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Renin-Angiotensin-Aldosterone System in
Diabetes and Hypertension

Willa A. Hsueh, MD;1 Kathleen Wyne, MD, PhD2

Activation of the renin-angiotensin-aldosterone
system (RAAS) is the primary etiologic event in
the development of hypertension in people with
diabetes mellitus. Modulation of the RAAS has
been shown to slow the progression and even
cause regression of the microvascular and macro-
vascular complications associated with diabetes
mellitus. Early pharmacotherapy with agents that
decrease RAAS activation in the adipose tissue
have had a dramatic impact on the prevalence of
diabetes related complications. Recent data show
that preventing the development of ‘‘angry fat’’
can prevent not just hypertension but also type 2
diabetes mellitus and its associated complications.
This review updates what is known about angry
fat and the role of RAAS inhibition in preventing
the metabolic sequelae of local RAAS activation.
J Clin Hypertens (Greenwich). 2011;13:224–237.
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The growing worldwide epidemic of obesity
and diabetes mellitus continues to expand,

with a rapid decrease in the age at which diabetes
is being diagnosed. Early initiation of comprehen-
sive diabetes management is needed to prevent not
only the macrovascular complications, including
coronary artery disease, stroke, and peripheral
arterial disease, but also the microvascular compli-
cations, encompassing diabetic neuropathy,
nephropathy, and retinopathy.1–4 The macrovas-
cular and microvascular complications are more
common in persons who have type 2 diabetes
(T2DM) with pre-existing hypertension (HTN),
thus a common pathophysiology has been pro-
posed, with the renin-angiotensin-aldosterone sys-
tem (RAAS) emerging as a likely unifying
mechanism. The objective of this review is to dis-
cuss the role of the RAAS in the pathophysiology
of diabetes and hypertension and the associated
complications.

As the body mass index (BMI) increases in a
population, average blood pressure (BP) also rises.5

Obesity is an independent predictor of the develop-
ment of hypertension. It has been estimated that up
to 40% of patients with hypertension have a BMI
in the obese range and about half of individuals
with essential hypertension are considered insulin-
resistant.5 Likewise, insulin resistance and hyperin-
sulinemia increase the risk of hypertension.5 Among
patients being treated for hypertension, the risk of
new-onset diabetes is doubled in those with uncon-
trolled BP.6 With the common thread of obesity,
attention has turned to the role of adipose tissue in
the development of T2DM and HTN. Adipose tissue,
which is now recognized to be an endocrinologically
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active tissue,5,7–9 that expresses all components of the
RAAS and has its own local RAAS that is involved in
regulation of BP.10

RAAS AS AN ENDOCRINE SYSTEM
Renin is secreted by the kidney in response to
decreases in blood volume and renal perfusion.
Renin cleaves angiotensinogen to form the inactive
decapeptide angiotensin I (Ang I). Ang I is con-
verted to the active octapeptide angiotensin II (Ang
II) by angiotensin-converting enzyme (ACE) and
non-ACE pathways. Ang II is a powerful vasocon-
strictor and leads to the release of catecholamines
from the adrenal medulla and prejunctional nerve
endings. It also promotes aldosterone secretion
and sodium reabsorption, thereby increasing blood
pressure. Ang II also inhibits renin release, thus
providing a negative feedback to the system. This
cycle, from renin through angiotensin to aldoste-
rone and its associated negative feedback loop, is
known as the RAAS. Systemically, an increase in
pressure occurring after vascular injury or during
stretch, stress, turbulence, and mechanical injury
can result in mechanical stress and physical injury
to the vessel wall. The resulting localized upregula-
tion of Ang II synthetic pathways ultimately leads
to alterations in the structure and function of blood
vessels. Initially thought to be a general systemic
process, this cycle is also now recognized to occur
on a tissue level, utilizing Ang II produced locally
to regulate the vascular structure and tone in the
microenvironment of each tissue.

In addition to its pressor, proinflammatory, pro-
oxidative and salt-retaining effects, Ang II is capable
of inhibiting the action of insulin in vascular and
skeletal muscle tissue via the angiotensin type 1
receptor (AT1R), interfering with insulin signaling
through phosphatidylinositol 3-kinase (PI3K) and its
downstream protein kinase B (Akt) signaling
pathway. This inhibition can result in decreased NO
production in endothelial cells, increased vasocon-
striction, and decreased glucose transport in skeletal
muscle.11 Evidence is emerging that Ang II has detri-
mental islet cell effects, including structural and func-
tional damage induced by Ang II–mediated oxidative
stress.12 Ang II–mediated transforming growth factor
b1 (TGF-b1) production may also contribute to the
progression of hepatic fibrosis, such as in the patient
with underlying fatty liver or nonalcoholic fatty liver
disease (NAFLD).13 In the rat bile duct ligation
model, RAAS blockade with captopril attenuated the
progression of hepatic fibrosis and reduced hepatic
hydroxyproline levels and TGF-b1 and procollagen
a1(I) messenger RNA.13

Overactivation of the RAAS may lead to meta-
bolic alterations that not only impact BP but also
insulin resistance through increasing vasoconstric-
tion, increasing renal sodium reabsorption, and
stimulating aldosterone hormone secretion.14 Aldo-
sterone has been implicated in alterations in the
insulin regulatory pathway metabolic diseases
through its ability to impair insulin signaling by
downregulating insulin receptor substrate-1 (IRS-1)
in vascular smooth muscle cells.15 Local aldoste-
rone has also been implicated in worsening vascular
disease.15 Additionally, there is evidence that aldo-
sterone may worsen pre-existing alterations in glu-
cose homeostasis, as in those with metabolic
syndrome or prediabetes.16

