend for higher fed glucose in ACE2 KO mice may have
become significant.
Addition of HF diet for twelve weeks revealed an enhanced susceptibility of the ACE2
KO mice towards glucose dysfunction. Fed glucose was increased in both strains, but as with the
standard chow, the ACE2 KO had slightly elevated readings reaching significance vs. ACE2 WT
on normal chow. Combined, there was a strain effect such that ACE2 KO had significantly
higher fed glucose values overall compared to WT. The fasted glucose was elevated in the ACE2
KO mice on HF alone. Plasma insulin was elevated similarly after HF in both strains indicating
greater insulin insensitivity in the KO group. Furthermore, ACE2 KO on HF diet showed
significant impairment of first phase glucose stimulated insulin response during the GTT. The
ACE2 KO mice are clearly hyperglycemic and this phase of progression is characterized by loss
of β-cell secretory function by more than half (138). Response of β-cells to amino acids and
other stimuli were theoretically still intact at this point. The final step in progression of T2DM is
β-cell failure and death (201). The GTT test can delineate between early and late damage to the
pancreas before serum glucose levels are noticeably elevated (24). Ideally this creates a window
for therapeutic intervention. The GTT was especially useful in our experiments to capture the
impairment of the ACE2 WT + HF not detectable on fed or fasted glucose. It also captured the
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true extent of β-cell damage in the ACE2 KO + HF. Interestingly, the glucagon levels were
unchanged between diet and strain suggesting a possible sparing of the α-cells in the islet. The IP
GTT is limited in that it bypasses the postprandial response and incretin stimulation. Small gut
hormones such as GLP-1 are now recognized as important in insulin release and tissue sensitivity.
Incretin remodeling and signaling is now thought to be one of the major players for the rapid
reversal of T2DM after gastric bypass surgery before weight loss becomes significant. None the
less, IV glucose bolus GTT provides a standardized method for comparison. In humans, elevated
fasted glucose or poor performance during a GTT is a strong predictor for diabetes (44). At eight
weeks of age before initiation of diet, percent body fat was higher in ACE2 KO mice. Decreased
Ang II content may not be the full story.

