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Angiotensin and Mineralocorticoid Receptor Antagonism
Attenuates Cardiac Oxidative Stress in Angiotensin ll-Infused
Rats

Jacqueline N. Minas?®, Max A. Thorwald?, Debra Conte?, Jose-Pablo Vazquez-Medina?,
Akira NishiyamaP, and Rudy M. Ortiz?

aMolecular Cell Biology, School of Natural Sciences, University of California, Merced

bDepartment of Pharmacology, Kagawa Medical University, Japan

Abstract

Angiotensin Il (Ang Il) and aldosterone contribute to hypertension, oxidative stress and
cardiovascular damage, but the contributions of aldosterone during Ang Il-dependent hypertension
are not well defined because of the difficulty to assess each independently. To test the hypothesis
that during Ang Il infusion, oxidative and nitrosative damage is mediated through both the
mineralocorticoid receptor (MR) and angiotensin type 1 receptor (AT1), five groups of Sprague-
Dawley rats were studied: 1) control, 2) Ang Il infused (80 ng/min x 28d), 3) Ang Il + AT1
receptor blocker (ARB; 10 mg losartan/kg/d x 21d), 4) Ang Il + mineralocorticoid receptor (MR)
antagonist (Epl; 100 mg eplerenone/d x 21d) and 5) Ang Il + ARB + Epl (Combo; x 21d). Both
ARB and combination treatments completely alleviated the Ang Il-induced hypertension, whereas
eplerenone treatment only prolonged the onset of the hypertension. Eplerenone treatment
exacerbated the Ang Il1-mediated increase in plasma and heart aldosterone 2.3- and 1.8-fold,
respectively, while ARB treatment reduced both. Chronic MR blockade was sufficient to
ameliorate the AT1-mediated increase in oxidative damage. All treatments normalized protein
oxidation (nitrotyrosine) levels; however, only ARB and Combo treatments completely reduced
lipid peroxidation (4-hydroxynonenal) to control levels. Collectively, these data suggest that
receptor signaling, and not the elevated arterial blood pressure, is the principal culprit in the
oxidative stress-associated cardiovascular damage in Ang I1-dependent hypertension.
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Introduction

Angiotensin Il (Ang Il) is a major mediator of blood pressure and fluid homeostasis (1).
When chronically elevated, Ang Il can cause severe consequences such as hypertension and
congestive heart failure (1, 2). Important cellular effects of Ang Il include induction of
oxidative stress and the generation of free radicals, which contribute to the activation of the
fibrotic process and hypertrophy in the heart (1, 3, 4). Ang Il exerts its pro-oxidative effects
mainly through Ang 1l type 1 receptor (AT1)-mediated increase of reactive oxygen species
(ROS; i.e., *O,~ and H,0,) via activation of NADPH oxidase (Nox) (1, 5, 6). Specifically,
Ang Il up-regulates the most abundant Nox isoforms in the heart, Nox2 and Nox4, causing
fibrosis, cardiac remodeling and hypertension, while AT1 antagonism provides
cardioprotection (3, 6). Additionally, Ang Il stimulates the release of aldosterone from the
adrenal cortex, which in turn causes inflammation and oxidative damage (7-9). Although
Ang Il is considered a major mediator of hypertension and cardiovascular damage, it has
been suggested that aldosterone promotes cardiac AT1 receptor density and Ang Il-induced
cardiac damage (10, 11). Subsequently, oxidative stress mediates lipid peroxidation and
peroxynitrite production, exacerbating tissue remodeling and impaired cardiac function (12—
14). Collectively, these results indicate that aldosterone may stimulate ROS production via
up-regulation of Nox2/4 through AT1 activation (6, 15, 16).