IMPLICATIONS OF THE RAAS IN
OBESITY-ASSOCIATED HYPERTENSION
Angiotensinogen Production by the Adipocyte
Hypertension is more common in prediabetic indi-
viduals who subsequently convert to diabetes than
in those who do not convert to diabetes.17 The
intersections of the insulin signaling, the RAAS and
the nitric oxide (NO) signaling pathways, predict
that dysfunction at multiple locations is likely to
occur in persons with T2DM and HTN.18–20 The
activity of the RAAS appears to be regulated by
food intake, and overfeeding has been reported to
increase formation of Ang II in adipocytes in stud-
ies in rodents.21 Plasma aldosterone levels, likely
driven by elevated Ang II, are increased in obese
hypertensive patients, especially in patients with
excess visceral fat. A large multicenter prospective
study of newly diagnosed hypertensive patients, the
Primary Aldosteronism Prevalence in Hypertension
(PAPY) study, addressed the relationship between
BMI, aldosterone, plasma renin activity, and aldo-
sterone renin ratio.22 In the 1125 hypertensive par-
ticipants there was a positive correlation between
BMI and plasma aldosterone, independent of age,
sex, BP, or sodium intake in essential hypertensive
patients. The association was stronger in patients
with overweight and obesity, thus suggesting a
pathophysiologic link between aldosterone produc-
tion and fat deposition. This association was not
found in patients with primary aldosteronism (PA),
although such populations are enriched in the meta-
bolic syndrome, suggesting that local modulation of
the RAAS plays an etiologic role as opposed to
pharmacologic aldosterone levels, as seen in PA.
These data suggest that overactivation of the local
RAAS likely combines with modest overproduction
of aldosterone to interfere with insulin signaling,
leading to insulin resistance and inflammation.
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Fat is both a dynamic endocrine organ and a
highly active metabolic tissue.23 Adipose tissue pro-
duces and secretes an increasingly recognized num-
ber of inflammatory factors (adipose-derived
cytokines or adipokines), which play an important
role not only in the process of atherosclerosis but
also in the development of insulin resistance and
diabetes.7,22,24,25 There are at least 3 dozen sub-
stances identified as coming from fat. These include
angiotensinogen, and a variety of other inflamma-
tory factors, including plasminogen activating
factor-1; leptin; interleukin (IL) 6, which stimulates
C-reactive protein production in the liver; and IL-1.
In obesity, altered adipokine secretion with
increased production of inflammatory factors, such
as tumor necrosis factor a (TNF-a), IL-1, IL-6,
plasminogen activator inhibitor-1 (PAI-1), angioten-
sinogen and others, and decreased adiponectin,
create a proinflammatory milieu.

Adipocytes enlarge as more food is ingested.
With excessive eating, adipocyte storage capacity of
fatty acids becomes overwhelmed and adipocytes
undergo apoptosis and ‘‘burst.’’ Monocytes are
then recruited into the adipose tissue, most com-
monly in visceral fat, to engulf dead adipocytes.
These adipose tissue macrophages surround dead
adipocytes to form crown-like structures and con-
trol cytokine and hormone production by neighbor-
ing fat cells. In healthy individuals, 5% to 10% of
visceral adipocytes are macrophages. Additionally,
after recruitment into the adipose tissue, the mono-
cytes begin to store the free fatty acids (FFAs) and,
as they increase in size, they increase production of
monocyte chemoattractant protein-1 (MCP-1), thus
attracting more monocytes to enter the adipose tis-
sue, become activated, and further exacerbate
inflammation and promote lipolysis. Overeating
also increases fat cell production of MCP-1 and
other factors, which recruit more monocytes into
the adipose tissue. In obese individuals, up to 50%
of visceral adipocytes can be macrophages.26

A beneficial hormone produced from fat is
adiponectin. Adiponectin promotes insulin sensitiv-
ity by enhancing glucose intake into skeletal muscle
and decreasing hepatic glucose production through
activation of the APM kinase pathway.27 Adiponec-
tin also has potent inflammatory effects to inhibit
TNF-a and to maintain endothelial function.28

Low adiponectin levels have been clinically shown
to predict cardiovascular (CV) events. In a 10-year
study of a Hong Kong population, Chow and col-
leagues29 showed that low adiponectin levels pre-
dict hypertension in a Chinese population. In the
United States, Pischon and colleagues30 showed that

low levels of adiponectin predicted myocardial
infarction in men. Our group found that adiponec-
tin predicts coronary flow abnormalities that are
endothelial-dependent in Mexican Americans (W.
Hsueh, C. Lyon, Unpublished data). Adipose tissue
macrophages promote increased fat secretion of
inflammatory factors and decreased adiponectin.31

High levels of angiotensinogen and low levels of
adiponectin cause adipocytes to become a pressor
organ. The hyperinsulinemia of insulin resistance
has also been implicated in obesity-associated
HTN. Endothelial dysfunction can also contribute
to vascular damage and HTN. Leptin increases cen-
tral sympathetic nerve activity, leading to a rise in
BP, but does not suppress appetite, since most
obese people become leptin-resistant. Obese
humans have a 3-fold increased prevalence of
HTN, which is also a component of the diagnosis
of the metabolic syndrome. Hypertension and the
RAAS markedly increase vascular oxidative
stress.32

Angry Fat in Obesity
Angry fat is a term for adipocytes that not only
produce increased amounts of adipokines, but
undergo excess unregulated lipolysis leading to an
increase in circulating FFAs. When insulin is unable
to prevent this breakdown of fat, increased circulat-
ing fatty acid levels develop. This leads to the ecto-
pic deposition of fat, which, in liver, skeletal
muscle, and heart causes insulin resistance, mito-
chondrial dysfunction, and tissue injury, and in
pancreatic b-cells, tissue injury leading to apoptosis.
Taken together, the result of the ectopic fat deposi-
tion is tissue inquiry, insulin resistance, and T2DM
(Figure 1).