8.3 Plasma hormones: Obesity is known to contribute towards insulin resistance through
alteration the hormone profile. An imbalance occurs with increased leptin, reduced adiponectin
and increased glucagon. Leptin and adiponectin are produced almost exclusively in adipose
tissue. Leptin is release and stimulates satiety in the brain. Children lacking leptin consume
massive amounts of food and rapidly become obese. Daily injections of leptin completely reverse
this process. Two mouse models of obesity and diabetes take advantage of this hormone. The
ob/ob mice lack leptin while db/db mice have a point mutation in the leptin receptor rendering it
ineffective. Interestingly, the db/db mice exhibit a much stronger phenotype of obesity and
insulin resistance suggesting possible non-specific stimulation of the leptin receptor by a yet
unidentified peptide. In humans, plasma leptin levels are often correlated with adipose mass,
with higher circulating levels found in the obese (59). We found no difference in leptin levels
between ACE2 WT and KO mice on normal chow, 12 weeks of HF diet increased leptin levels 10
fold in both strains. Both ACE2 WT and KO mice gained similar amounts of adipose tissue and
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similarly had equivalent leptin levels. These elevated levels may partly explain the decreased
food intake.
Leptin release is stimulated by cortisol and TNF-α implicating an inflammatory
component also observed in insulin resistance (24). High plasma leptin levels are found in the
obese but satiety is not achieved. Leptin supplementation in humans to decrease food intake has
also had limited success. It is possible there is a central insensitivity to chronically high leptin
signaling and the system must be reset for proper signaling. In humans, this also underscores the
multifactorial regulation of food consumption. Adiponectin conversely is seen to drop in those
with insulin resistance and T2DM.
Adiponectin levels in ACE2 mice on HF diet did not significantly rise in either strain.
However, overall there was an effect of treatment brought on by the HF diet. This was a
paradoxical increase as adiponectin levels are usually inversely related to adipose mass and
T2DM (18; 174). We recently found AT1a KO mice on high fat chow showed attenuated weight
gain and glucose intolerance associated with significantly elevated adiponectin levels. The
elevation the ACE2 WT and KO mice after HF diet may indicate a transient increased activity by
the adipose. The entire role of adiponectin is not clear but it seems to be a marker, reflecting the
health of the adipose tissue rather than directly improving insulin sensitivity.
Plasma lipid levels were increased in both strains following 12 weeks of high fat diet.
Circulating triglycerides (TG) were increased in both strains compared to baseline and showed
and effect of treatment. This was not surprising and expected based on volumes of literature in
animals and humans. In type 1 diabetics, fatty acid (FA) oxidation becomes a major source of
energy TG synthesis is elevated in the absence of insulin therapy (12). Insulin resistance in
T2DM promotes FA release from adipocytes and de novo FA synthesis in the liver from
increased circulating glucose this, in turn, increases cholesterol synthesis in the liver (100). The
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resultant hyperlipidemia in insulin resistance promotes plaque formation and increases
cardiovascular disease risk 3-4 fold. Unfortunately, we were not able to further investigate the
percent of high-density lipoprotein (HDL) vs. Low-density lipoprotein (LDL) was not performed
due to limited blood volumes. It is possible the ACE2 KO mice have decreased HDL and
increased LDL, characteristic of diabetic dyslipidemia (99). The plasma cholesterol was also
increased as a result of HF diet, but only significantly in the ACE2 KO group. Cholesterol is the
main precursor for cortisol and aldosterone synthesis. Elevated cholesterol levels have been
associated with a general inflammatory state that further promotes insulin resistance and RAS
activation. The use of ARBs in the LIFE trial and the Treat to Target study found a reduction of
LDL and TG in hypertensives and those with sever insulin resistance (146; 196). The lack of
ACE2 may have augmented the Ang II effect in promoting dyslipidemia in our experiment. Mice
lacking LDL receptors on a HF diet were found to have increased atherosclerosis through RAS
activation despite unchanged plasma cholesterol levels (236). The specific interplay between
cholesterol and RAS remains to be elucidated. Statins are the mainstay of hyperlipidemia
treatment today and nearly ubiquitous among patients with type 2 diabetes. By completely
blocking the HMG-CoA reductase (the rate limiting step in cholesterol synthesis) they
dramatically reduce plasma LDL cholesterol levels and proportionately reduce TG levels (100).
The use of statins has been a major step forward in the reduction of cardiovascular events in
humans and proper use of RAS inhibitors may augment that effect.