Mineralocorticoid receptor (MR) antagonism offers cardioprotection against oxidative
damage despite increasing intra-cardiac aldosterone during Ang ll-dependent hypertension
(3, 17-19). Data from the Randomized Aldactone Evaluation Study (RALES) revealed
additional benefits of MR antagonism with spironolactone on overall mortality in patients
with advanced heart failure treated with angiotensin-converting enzyme inhibitors (ACEi)
and loop diuretics (20). Furthermore, recent reviews suggest that dual blockade of RAAS
should not be used (21) or has limited effectiveness (22, 23) for treatment of hypertension,
heart failure, nephropathy or other cardiovascular-related complications. However, the
benefits of combination therapies including MR blockade are scarce.

Increasing evidence suggests that Ang Il and aldosterone function interdependently to
regulate vascular function and induce injury (24, 25). However, the combined benefits of
AT1 and MR blockade on cardiac aldosterone and systemic oxidative/nitrosative stress in an
Ang ll-infused model of hypertension remain elusive. Therefore, using an Ang ll-infused
model of hypertension, we tested the hypothesis that Ang 11 and aldosterone induced
oxidative/nitrosative damage is mediated through both the MR and AT1 receptors and
independent of hypertension.

Results

Systolic Blood Pressure

To accurately ascertain the contribution of the Ang Il-mediated increase of aldosterone on
SBP, measures of SBP were performed by telemetry. After 28 days, Ang Il infusion
increased mean SBP 54% compared to control (Figure 1). ARB completely ameliorated the
Ang ll-induced hypertension within the first two days of treatment, demonstrating the
effectiveness of both the Ang Il infusion and ARB treatment (Figure 1). Eplerenone
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treatment prolonged the onset of hypertension between days 6 and 19 indicating that MR
blockade was sufficient to partially inhibit the Ang Il-induced increase in SBP, but could not
prevent the ultimate manifestation of hypertension. When combined with ARB, the co-
therapy completely ameliorated the Ang Il-induced increase in SBP, but the effect was not
additive.

Body and Heart Masses

By day 28, Ang Il decreased mean body mass (BM) by 15%, while both ARB and Combo
increased mean BM similar to control levels (Table 1). However, Epl did not recover body
mass. Ang Il increased mean absolute heart mass by 26% and ARB and Epl reduced mean
absolute heart mass to control levels (Table 1). Combo had no significant effect on mean
absolute heart mass compared to control (Table 1). Ang Il-infusion increased mean relative
heart mass by 19%, while ARB and Combo ameliorated the increase suggesting that
blockade of Ang Il receptor alleviated the hypertrophy. Epl alone was not as effective as
ARB at reducing the Ang ll-associated hypertrophy (Table 1).

Plasma Renin Activity and Ang Il Levels

To provide a more comprehensive assessment of ARB, MR blockade and combination
treatments on circulating renin-angiotensin system (RAS) components, changes in plasma
renin activity (PRA) and plasma Ang 1l were measured. Infusion of Ang Il decreased mean
PRA 3.6-fold compared to control, which was not altered by ARB (Table 2). Both
eplerenone treatments reduced PRA further compared to Ang Il and ARB (Table 2). Plasma
Ang 11 was not significantly elevated by the Ang Il infusion (Table 2). As expected, ARB
was associated with a nearly 3-fold increase in plasma Ang Il. Plasma Ang Il was not
significantly altered by either eplerenone treatments.

Adrenal Response and Heart Aldosterone Levels

To provide an integrated assessment of the adrenal response to ARB, Epl and combination
treatments, changes in adrenal CYP11B2, adrenal aldosterone content, and plasma
aldosterone and corticosterone (B) were measured. Mean adrenal CYP11B2 protein
expression increased 1.5-fold in Ang Il compared to control, and was significantly reduced
with ARB treatment (Figure 2A). Mean adrenal aldosterone content increased 5-fold in Ang
Il compared to control, and adrenal aldosterone levels increased 2-fold in Epl compared to
the Ang Il infused group (Figure 2A). However, ARB and Combo decreased adrenal
aldosterone content compared to Ang Il suggesting that AT1 activation is an important
regulating factor in the MR-mediated exacerbation of aldosterone during Ang Il-infusion.