Attenuation of inflammatory capacity of adipose
tissue macrophages decreases insulin resistance and
liver steatosis, whereas enhanced inflammation,

Figure 1. Adipose is an endocrine organ. Adipose
tissue produces adipokines that send signals to many
organs to maintain basic metabolic functions.
IL-6 = interleukin-6; CRP = C-reactive protein;
TNFa = tumor necrosis factor-alpha.
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such as that created in mouse models of macro-
phage knockout of nuclear receptors such as per-
oxisome proliferator–activated receptors (PPARs),
estrogen receptor a, and others, increases insulin
resistance.24,33–36 Excess tissue fat coupled with
inflammation inhibits insulin signaling and stresses
mitochondrial b oxidation capacity, leading to mito-
chondrial dysfunction and more oxidative stress fol-
lowed by more inflammation,26,37 creating a vicious
cycle leading to further buildup of ectopic fat.
Genetic factors additionally appear to be important
determinants of mitochondrial function38 and
decreased fatty acid oxidation. The pathophysiologic
processes potentially link: (1) the development of
obesity and adipose tissue macrophages to the initia-
tion and propagation of inflammation, and (2)
inflammation to the induction of tissue and systemic
insulin resistance are illustrated in Figure 2.39

One of the major targets of angry fat is the liver.
As the liver becomes full of fat, it becomes nonre-
sponsive to insulin and causes enhanced hepatic glu-
cose production. Sixty million people in the United
States are estimated to have fatty liver with inflam-
mation and fibrosis, referred to as nonalcoholic ste-
atohepatitis (NASH).40 These sequelae of obesity are
the second most common cause of liver cirrhosis and

the third most common reason for liver transplants
in the United States. It has been suggested that ele-
vated liver enzymes and NASH are predictors of
T2DM, HTN, and atherosclerosis.41

Another organ that takes up fat is skeletal mus-
cle. Skeletal muscle that accumulates fat becomes
insulin-resistant due to an inability of insulin to
stimulate glucose uptake in skeletal muscle. But
with exercise, skeletal muscle fat is minimized and
skeletal muscles can again metabolize glucose.
Whenever skeletal muscle is insulin-resistant, car-
diac muscle is also insulin-resistant, since the heart
also depends on insulin for glucose utilization.42

The result is obesity-associated cardiomyopathy,
manifested as left ventricular hypertrophy, diastolic
dysfunction, and a diffuse interstitial fibrosis lead-
ing to heart failure.

The pancreas is also an important target of
angry fat. b-Cells undergo apoptosis in the presence
of high FFAs and glucose, resulting in a loss of
insulin and hyperglycemia. In the presence of insu-
lin resistance, even if increased insulin is produced,
it may not be enough to overcome the insulin resis-
tance so that type 2 diabetes ultimately develops.
Fat storage is a yin yang between PPAR-c and
inflammatory cytokines, like TNF-a. Activation of

Figure 2. Targets of angry fat. Activation of the RAAS in adipose tissue is associated with an increase in production
of cytokines that communicate the health of the adipose tissue to the nonadipose organs throughout the body.
PAI-1 = plasminogen activator inhibitor 1; PPARs = peroxisome proliferators-activated receptors; RXR = retinoid �
receptor; LVH = left ventricular hypertrophy.
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PPAR-c promotes fat storage by transcriptional
control of genes that mediate this process. Thus,
one of the side effects of thiazolidinediones (TZDs)
is weight gain. However, these drugs decrease vis-
ceral adiposity and redistribute adipose tissue to
subcutaneous areas. TNF-a inhibits the PPAR-c
effect. Rather than storing FFAs, there is a greater
release of FFAs, leading to accumulation of ectopic
fat.26 TNF-a also inhibits insulin signaling, which
both attenuates glucose uptake and promotes lipol-
ysis. Overall, inflammation has multiple effects in
adipose tissue to inhibit fat cell differentiation,
lipid storage formation, PPAR-c activity, and
insulin action.26

Clinical Impact of the RAAS in Angry Fat
All components of the RAAS are expressed on the
adipocyte. Adipose angiotensinogen overexpression
increases plasma levels of Ang and raises BP, under-
scoring the endocrine function of the adipocyte in
hypertension. However, there is confusion about
the role of Ang II in adipocyte metabolism, as Ang
II inhibits adipocyte differentiation but promotes
triglyceride storage.21 Ang II has also been shown
to stimulate leptin release from adipose tissue.43

The Ang II type 2 receptor (AT2R) is expressed in
fat and appears to increase fat mass in mice.
Knocking out the AT2R decreased adipocyte diam-
eter.44 Ang-II inhibition decreases weight gain in
the angiotensinogen transgenic mouse. In the angio-
tensinogen knockout mouse, adding back angioten-
sinogen to the fat cell resulted in larger fat cells.
Combining the angiotensinogen fat overexpressing
mouse with the AT2R knockout attenuates fat
mass but increases adipocyte number. Absence of

the AT2R increases BP; however, the impact of
AT2R on fat appears independent of the BP effects.