8.4 Pancreas RAS: All components of the RAS are now appreciated to be in the pancreas.
ACE2 was found to co-localize with insulin and somatostatin in the rat pancreas (84). Increased
circulating glucose levels have well been established to increase the ACE/Ang II/AT1 axis and the
pancreas is no exception. ACE2 is the major enzyme responsible for Ang II clearance and
production of Ang-(1-7). ACE2 gene overexpression directly in the pancreas of db/db type 2
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diabetic mice was found to help improve plasma glucose parameters and protect pancreatic islet
structure and function (33). First phase insulin secretion was also improved (33). We found the
ACE2 WT mice on HF had double the ACE2 activity in the pancreas of ACE2 WT on normal
chow. Other ACE2 KO colonies showed spontaneous age dependent impairment of glucose
handling in ACE2 KO mice. Both males and females were affected, though the male mice
showed the highest blood glucose levels (190). These results took 6 months to elucidate where as
our results were from 5 months of age. Both strains were maintained on a C57Bl/6 background,
though colonies were bred and maintained by each lab and not procured from a common central
source allowing for genetic drift.
Inflammation in the pancreas of type 2 diabetics traditionally has been attributed to
increased circulating lipids which were often found in obese, type 2 diabetics. Recently
contribution of local pancreas RAS has been the focus of inflammation and ROS production.
Diet induced obesity increased plasma triglycerides and cholesterol in to similar levels in both
WT and KO mice. The HF diet treatment has been shown to increase epididymal fat ACE2
activity in the short term, but chronic treatment ultimately lead to reduced ACE2 activity (110).
This led to higher circulating levels of Ang peptides, particularly Ang I and Ang II (110).
The impaired functioning of the pancreas is a combination of increased plasma Ang II
driven by more adipose tissue and increased local Ang II in the pancreas via hyperglycemia.
ACE2 WT mice were able to attenuate these effects to some extent but ACE2 KO mice showed
increased susceptibility and accelerated glucose intolerance. It is probable that given a longer
duration of treatment, the ACE2 WT mice would meet a similar fate. A recent study found 10
weeks of HF diet in C57Bl/6 mice produced pancreatic steatosis with a metabolic syndrome like
profile with hyperinsulinemia, hyperglycemia and dyslipidemia. Simultaneous treatment with
telmisartan alleviated the pancreatic lipid accumulation from HF diet (227). A small human
study in the United Kingdom found detectable plasma ACE2 was associated with increased
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fasting glucose (205). Across various models in multitude of tissue, native ACE2 operates as a
bridge to carry the organ across an insult with minimal damage. Chronic abuse ultimately leads
to ACE2 decompensation and the enzyme is lost. Decreased ACE2 is most likely through
shedding via ADAM-17 (a disintegrin metalloproteinase) known to cleave ACE2. The HF, high
glucose and high insulin have all been shown to increase ADAM-17 expression in vitro and in
vivo (87; 110; 250).
In summary, these data shows ACE2 KO mice were more susceptible to the effects of
diet induced obesity with regard to glucose homeostasis. Increased pancreatic ACE2 activity in
the WT mice on HF demonstrated attenuated effects of glucose dysfunction suggesting. This
combined data suggests pancreatic ACE2 may spare β-cell function and prolong the onset of
T2DM. Our results are in line with the success of RAS blockade in prolonging the onset of
diabetes and may provide new therapeutic targets for protection of the endocrine pancreas.