Mean plasma aldosterone increased 27-fold with Ang Il-infusion, while levels were
significantly reduced in ARB and Combo; however, these levels remained significantly
elevated compared to control (Figure 2B). In contrast to treatments including ARB,
eplerenone treatment increased mean plasma aldosterone 2.5-fold above that in the Ang I1-
infused group (Figure 2B).

Mean plasma B increased over 3-fold with Ang Il infusion, and this increase was completely
ameliorated by ARB (Table 2). While eplerenone reduced the Ang Il-induced levels of
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plasma B by 20%, these levels remained 2.5-fold greater than control. Interestingly, Combo
did not reduce the Ang Il-induced increase in plasma B that was observed in the individual
treatments.

Ang Il infusion increased mean heart aldosterone content 2.5-fold and ARB completely
ameliorated this increase (Figure 2C). Similar to the effect on plasma aldosterone,
eplerenone exacerbated the Ang ll-induced increase in heart aldosterone content by an
additional 82%, and Combo reduced heart aldosterone content to Ang Il levels (Figure 2C).

Heart NADPH Oxidase Protein Expression

To assess the contributions of AT1 and MR activation on the potential for Nox-derived
oxidant production during Ang Il infusion, heart Nox2 and Nox4 were measured.
Furthermore, to confirm the potential for increased Nox2 to generate ROS, the translocation
of p47 was measured. Mean protein expression of Nox2 increased 70% in Ang Il compared
to control (Figure 3A). All treatments ameliorated the Ang ll-induced increase below control
levels (Figure 3A). The Ang Il-induced increase in Nox2 was associated with a 60%
increase in p47 translocation, and ARB reduced it approximately 40% (Figure 3B). Ang Il
infusion increased the mean protein expression of Nox4 by 1.5-fold compared to control,
and all treatments reduced expression levels beyond control (Figure 3C).

Heart Antioxidant Enzyme Activities & Oxidative Damage

To assess the contribution of MR activation on antioxidant (AO) enzyme activities in the
heart of Ang Il-infused animals, changes in GPx and total SOD activities were measured.
Infusion of Ang Il reduced mean GPx activity by 29% compared to control, while ARB and
Combo recovered activity beyond control (Figure 4A). Mean SOD activity increased with
Ang Il infusion, and all treatments reduced the Ang ll-induced increase (Figure 4B).

To assess the contribution of the eplerenone-induced exacerbation in plasma aldosterone to
cardiac oxidative damage in response to changes in AO activities during Ang Il infusion,
changes in heart NT and 4-HNE content were measured. Ang Il infusion increased mean
heart NT levels 3-fold, and all treatments completely ameliorated this increase (Figure 4C).
Ang Il infusion increased heart 4-HNE 26% compared to control, and ARB and Combo
alleviated this increase (Figure 4D). However, eplerenone alone was not effective at
reducing the Ang Il1-mediated increase suggesting that AT1 activation contributes to a
greater extent than MR activation to lipid peroxidation.

Urinary 8-Isoprostane & Angiotensinogen Excretion

To assess the contributions Ang Il and aldosterone on systemic oxidative stress, changes in
Ug.isoV Were measured. Ang Il increased mean Ug_jsoV 2.5-fold compared to control, and
ARB reduced Ug_jsoV by 57% of Ang Il levels; however, eplerenone had no effect (Figure
5A). In combination, these treatments provided an additive benefit beyond both treatments
individually, reducing Ug.jsoV by 84% of Ang Il levels suggesting that the systemic lipid
peroxidation is primarily mediated by the activation of AT1.
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Because Uag:V is a reliable marker of intrarenal RAS activation and elevated levels of
kidney Ang Il content (26), changes in UagtV were determined to assess the contributions of
elevated aldosterone on renal Ang Il content, and the effects of aldosterone on Agt, in
general. Ang Il infusion increased UagV 79-fold, while ARB and Combo completely
ameliorated this increase (Figure 5B). While eplerenone reduced UpgtV by 81% of Ang I
levels, this level remained greater than control, ARB and Combo suggesting that AT1
activation contributes to Agt production to a much greater extent than that of MR.