RAAS and the Metabolic Syndrome
The metabolic syndrome is identified by the pres-
ence of and ⁄or being on treatment for at least 3 of
the 5 components (Table). The local adipose RAAS
is a common pathophysiologic factor to all of the 5
components. As the waist circumference begins to
expand, it is a marker for the accumulation of vis-
ceral fat, which is the most metabolically active
adipose depot. Up to 50% of the cells in visceral
adipose tissue can be macrophages, thus this is
likely the site where the process of insulin resistance
and unregulated lipolysis initiate the activation of
the angry fat, which then spreads to other adipose
depots and directly contributes to the cascade of
inflammation, dyslipidemia, hypertension, and
hyperglycemia. The overproduction of Ang II and
activation of the AT1R, leads to increased produc-
tion of aldosterone, which impairs insulin signaling,
thus worsening insulin resistance and fueling this
vicious cycle. RAAS blockade has the potential to
break this cycle and, if started early enough, possi-
bly stop the progression of the metabolic syndrome.

RAAS activation is important in the develop-
ment of obesity-related hypertension, dyslipidemia,
and impaired glucose regulation, suggesting that
agents that inhibit the RAAS are excellent first-line
therapy.45 Treatment with RAAS blockers improves
parameters of glucose metabolism46 and can delay
or prevent the occurrence of insulin resistance and
subsequent type 2 diabetes, and has been shown to
decrease the incidence of new-onset diabetes in
patients with or without hypertension who are at

Table. Criteria for Metabolic Syndrome

Component

Factors

IDF Definition

Central Obesity Plus (Presence of or

Treatment for any 2 of 4 Factors

Below)

NHLBI ⁄ AHA

Definition (Presence of or

Treatment for any 3 of 5 Total

Factors)

Central obesity

(waist circumference)

�94 cm (in) in men or �
80 cm (in) in womena

�102 cm (40 in) in men or �88 cm

(35 in) in women
Elevated triglycerides �150 mg ⁄ dL (1.7 mmol ⁄ L) �150 mg ⁄ dL (1.7 mmol ⁄ L)
Reduced HDL

cholesterol
<40 mg ⁄ dL (1.03 mmol ⁄ L) in
men or <50 mg ⁄ dL (1.29 mmol ⁄ L)

in women

<40 mg ⁄ dL (1.03 mmol ⁄ L) in men
or <50 mg ⁄ dL (1.3 mmol ⁄ L) in women

Hypertension Systolic BP �130 or diastolic BP
�85 mm Hg

Systolic BP �130 or diastolic
BP �85 mm Hg

Elevated FPG �100 mg ⁄ dL (5.6 mmol ⁄ L) �100 mg ⁄ dL (5.6 mmol ⁄ L)

Abbreviations: AHA, American Heart Association; FPG, fasting plasma glucose; HDL, high-density lipoprotein; IDF,
International Diabetes Federation; NHLBI, National Heart, Lung and Blood Institute. aWaist circumference criteria are for

individuals of Caucasian descent; for individuals of Asian descent, values are �90 cm (in) in men or �80 cm (in) in women.
Adapted from references 111–113.
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high risk for diabetes development.47 Antihyperten-
sive treatment with agents that modulate the RAAS
can reduce the incidence of new-onset diabetes as
well as decrease BP,11,48,49 as shown in multiple
trials including HOPE,50 LIFE,51 ALLHAT,52

ALPINE,53 SOLVD,54, CHARM,55 and VALUE.56

RAAS blockade through ACE inhibitors and Ang
II receptor blockers (ARBs) has been studied exten-
sively in hypertension and coronary artery disease
and has been demonstrated to prevent CV disease and
diabetic nephropathy, while the recently introduced
direct renin inhibitor (DRI), aliskiren, is still in the
process of being studied for potential benefits beyond
BP lowering.57,58 The initial studies with RAAS inhi-
bition in people with diabetic nephropathy clearly
demonstrated that there was an effect beyond BP low-
ering. When compared with conventional antihyper-
tensive therapy, those who received RAAS blockade
consistently had greater improvement in their diabetic
nephropathy despite attaining similar BP control.59–63

The benefits of ACE inhibitors and ARBs likely
extend beyond the direct vascular effects of RAAS
blockade through clinically relevant effects of RAAS
blockade on insulin resistance and glucose homeosta-
sis.58,64 For example, a recent study in hypertensive,
obese individuals with the metabolic syndrome
showed equal efficiency of valsartan (320 mg ⁄d) and
high-dose hydrochlorothiazide (25 mg ⁄d) in BP low-
ering, but showed lower fasting glucose and high-sen-
sitivity C-reactive protein (hsCRP) with the ARB.65

This, and other similar studies clinically support the
possibility that not only a reduced incidence of dia-
betes but also a reduction of progression of the met-
abolic syndrome can occur though the decrease in
the inflammatory response combined with substan-
tial increases in adiponectin levels, enhanced endo-
thelial function, and increased NO activation;
improvement in insulin-mediated glucose uptake;
as well as structural and functional improvements
in pancreatic islets and enhancement of the recruit-
ment and differentiation of adipocytes, with conse-
quent improvement in the FFA storage capacity of
adipose tissue.66–69 These then translate into clini-
cally relevant outcomes, such as that seen in a sub-
analysis of diabetic patients from the HOPE trial,
wherein treatment with ramipril was associated
with lower CV mortality, even after adjustment for
BP reduction.70