8.5 Urinary parameters: The increased rates of T2DM in this country are tightly linked with
increased prevalence of obesity (58). There is much evidence that obesity and diabetes lead to
RAS dysregulation and an increase in Ang II. Many investigators and studies have looked at
systemic changes but few have focused on tissue specific RAS. This research found ACE2 may
serve a protective role in the pancreas in attenuating the effects of DIO and insulin integrity. The
set of studies discussed here take this information one step further and look at the effects of DIO
on renal nephropathy. Increased saturated fat intake was associated with albuminuria and kidney
dysfunction in humans (163). Animal models of HF nephropathy are more difficult to create.
Typically, increased stress is placed on one kidney by performing a uninephrectomy (254). There
are no known publications to date on the nephropathy from diet induced obesity in ACE2 KO
mice.
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Quantification of urinary creatinine provides insight into the kidney function. Given the
genetic similarity and housing conditions we can extrapolate that creatinine is created at roughly
the same basal rate and should be excreted as such, spare kidney impairment or experimental
intervention. We found ACE2 KO mice in this experiment had more dilute urine with lower
creatinine concentration. This agrees with our previous set of experiments in ACE2 KO mice and
is likely attributed to structural derangement from altered renal development. Once again, daily
creatinine excretion was similar between ACE2 WT + SF and KO + SF mice suggesting a similar
creatinine clearance and properly functioning kidney. Mice maintained on HF diet recapitulated a
similar urinary creatinine concentration with ACE2 KO mice showing more dilute urine. Neither
the HF WT nor HF KO mice concentration values differed from their SF counterparts. There was
a significant decrease as an effect of treatment in the HF group from decreased urine output that
could point towards impaired creatinine clearance and kidney function. Complimentary results
suggest renal function was intact based on albumin excretion and renal histology. The decreased
creatinine excretion was likely due to decreased water intake and subsequent urine output from
the experimental diet. Reduced water intake phenomenon in the face of high fat diet has been
documented before and is more a factor of decreased protein intake over increased fat intake
(109).
Urinary albumin and protein excretion over 24 hours was not affected by 12 weeks of HF
diet in either ACE2 WT or KO mice. This measurement interval suggests no pathology is present
to leak albumin or protein through the GBM. Histology supports these findings as no
perturbations were found in the tissue with respect to glomerular morphology, nephrin staining,
or fibrosis. The lack of pathology is important to note when interpreting the decreased sodium
excretion found as an effect of HF diet. Both ACE2 WT and KO mice showed a similar and
significant decrease from SF controls indicating urinary sodium levels were more a factor of diet
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than genotype. In fact, sodium content in the HF diet was only 0.1% compared to 0.4% of the SF
diet. The lower sodium excretion was most likely a result of decreased sodium intake.
Renal Nox activity was higher in ACE2 KO mice on SF diet compared to WT mice.
Addition of the HF diet increased Nox activity in both mice strains similarly such that ACE2 KO
HF mice still had the highest renal Nox activity. This was not linked to any change in kidney
function or histology but may predict future damage if the experiment had continued for a longer
time period. ACE2 activity is one possible explanation for the lower Nox activity in WT mice.
Renal ACE2 activity was shown to increase as a result of HF diet. As previously described, Ang(1-7) and Mas receptor signaling is known to attenuate Nox activity. Here we see ACE2 acting in
a compensatory fashion under the stress of a HF diet. The true impact of this compensation was
not appreciated here as no pathology or renal dysfunction was precipitated. In humans, it takes
upwards of ten years for individuals with T2DM to develop CKD and even longer onset period
for ESRD. It is likely the duration of our experiment was not sufficient to capture and renal
disease related to ACE2 deficiency.
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Perspective
Currently over 26 million adults are suspected to have T2DM and the average age is
steadily decreasing. The first clinical trial to maintain glycemic control in youths with T2DM
was just announced in The New England Journal of Medicine (10). T2DM is the number one
cause on end stage renal disease in developed countries and increases the risk of a cardiovascular
event by 60%. The micro and macrovascular damage appear to stem from a common
derangement in the renin angiotensin system. The RAS is the major regulator of blood pressure,
sodium, and fluid balance. The kidney is one of the main sources of systemic RAS and is also
capable of synthesizing and responding to all RAS components for more finite autocrine and
paracrine control. Ang II is the major end component of RAS and binds predominantly to the
AT1 receptor for pressor effects. Obesity, insulin resistance, and cardiovascular disease all share