Heart and Plasma Cardiotrophin-1 Levels

Because the effects of Ang Il and aldosterone on heart and subsequent plasma levels of
CT-1 are not well defined, the contributions of AT1 and MR activation on heart and plasma
CT-1 levels were assessed. Intracardiac CT-1 protein expression increased 42% with Ang Il
infusion and was completely ameliorated by ARB and Combo (Figure 6A). Additionally,
eplerenone reduced heart CT-1 25% from Ang Il (Figure 6A). Mean plasma CT-1 increased
27% with Ang Il infusion, and ARB, eplerenone and Combo treatments reduced levels to
81%, 88% and 84%, respectively, of control (Figure 6B).

Discussion

The classical actions of Ang Il are as a vasoconstrictor and a stimulator of adrenal
aldosterone, both of which can contribute to the development of hypertension when not
regulated appropriately. Growing evidence indicates that excessive Ang Il induces oxidative
stress and inflammation, principal mediators in the manifestation of cardiovascular injury.
Chronically elevated Ang Il can have severe consequences on cardiovascular health such as
persistent hypertension and congestive heart failure (10, 27, 28). However, the cellular
mechanisms and contributing factors remain elusive. To this end, the present study
contributes the following novel and important discoveries: (1) activation of AT1 contributes
to a greater extent than that of MR to the Nox-mediated oxidative damage in the heart (and
likely kidneys), (2) the benefits of simultaneous blockade of AT1 and MR on alleviating the
oxidative damage are not additive, (3) the eplerenone-induced exacerbation of plasma and
intra-cardiac aldosterone is not associated with inappropriately elevated Nox expression and
markers of injury in the heart, and (4) despite the lack of amelioration of the Ang Il-induced
hypertension by chronic MR blockade, some benefits on alleviating pro-oxidant
consequences were still observed.

Alleviation of AT1-mediated Cardiac Oxidative Damage

Our data show that Ang Il-infusion increased plasma and heart aldosterone concentrations.
Aldosterone increases the density of cardiac AT1 receptors in vascular smooth muscle cells,
increasing the potential for AT1-mediated stimulation of ROS and therefore oxidative
damage (11, 29, 30). The decrease in urinary 8-isoprostane by chronic treatment of AT1
blockade suggests that systemic oxidative stress is reduced, in agreement with earlier studies
(1, 5). More importantly, despite the increased concentrations of plasma and heart
aldosterone, chronic MR blockade prevents aldosterone-induced tissue damage, providing
cardioprotection independent of a reduction in arterial blood pressure. This provides
evidence that MR blockade was sufficient to ameliorate the aldosterone-mediated
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consequences suggesting that the exacerbated plasma aldosterone concentrations commonly
associated with chronic MR blockade do not promote detrimental effects during the
measurement period implemented in the present study. Combining ARB and MR blockade
did not provide an additive effect on ameliorating the decrease in urinary 8-isoprostane
suggesting that the levels reported here may represent some minimal threshold of
effectiveness of the receptor blockade of both AT1 and MR. The changes in heart
nitrotyrosine content were similar to those for urinary 8-isoprostane suggesting that the
mechanisms inducing both oxidative and nitrosative stress in Ang ll-infused hypertension
are similar and primarily mediated by AT1.