RAAS and Insulin Resistance and
Diabetes Prevention
When hypertension trials using RAAS blockade
began reporting a decrease in the incidence of
T2DM during the trials, a great deal of interest

became focused on the possibility that an easy
method of diabetes prevention had finally emerged.
This was first formally examined with a meta-analy-
sis that confirmed the observation of a decrease in
T2DM in nondiabetic individuals treated with an
ACE inhibitor or ARB.49,71 This hypothesis was then
tested in the Diabetes Reduction Approaches With
Ramipril and Rosiglitazone Medications (DREAM)
trial, where 3 years of treatment with ramipril did
not significantly decrease the incidence of diabetes,
but it did significantly enhance regression to normo-
glycemia.64 This was also tested in the Nateglinide
and Valsartan in Impaired Glucose Tolerance Out-
comes Research (NAVIGATOR) trial, which was a
prospective, double-blind, international, randomized
clinical trial that assigned 9306 patients with
impaired glucose tolerance in 22 randomization to
either valsartan or matching placebo and the short-
acting oral hypoglycemic nateglinide or matching
placebo that was performed in 806 centers in 40
countries, with a primary end point of reducing the
risk of developing T2DM and CV events.72 In NAV-
IGATOR, use of the ARB valsartan led to a modest
but significant 14% reduction in new-onset diabetes.
Differences in the trial populations may explain the
positive result in NAVIGATOR as opposed to in
DREAM, where the patients had less metabolic syn-
drome and fewer CV risk factors. These trials have
raised a number of questions, as the hypothesis tested
was well supported by clinical observational data.
The pathophysiology supports a preventative mecha-
nism, thus it is possible that the ideal population has
not been identified or perhaps that RAAS blockade
with just an ACE inhibitor or ARB alone is not suffi-
cient. Based on the physiology reviewed above, it is
possible that an ACE inhibitor or ARB plus mineral-
ocorticoid receptor (MR) antagonism, to decrease
aldosterone, could be effective. Clinical trial data
from the Randomized Aldactone Evaluation Study
(RALES) and Eplerenone Post-Acute Myocardial
Infarction Heart Failure Efficacy and Survival Study
(EPHESUS) trials has shown that MR antagonism
improves CV outcomes.73,74 However, clinical trials
using spironolactone in people with T2DM have not
shown an improvement in glucose control. These
data suggest that prevention likely needs to begin
long before elevated glucose levels emerge. The pos-
sibility that the combination of the beneficial effects
of RAAS blockade on local RAAS plus MR antago-
nism, which can improve insulin sensitivity and oxi-
dative stress, will be sufficient to slow the disease
process in prediabetic or perhaps in metabolic
syndrome patients who are insulin resistant, is an
exciting hypothesis that now needs formal testing.
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A combination therapy approach plus modest weight
loss could potentially have long-lasting beneficial
effects on decreasing insulin resistance and endothe-
lial dysfunction thus slowing the progression to
T2DM and HTN.21,75,76

IMPLICATIONS OF THE RAAS IN
DIABETES COMPLICATIONS
Hyperglycemia has been demonstrated to play a
role in the complications associated with diabetes.
Intervention trials have shown that lowering glu-
cose levels significantly improves the microvascular
complications associated with diabetes. Glucose
lowering has a modest impact on macrovascular
complications, which only becomes apparent after
many years.77,78 Conversely, initiation of BP con-
trol in patients with newly diagnosed T2DM with
pre-existing HTN showed significant decreases in
both microvascular and macrovascular complica-
tions. While BP control has been demonstrated to
prevent macrovascular complications in diabetic
and nondiabetic populations, RAAS blockade has
an additional significant impact on slowing or stop-
ping diabetic nephropathy and a more modest but
still clinically relevant impact on diabetic retinop-
athy. Angry fat plays a role in the development of
these complications through the adipokines it
releases into the circulation. Although the retina
and the kidney have not been studied in as great a
detail as has adipose, the recent development of
techniques to isolate and culture podocytes is pro-
viding insight into the communication between the
angry fat and other tissues involved in diabetic
complications.

Recent studies have demonstrated that loss of
podocytes is an early feature of diabetic nephrop-
athy. Podocytes are highly differentiated, pericyte-
like cells that are essential for normal function of
the kidney filter. Damage to podocytes is a key
initiating factor in the pathogenesis of glomerulo-
sclerosis and proteinuria. Culturing podocytes in
high glucose leads to increases in Ang II, AT1R
expression, and prorenin receptors. These effects
can be blocked by pretreatment with an ACE
inhibitor or a DRI.79,80 Podocytes are a direct tar-
get for Ang II–mediated injury, as evidenced by
altered expression and distribution of podocyte pro-
teins. Podocyte apoptosis followed the onset of
hyperglycemia in db ⁄db and Akita mice and coin-
cided with the onset of urinary albumin excretion
(UAE). Increased extracellular glucose (30 mmol ⁄L)
rapidly stimulated generation of intracellular reac-
tive oxygen species (ROS) through nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase

and mitochondrial pathways and led to activation
of proapoptotic p38 mitogen-activated protein
kinase and caspase 3 and to apoptosis of condition-
ally immortalized podocytes in vitro. Chronic inhi-
bition of NADPH oxidase prevented podocyte
apoptosis and ameliorated podocyte depletion, uri-
nary albumin excretion, and mesangial matrix
expansion in db ⁄db mice. In addition to activation of
the local RAAS, the podocyte is susceptible to the
distant effects of the angry fat through the detrimen-
tal effects of low adiponectin and elevated FFAs. As
with many other tissues, elevated FFAs block glucose
uptake by podocytes.81 In contrast, adiponectin has
a direct protective effect on podocytes that is lost
when levels are low, such as in obesity, DM, and
CVD. This direct effect was discovered when studies
of adiponectin knockout mice found effacement and
fusion of podocyte foot processes as well as albumin-
uria and high oxidative stress in the kidney.82 Treat-
ment of cultured podocytes from adiponectin
knockout mice with adiponectin resulted in a
decrease in albumin permeability and a reduction in
NADPH oxidase 4 (Nox4), which is the dominant
NADPH oxidase in the kidney. These effects were
then verified with in vivo studies showing that exoge-
nous adiponectin administration to the adiponectin
knockout mice reduces albuminuria and oxidative
stress and attenuates podocyte damage. Thus, podo-
cytes are a physically distant but quite relevant target
of angry fat. RAAS blockade in both angry fat and
the podocyte can help to prevent the diabetic
nephropathy. Similar studies are needed in the retina
to confirm the clinical observations that RAAS
blockade with ACE inhibitors or ARBs can prevent
or slow retinopathy.