an underlying motif of RAS derangements such that AT1 signaling is increased either by elevated
Ang II levels and/or increased AT1 surface expression. The Fischer 344 rats which exhibit
proteinuria and insulin resistance in the absence of hypertension responded to chronic AT 1
blockade of a year with lower leptin, glucose and insulin. Proteinuria was also attenuated in
treated rats (98). As such, manipulating RAS pharmacologically to block the formation of Ang II
with ACEIs or signal transduction with ARBs has become the cornerstone hypertension therapy
and kidney protection.
A systematic review of clinical trials found ACEI or ARB vs. placebo improved renal
function, decreased progression from microalbuminuria to macro albuminuria, increased
regression from microalbuminuria to normoalbuminuria, and all-cause mortality (231). Neither
treatment modality was found to be superior in terms of protection or regression. Interestingly
combination ACEI/ARB therapy has yielded lackluster benefits and even was inferior to
monotherapy for certain renal outcomes (170; 271). The future of multi-RAS blockade is still
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under investigation and ACEI/ARB therapy may provide kidney protection by controlling blood
pressure in diabetics with very high blood pressure refractory to mono RAS therapy (263).
Recent strides in knowledge have expanded our understanding of the RAS system to
include more enzymes, peptides and receptors subsequent to Ang II. The discovery of the
peptidyl peptidase, ACE2, a decade ago further heightened the focus of RAS manipulation with
hopes of expanding the targets and efficacy of pharmacological RAS manipulation. ACE2
functions by degrading Ang II into peptide Ang-(1-7). The activity of ACE2 holds a twofold
benefit. In addition to clearing the pressor Ang II, it also generates Ang-(1-7) which binds to Mas
receptor to promote vasodilatory, antiproliferative and antifibrotic effects. The full story of Ang(1-7) is yet unknown and much conflicting data exist in the literature. Our experiments did find
blocking Ang-(1-7) from binding Mas receptor increased ACE2 activity through a feedback loop.
This may offer a therapeutic target to increase endogenous ACE2 activity. However, Mas
receptor blockade was also responsible with unfavorable effects such as increasing Nox activity.
What is certain is that ACE2 degrades Ang II with high efficiency preventing AT1 stimulation.
ACE2 has been found extensively in the kidney in close proximity to ACE concentrated in the
proximal tubules and vasculature further underscoring the role of ACE2 and a counterbalance
regulator of ACE. Previous work has looked at changes in ACE2 in animal models of kidney
injury. In diabetic nephropathy, ACE2 expression appears to wax and wane with the disease
progression ultimately falling dramatically in the later stages.
Microvascular and renal damage can be appropriately treated but outcomes depend on
timing of intervention, lifestyle modification, and patient compliance. The traditional approach
of strict glycemic control of T2DM did little to reduce death and aggressive glycemic control
actually increased the risk of death or renal damage. Pharmaceutical companies are now
evaluating drugs with extended durations of action to reduce pill fatigue. Injectable GLP-1
mimetics are approved for once weekly use. There are also experimental AT 1 vaccines shown to
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be as effective as ARB treatment in mice at reducing nephropathy (20). Others have tried to
increase ACE2 either by direct administration of hrACE2 or use of compounds to increase ACE2
activity. Both techniques hold challenges and true gene therapy is not a realistic option at this
point. The use of an exogenously synthesized enzyme for injection would be costly to make,
have a short shelf life, and require routine injections. Repeated administration of foreign
biological material always carries a risk of immune response which may yield the compound
ineffective over time or possibly provoke a hypersensitivity response. Trials in mice exhibited no
benefit past two weeks of treatment with hrACE2 infusion which also happens to be roughly the
time it takes for humoral B cells to produce antigen specific antibodies (266). One
pharmacological approach has shown some promise in a rat model. The use of xanthenone
(XNT) decreased blood pressure, cardiac and interstitial renal fibrosis in SHR rats, but had no
effect on normal Wistar Kyoto (WKY) rats or Sprague-Dawley rats (124).
As presented in this research, the interplay between T2DM and cardiovascular disease is
undeniable. A patient should not receive treatment for one disease process without addressing the
other. Current research suggests that RAS dysregulation is at the intersection of these two
diseases. Monitoring changes in RAS offers possible diagnostic targets for assessing degree of
injury and disease staging. Several therapies have already been discussed as well as those on the
horizon. The central target remains attenuation of Ang II either through enzyme inhibition,
receptor blockade, or enhanced degradation. Future treatment strategies are envisioned to target
tissue-specific RAS dysfunction tailored to the needs of each patient.
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Figure 1