Ang Il activates NADPH oxidase (Nox) through AT1 and MR stimulating oxidative/
nitrosative damage (1, 5, 15, 16). Nox2 generates superoxide (¢O57), a free radical that is
scavenged by SOD and Nox4 produces hydrogen peroxide (H2O5), which is reduced by
GPx. Additionally, aldosterone generates *O,~ by increasing NADPH oxidase expression
through MR activation (31). Our data suggest that Nox2 and Nox4 may be similarly
stimulated by both Ang Il and aldosterone or may reach maximal stimulation when both
hormones are elevated and thus, blocking both receptors does not provide an additive effect.
The present data support prior studies suggesting that the contributions of Ang Il and
aldosterone to oxidative damage are mediated through their respective receptors (29, 32).
Independent blockade of these receptors can reduce oxidative/nitrosative damage regardless
of blood pressure, and combining ARB and eplerenone did not additively reduce the
oxidative damage. However, co-therapy is associated with reduced blood pressure, which in
of itself may have additional benefits. This finding is intriguing because it has been shown
that hypertension occurs independently of oxidative damage suggesting that Nox-induced
cardiac damage is a result of the hypertension (33). Furthermore, in the aldosterone-infused,
uninephrectomized rat, treatment with a MR antagonist (eplerenone), an ARB (candesartan)
or a SOD mimetic (tempol) similarly reduced (approximately 14%) the SBP and aortic 4-
HNE (lipid peroxidation) content, despite only the eplerenone treatment reducing the aortic
MRNA levels of gp91phox (Nox2), p47phox (Nox2 subunit), and p22phox (Nox2 and Nox4
subunit) to control levels (32). The mRNA levels of gp91phox and p22phox were not
different from the aldo-infused group after treatment with either ARB and SOD mimetic
suggesting that the regulation of Nox2 (and possibly Nox4) mRNA expression is sensitive to
MR mediation. This may be especially true because the changes in the mRNA expressions
of these Nox subunits parallel the changes in Nox2 and Nox4 protein levels after eplerenone
in the present study. The sensitivity may also be linked to levels of Ang Il as aldosterone
infusion was associated with reduced plasma Ang 1l (32), whereas in the present, ARB
treatment was equally effective in reducing both Nox2 and Nox4 in the presence of elevated
Ang Il (infused). The parallel changes in p47 translocation with those of Nox2 protein
suggest that elevated Nox2 was activated and had an increased potential for generating ROS.

The observed changes in Nox2 and Nox4 in the aorta (32) and the heart (present study) are
consistent with those in the kidney as well. Chronic (4 wks) eplerenone treatment in
aldosterone-infused, Dahl salt-sensitive rats on either a low- (0.3%; LS) or high-salt (8%;
HS) diet effectively reduced renal Nox4 expression (regardless of diet) and urinary 8-
isoprostane excretion (34) suggesting that MR contributes to the activation of both renal and
cardiac Nox4. These reductions in renal Nox4 and Ug_jsoV in the eplerenone-treated groups
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were associated with a 25% decrease in SBP in LS and 15% decrease in HS (34), unlike the
present study where eplerenone had virtually no effect on SBP suggesting that the AT1- and
MR-mediated regulation of Nox proteins are independent of changes elevated arterial
pressure. Nonetheless, the causal relationship between the regulation of Nox proteins and
hypertension remains elusive (35).

Another important finding of the present study is the contribution of AT1 activation, and not
MR activation, to impaired antioxidant defense mechanisms as indicated by the ability of
ARB to recover antioxidant activity and reduce markers of oxidative damage. Nonetheless,
another significant and novel contribution of the present study is that, despite the sustained
increase in SBP, chronic MR blockade provided cardio-protective benefits consistent with
that provided by ARB suggesting that the protective benefits of MR blockade are
independent of elevated SBP.

Hypertrophic Effects and CT-1

Left ventricular hypertrophy (LVH) is commonly considered a consequence of hypertension
and heart disease (36). Cardiotrophin-1, a member of the interleukin-6 family of cytokines,
induces cardiomyocyte proliferation, and is elevated in the serum of patients with heart
failure, myocardial infarction, and LVVH during hypertension (37-39). In spontaneously
hypertensive rats, AT1 antagonism inhibits the hypertrophic effects of CT-1 (30).
Additionally, CT-1 may contribute to aldosterone-induced cardiac remodeling suggesting
that MR blockade is a potential target for reduction of LVH (40). Inflammation and the
generation of free radicals also contribute to the activation of the fibrotic process and
hypertrophy (3, 4). In the present study, Ang Il infusion increased relative heart mass while
blockade of AT1 was able to prevent the Ang Il-induced increase suggesting that Ang 11
induces hypertrophy via an AT1-mediated process. Blocking AT1 not only ameliorated the
increase in relative heart mass, but also significantly improved it beyond control levels.
While the cardiac hypertrophy was less in Epl than in Ang Il and similar to control, the
degree of hypertrophy was still greater than ARB suggesting that elevated aldosterone
(plasma and/or heart) contributes minimally, at most, to cardiac hypertrophy. This is further
supported by the finding that mean relative heart mass was similar between ARB and
Combo suggesting that Ang 11, largely independent of aldosterone, is primarily responsible
for cardiac hypertrophy in this model. Additionally, Ang Il infusion increased cardiac CT-1
protein expression associated with a parallel increase in circulating CT-1 levels. Although
the three treatments reduced both plasma and cardiac CT-1 to control levels, the lack of an
additive benefit of co-therapy suggests that levels were reduced to some minimum threshold
as defined by control levels. The parallel decreases in CT-1 and cardiac hypertrophy suggest
that CT-1 contributes to cardiac hypertrophy via activation of AT1 and/or MR, independent
of arterial blood pressure.