INHIBITION OF THE RAAS IN DIABETES
Role of RAAS Blockade in Prevention of Diabetes
Complications
The etiology of diabetic complications was hotly
debated until 1993 when the Diabetes Control and
Complications Trial (DCCT) demonstrated that
intensive glucose control in T1DM decreased
microvascular complications and the ACE inhibitor
captopril was shown to inhibit the progression of
diabetic nephropathy independent of BP lower-
ing.60,83 The UKPDS reaffirmed the role of glucose
control in 1998 when it demonstrated that intensive
glucose control in T2DM also decreased microvas-
cular complications.77 However, glucose control
did not prevent all complications, thus further
studies were needed to determine whether RAAS
inhibition could also prevent the microvascular
complications in T2DM.
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RAAS Blockade and Nephropathy
At the time of publication of the study by Lewis
et al in 1993, there were multiple other ongoing tri-
als treating people with either T1DM or T2DM
and microalbuminuria and one with normotensive,
nonalbuminuric T2DM that have confirmed the
finding of a decrease in nephropathy and expanded
the observation to other ACE inhibitors, suggesting
that this is a class effect.59,84–87 The introduction of
the ARB class provided an opportunity for large tri-
als to assess renal and CV benefits.

Three trials, the Irbesartan in Patients With Type
2 Diabetes and Microalbuminuria (IRMA-2) study,
the Reduction of End Points in Non-Insulin Depen-
dent Diabetes Mellitus With the Angiotensin II
Antagonist Losartan (RENAAL) study, and the
Irbesartan Type 2 Diabetic Nephropathy Trial
(IDNT) demonstrated that ARBs can impact the
progression of diabetic nephropathy in T2DM at
all stages of renal disease, ranging from micropro-
teinuria to overt nephropathy and ESRD.61–63

These studies clearly demonstrated that this effect
was in addition to that attributable to BP control
alone and was associated with a delay in the need
for dialysis or kidney transplant by at least 2 years.
This benefit was confirmed in the HOPE study,
which included 1808 people with diabetes treated
with ramipril, and in the 1059 ACE-intolerant
patients treated with telmisartan in the Telmisartan
Randomized Assessment Study in ACE Intolerant
Subjects With Cardiovascular Disease (TRAN-
SCEND).88,89 Differences between the specific
agents for RAAS blockade have really not been
addressed in clinical trials. The Efficacy of Telmi-
sartan Compared With Losartan in Reducing Pro-
teinuria in Hypertensive Type 2 Diabetic Patients
With Overt Nephropathy (AMADEO) study
showed that telmisartan was more effective than
losartan in reducing proteinuria in T2DM patients
with nephropathy, but such comparisons have not
been further explored.90 These clinical trials have
led to the adoption of ACE inhibitors or ARBs as
first-line therapy both for hypertension and for
treatment of albuminuria in patients with diabetes.

Not all diabetic nephropathy has been prevented
by treatment with ACE inhibitors or ARBs, thus
studies have been designed to test whether combina-
tion ACE ⁄ARB therapy may be more beneficial and
to ascertain a threshold below which BP lowering
provides no further benefit. The HOT study sug-
gested that for high-risk patients (ie, those with dia-
betes), it may be beneficial to lower BP even if it is
already within the ‘‘normal’’ range.91 This was
formally tested in the recent Action to Control

Cardiovascular Risk in Diabetes (ACCORD) trial,
which did not show such a benefit for the composite
of CV events but did demonstrate a significant
decrease in the incidence of macroalbuminuria in
the intensive therapy group (4733 patients followed
for 4.7 years), which attained an average systolic
BP of 119.3 mm Hg (95% confidence interval
[CI], 118.9–119.7). However, there was no differ-
ence between the groups in the frequency of
end-stage renal disease or the need for dialysis.92

In contrast, the Action in Diabetes and Vascular
Disease: Preterax and Diamicron MR Controlled
Evaluation (ADVANCE) study, which randomized
5569 people to the addition of a fixed combination
of perindopril and indapamide demonstrated a
reduction in the risks of death and major macrovas-
cular or microvascular complications.93 Comparison
of these two trial populations has not revealed an
explanation for this discrepancy in effect. Combina-
tion ACE ⁄ARB therapy was tested in the Ongoing
Telmisartan Alone and in Combination With Ram-
ipril Global Endpoint Trial (ONTARGET), with the
combination of ramipril and telmisartan showing
superior control of albuminuria as compared with
the individual therapies for the general study group.
However, the data on the diabetes subgroup of
9612 people (3220 treated with combination ther-
apy) have not yet been released.94