Diabetic Complications

. Management of type 2 diabetes: new and
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Figure 2

Diagram of the basic renin angiotensin system
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Figure 3

Diagram of the renin angiotensin system including ACE2
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Figure 4
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Effect of Ang II or A779 infusion on ACE2 WT and KO mice. A) daily calorie consumption, B) daily
water intake, C) daily urine output. Daily caloric intake was determined by averaging the mass of food
consumed per mouse every other day. Delta mass was multiplied by caloric density of chow. Daily
water intake was determined by averaging consumption over two days. Daily urine output was deter
mined from 24 h output in metabolic cages. Deletion of ACE2 did not affect calorie consumption,
water consumption or urine output. Infusion of Ang II increased water intake and urine output in WT
mice vs. control. ACE2 KO mice responded to Ang II infusion with marked increases of water con
sumption and urine output vs. control KO and WT + An g II. Infusion of A779 did not alter above
measured parameters. Data are expressed as mean SEM with 6 -9 mice per group. p<0.05 vs. ACE2
control, p<0.01 vs. ACE2 WT+Ang II.
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 17
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Figure 18
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Figure 20
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Figure 21

A
Blood Glucose (mg / dl)

Fed Glucose

ACE2 WT
ACE2 KO

200
150
100
50
0
SF

B

HF

Blood Glucose (mg / dl)

Fasted Glucose
200

* #

150
100
50
0
SF

HF

-

113

ACE2 WT
ACE2 KO

Figure 22

A

Standard Fat GTT
400

ACE2 WT
ACE2 KO

mg / dl

300
200
100
0
0

30

60

90

120

minutes

B

High Fat GTT
500

ACE2 WT
ACE2 KO

mg / dl

400
300
200
100
0
0

30

60

90

120

minutes

C

GTT AUC

mg / dl / 120 min

500

* #

400

*

300
200
100
0
SF

HF

-

114

ACE2 WT
ACE2 KO

Figure 23

A

Plasma Insulin
5

ACE2 WT
ACE2 KO

ng / ml

4
3
2

*

1
0
SF

B

HF

Plasma Glucagon
0.20

ACE2 WT
ACE2 KO

ng / ml

0.15
0.10
0.05
0.00
SF

HF

-

115

Figure 24
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Figure 25
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Figure 27
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Figure 28
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Common abbreviations:
ACE

Angiotensin converting enzyme

ACEI

Angiotensin converting enzyme inhibitor

ACE2

Angiotensin converting enzyme 2

ADAM-17

A disintegrin and metalloprotease domain 17

Ang-(1-7)

Angiotensin (1-7)

Ang II

Angiotensin II

ApoE

Apolipoprotein E

ARB

Angiotensin receptor blocker

AT1

Angiotensin II receptor type 1

BMI

Body mass index

BP

Blood pressure

CKD

Chronic kidney disease

CVD

Cardiovascular disease

DIO

Diet-induced obesity

DN

Diabetic nephropathy

DHE

Dihydroethidium

ESRD

End stage renal disease

FA

Fatty acid

GBM

Glomerular basement membrane

GSIS

Glucose-sensitive insulin secretion

GTT

Glucose tolerance test

HbA1c

Hemoglobin A1c

HF

High fat

hrACE2

Human recombinant ACE2

JG

Juxtaglomerular

KO

Knockout

MAP

Mean arterial pressure

MCP-1

Monocyte chemoattractant protein 1

NO

Nitric oxide

O2˙-

superoxide

PAS

Periodic acid Schiff

PK

Protein kinase

PSR

Picrosirius red
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RAS

Renin Angiotensin system

ROS

Reactive oxygen species

RNS

Reactive nitrogen species

SEM

Standard error of the mean

SF

Standard fat

SHR

Spontaneously hypertensive rats

SOD

Superoxide dismutase

STZ

Streptozotocin

T2DM

Type 2 diabetes mellitus

TG

Triglycerides

TGF-β

Transforming growth factor beta

TNF-α

Tumor necrosis factor alpha

TZD

Thiazolidinedione

NADPH

Nicotinamide adenine dinucleotide phosphate

Nox

NADPH oxidase

UAE

Urinary albumin excretion

WT

Wild type
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