Selective deletion of MR from macrophage cells in mice protects against fibrosis, and MR
activation causes an inflammatory and oxidative stress (41, 42). In recent studies, MR
blockade (eplerenone) reduced cardiac hypertrophy in salt sensitive models of hypertension,
but was not effective in a low-salt Ren2 model (43, 44) suggesting that the effects of MR
activation on cardiac hypertrophy are dependent on the conditions. Additionally, there is a
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strong association between aldosterone dysregulation and cardiometabolic disease, and MR
antagonism improves vascular and endothelial function in obese human subjects with
cardiac complications (45). Collectively, these data suggest that MR activation may play a
measurable role in hypertrophy in the absence of elevated Ang Il, but in the presence of
inappropriately elevated Ang Il, AT1 activation is primarily responsible for cardiac
remodeling.

Blood Pressure Effects

Renal Injury

Methods

Animals

The infusion of Ang Il increased SBP and AT1 receptor antagonism reduced the elevated
blood pressure to control levels soon after initiating the treatment, demonstrating the
effectiveness of both the Ang Il infusion and ARB treatment. Similar to previous studies, the
anti-hypertensive effect of eplerenone was marginally significant (46). Subsequently,
combination treatment did not provide additive benefit to AT1 blockade alone. These data
demonstrate that during Ang ll-mediated hypertension, AT1 activation is the principal
contributing factor to elevated arterial blood pressure and the Ang Il-induced increase in
plasma aldosterone has little effect on SBP. Furthermore, the cellular oxidative pathways
appear more sensitive to AT1 and MR mediation than to elevated arterial pressure.

Angiotensinogen (Agt) is the precursor to Ang I, and its production is stimulated by Ang Il
(47). It is well established that ARB reduces intrarenal Ang Il levels via a receptor-mediated
processes (19, 48-51). Previous studies suggest that increased intrarenal Agt is a
contributing factor to hypertension and excretion of Agt is an index of intrarenal production
rate, renal injury, and subsequently, Ang lI-dependent hypertension (52). Our data
demonstrate that ARB is effective at reducing the Ang Il-induced augmentation of urinary
Agt. While ARB and co-therapy completely ameliorated the Ang Il-mediated increase in
UagtV, eplerenone only partially (but significantly) suppressed this increase suggesting that
the excretion, and likely generation, of Agt is primarily mediated by AT1 activation and that
the aldosterone contribution is minimal at best. Thus, it is reasonable to suggest that heart
Ang Il levels would mimic the Agt levels, which are elevated by Ang Il-infusion. While MR
blockade prevented the increase in cardiac oxidative damage, it did not completely
normalize UpgV (marker of intrarenal injury) or Ug.jsoV (marker of systemic oxidative
damage) suggesting that blockade of MR may be more effective in reducing cardiac injury
than renal injury in an Ang ll-infused model of hypertension.