RAAS Blockade and Retinopathy
The role of the RAAS in diabetic retinopathy has
not been as well studied as that in the kidney, thus
evidence for RAAS inhibition in retinopathy is
still much weaker than for nephropathy. Several
recently published studies, the Daily-Dose Consen-
sus Interferon and Ribavirin: Efficacy of Combined
Therapy (DIRECT) trial, the Renin-Angiotensin
System Study (RASS), and the ADVANCE Retinal
Measurements (AdRem), have provided evidence
that RAAS inhibition may also be beneficial in dia-
betic retinopathy.95–97

The AdRem study is a substudy of ADVANCE,
involving the 1602 patients with T2DM from
ADVANCE centers with access to retinal cameras
between 2001 and 2008. At baseline and the final
visit, 7-field stereoscopic retinal photographs were
taken and graded by blinded readers (gradeable
baseline and final photographs from 1241 patients).
Progression of �2 steps in the Early Treatment of
Diabetic Retinopathy Study (ETDRS) classification
(using the eye with worst grading) was the primary
outcome. Fewer patients on BP-lowering treatment
(n=623) experienced incidence or progression of
retinopathy compared with patients taking placebo

VOL. 13 NO. 4 APRIL 2011 THE JOURNAL OF CLINICAL HYPERTENSION 231



(n=618), but the difference was not significant
(odds ratio [OR], 0.78; 95% CI, 0.57–1.06;
P=.12).95 BP-lowering treatment did specifically
reduce the occurrence of macular edema (OR,
0.50; 95% CI, 0.29–0.88; P=.016) and arteriove-
nous nicking compared with placebo (OR, 0.60;
95% CI, 0.38–0.94; P=.025). These results must be
interpreted cautiously as there was no reduction
(P=.27) in the incidence and progression of retinop-
athy in the intensive glucose control (n=630) as
compared with standard glucose control group. In
contrast, the ACCORD Eye Study Group found
that 4 years of intensive glycemic control or combi-
nation therapy for dyslipidemia but not intensive
BP control slowed the progression of diabetic reti-
nopathy in the subgroup of 2856 of 10,251 partici-
pants who underwent eye evaluations.98

Data from studies with type 1 diabetes mellitus
(T1DM) appear to shed some light on these discrep-
ancies as they suggest that RAAS blockade is most
effective when initiated early in the development of
retinopathy. The Diabetic Retinopathy Candesartan
Trials Programme (DIRECT) was designed to
assess whether the ARB, candesartan, could reduce
the incidence and progression of retinopathy in
T1DM.96 Participants with normotensive, normoal-
buminuric T1DM without retinopathy were recruited
to the DIRECT-Prevent 1 trial and those with
existing retinopathy were recruited to DIRECT-
Protect 1. The primary end points were incidence
and progression of retinopathy and were defined
as at least a two-step and at least a three-step
increase on the Early Treatment Diabetic Retinop-
athy Study (ETDRS) scale, respectively. In these
two studies, candesartan was able to reduce the
incidence of retinopathy but did not provide a
beneficial effect on retinopathy progression.99

Progression of retinopathy occurred in 127 (13%)
participants in the candesartan group vs 124
(13%) in the placebo group. The hazard ratio for
candesartan vs placebo was 0.82 (95% CI, 0.67–
1.00; P=.0508) for incidence of retinopathy and
1.02 (95% CI, 0.80–1.31; P=.85) for progression
of retinopathy.

However, these results were modest, however,
raising the question as to how early in the develop-
ment of retinopathy does the initiation of the
RAAS blockade need to occur. The Renin-Angio-
tensin System Study (RASS), a multicenter diabetic
nephropathy primary prevention trial, evaluated the
severity and response to therapy of retinopathy in
285 normoalbuminuric patients with T1DM, who
would not normally have been treated with RAAS
blockade.97 Retinopathy was present in 64% of

participants and was not related to albumin excre-
tion rate, BP, serum creatinine, or glomerular filtra-
tion rate. However, all renal anatomical end points
were associated with increasing severity of diabetic
retinopathy, while controlling for other risk factors.
These data demonstrate a significant association
between diabetic retinopathy and preclinical mor-
phologic changes of diabetic nephropathy in
T1DM patients. The participants were then ran-
domized to receive losartan (100 mg daily), enalap-
ril (20 mg daily), or placebo and followed for
5 years. A total of 90% and 82% of patients had
complete renal biopsy and retinopathy data, respec-
tively.100 As compared with placebo, the odds of
retinopathy progression by two steps or more was
reduced by 65% with enalapril (OR, 0.35; 95%
CI, 0.14–0.85) and by 70% with losartan (OR,
0.30; 95% CI, 0.12–0.73), independent of changes
in BP, thus demonstrating a specific benefit of early
RAAS blockade in the progression of retinopathy.

There are beginning to emerge data to support
the role of the RAAS in these observed clinical
effects, using the model of oxygen-induced retinop-
athy (OIR) in rats and cultured bovine retinal endo-
thelial cells (BRECs) and bovine retinal pericytes
(BRPs). Aldosterone stimulated proliferation and
tubulogenesis in BRECs and exacerbated angiogen-
esis in OIR, which was attenuated with spironolac-
tone. The MR and aldosterone-modulated retinal
inflammation, with leukostasis and MCP-1 mRNA
and protein in OIR being reduced by spironolac-
tone and increased by aldosterone. A functional ret-
inal MR-aldosterone system was evident with MR
expression, translocation of nuclear MR, and aldo-
sterone synthase expression, which was modulated
by RAAS blockade. These data demonstrate that
there is a functional RAAS in the retina and that
further studies are needed to determine the optimal
timing of therapy to help prevent both onset and
progression of diabetic retinopathy.101

Angry fat also plays a role in retinal disease
through modulation of inflammatory cytokines and
adiponectin levels. The adiponectin knockout mice
have been valuable for studying mechanisms of not
just nephropathy but also retinopathy. When neo-
natal mice were subjected to ischemia-induced reti-
nopathy, pathological retinal neovascularization
during ischemia was more common in the adipo-
nectin knockout mice than controls. This effect
could be attenuated by provision of adiponectin
knockout mice through adenovirus-mediated over-
expression of adiponectin or treatment of wild-type
(WT) mice with TZDs, which are known to
increase adiponectin levels, while the TZDs had no
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effect on ischemia-induced pathological retinal ves-
sel formation in the adiponectin knockout mice.
Pioglitazone reduced TNF-a expression in ischemic
retina in WT mice but not in APN-knock out
mice.102,103 These data support the clinical trial
data, that RAAS blockade is effective in combating
diabetic retinopathy when started early in the dis-
ease process.

RAAS Blockade and CV Disease
RAAS blockade, in the form of ACE inhibitors,
were introduced in the United States in 1981 for
hypertension management. The recognition that
RAAS blockade could prevent or slow diabetic
nephropathy led to the design of trials with pro-
gression of renal disease as an end point that were
not adequately powered to detect CV events. Large
trials are either ongoing or recently completed that
may provide CV outcomes data in patients with
diabetes treated with RAAS blockade as first-line
therapy.

The UKPDS-BP control substudy demonstrated
that lowering BP decreased macrovascular compli-
cations, including mortality; however, it was not
powered to ascertain a difference between treat-
ment with captoprilor atenolol. Subsequently, the
diabetic subgroup of the Captopril Prevention Pro-
ject (CAPPP), in a prespecified analysis, demon-
strated that first-line therapy with captopril resulted
in a decrease in the primary end point, fatal and
nonfatal myocardial infarction and stroke as well
as other CV deaths, as compared with the con-
ventional therapy group (relative risk, 0.59; P=
.018).91 Studies such as ACCORD, ADVANCE,
ONTARGET, and TRANSCEND were then desig-
ned to investigate the CV benefits of RAAS block-
ade with ACE inhibitors, ARBs, or the combination
of both.

The ADVANCE trial is an international multi-
center study of 11,140 people with type 2 diabetes
who were randomized to treatment with a fixed
combination of perindopril and indapamide or
matching placebo, in addition to current therapy.104

The primary end points were composites of major
macrovascular and microvascular events, defined as
death from CV disease, nonfatal stroke or nonfatal
myocardial infarction, and new or worsening renal
or diabetic eye disease, and analysis was by inten-
tion to treat. After a mean of 4.3 years of follow-
up, the relative risk of a major macrovascular or
microvascular event was reduced by 9% (P=.04).
The separate reductions in macrovascular and
microvascular events were similar but were not
independently significant. The relative risk of death

from CV disease was reduced by 18% (P=.03) and
death from any cause was reduced by 14%
(P=.03). There was no evidence that the effects of
the study treatment differed by initial BP level or
concomitant use of other treatments at baseline.
While ADVANCE showed a benefit on mortality
and macrovascular events, ACCORD did not.92 As
with the nephropathy data, the reasons for this dis-
crepancy are not yet apparent. It is not yet known
whether the ACE ⁄ARB combination will provide
any greater CV benefit as the data from the diabetic
subgroup are not yet available from ONTARGET.
TRANSCEND, which studied candidates eligible
for ONTARGET who were intolerant to ACE
inhibitors, also has a large diabetic subgroup
from whom the data are not yet available.

A potential challenge in demonstrating a CV
benefit of RAAS blockade in diabetes is that it may
need to be initiated very early, to block the effects
of the angry fat, and be of long duration to prevent
the end-organ damage in the heart. Nonetheless,
once heart failure is present, RAAS inhibition
clearly has an impact on multiple CV outcomes,
whether the person has diabetes mellitus or not.105

The argument for early RAAS blockade to prevent
the development of heart failure is well grounded
in animal data. The aging mouse model has been
used to demonstrate that chronic RAAS inhibition
reduces cardiac fibrosis, which would then help to
prevent the diastolic dysfunction that progresses to
heart failure.106 This effect is likely mediated both
through inhibition of the local and circulating
RAAS. An overactive cardiac RAAS promotes heart
remodeling through the development of left ventric-
ular hypertrophy (LVH) and myocardial fibrosis
and leads to an increase in perivascular inflamma-
tion that is associated with worsening of the myo-
cardial fibrosis.107 Increased activity of the
circulating RAAS, such as that promoted by the
angry fat, contributes to the development of vol-
ume overload and vasoconstriction, with conse-
quent increases in left ventricular diastolic filling
pressures and increased stress on the stiff
heart.108,109 Despite the clearly beneficial effects of
RAAS blockade on the underlying pathophysiology,
the clinical trial data do not yet show the expected
benefits on CV outcomes. Thus, many questions
remain as we work to determine a clinical strategy
for optimal RAAS blockade. The fact that none of
our current therapies provide complete RAAS inhi-
bition raises the possibility that the addition of a
DRI to the currently utilized combinations may
have further benefit.110 Studies are ongoing to test
this strategy.
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CONCLUSIONS
Overactivity of the RAAS, both on a systemic and
local level, has been shown to play a role in the
complications associated with diabetes. The RAAS
activity level is increased prior to the onset of
hyperglycemia, thus consideration must be given to
initiating RAAS inhibition either in prediabetes or
even earlier in patients with the metabolic syn-
drome. Such early treatment has the potential to
prevent the progression of the metabolic disorders
of obesity, hypertension, and diabetes, which are
becoming a global pandemic.
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