All experimental procedures were reviewed and approved by the Institutional Animal Care
and Use Committees of the University of California, Merced and Kagawa Medical
University in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory

Male Sprague-Dawley rats (200-225g; Clea Japan Inc., Tokyo, Japan and Charles River,
Wilmington, MA) were randomly assigned to five experimental groups (n= 11-14/group):
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1) control, 2) angiotensin 11 (Ang Il; 80 ng/min; Sigma-Aldrich, Saint Louis), 3) Ang Il +
angiotensin receptor blocker (ARB; 10 mg losartan/kg/d; Merck & Co, Inc), 4) Ang Il +
mineralocorticoid receptor antagonist (Epl; 100 mg eplerenone/kg/d; Myoderm, Norristown,
PA) and 5) Ang Il + ARB + Epl (Combo). Control and Ang Il groups were maintained on a
normal rat chow diet (Research Diets, Inc., New Brunswick, NJ). The dosage of ARB is
consistent with that used previously to successfully block Ang Il (19, 53, 54). This dosage of
eplerenone has been shown to result in optimal effective inhibition of MR in the rat (55),
and the most widely used dosage in cardiovascular and renal studies in rats (16, 32, 34, 43,
56-62). ARB, eplerenone, or combo treatments were mixed in the food and food
consumption rates were measured weekly to verify that treatment goals were met.

Telemetry, Ang Il Infusion & Drug Treatments

Dissections

Systolic blood pressure (SBP) was monitored daily (24-hour averages) by radio-telemetry to
accurately and chronically evaluate the effectiveness of the Ang Il infusion and the
pharmacological treatments on blood pressure (19, 43, 46). Animals were provided 7 days of
recovery following implantation of the bio-telemeters prior to initiating the study. After
recovery, animals were anesthetized and subcutaneously implanted with an osmotic mini-
pump (Durect Corp, Cupertino, CA; Model 2004) to infuse Ang Il (Sigma-Aldrich, St.
Louis, MO) for 28 days. SBP recording began the day after mini-pump implantation and
discontinued the evening before dissections. Animals were maintained individually in
metabolic cages in a temperature and light controlled room. Animals had unrestricted access
to water and chow throughout the experiment. Infusion of Ang Il began on day 1 of the
study and animals were allowed 6 days to become hypertensive prior to drug treatments to
mimic the conditions in which ARB and/or eplerenone would be prescribed. The diets
containing ARB, eplerenone, or combo began on day 6 for a period of 21 days.

On day 28, animals were weighed, decapitated and trunk blood collected into chilled vials
containing 5 mM EDTA and protease inhibitor cocktail (PIC; Sigma, St. Louis, MO) for
subsequent plasma measurements. The heart was removed, patted dry and weighed. The
heart was sectioned and a uniform piece was weighed and immediately homogenized for
aldosterone extraction. Additional pieces were flash-frozen in liquid nitrogen and stored at
—-80°C for later analyses. Whole adrenals were removed, weighed and homogenized in cold
PBS for aldosterone extraction. A supplementary study was performed in control, Ang Il
and ARB animals (n = 5-6/group) to complement the adrenal aldosterone measures with
analyses of aldosterone synthase (CYP11B2). In this additional study, adrenals were
removed, cleaned, weighed and homogenized for quantification of CYP11B2 content by
Western blot. Sufficient sample to measure and statistically assess the p47 translocation was
only available for the control, Ang Il and Ang Il + ARB groups.

Western Blot Analyses

Relative changes in the protein content of adrenal aldosterone synthase (CYP11B2),
NADPH oxidase (Nox) 2 and 4, translocation of p47 (Nox2 subunit), and heart
cardiotrophin-1 (CT-1) were assessed by standard Western blot. Heart or adrenal segments
were harvested as described above and were homogenized in RIPA buffer containing
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protease and phosphatase inhibitor cocktail (Pierce, Rockford, IL). Tissue homogenates
were sonicated, centrifuged and the supernatant was stored at —80°C for later analyses. Total
protein content was determined by Bradford assay (Bio-Rad Laboratories, Hercules, CA).
Fifty micrograms of total protein were denatured in SDS-PAGE sample buffer. Proteins
were transferred electrophoretically onto 0.45-um nitrocellulose or PVDF membranes.
Membranes were blocked with nonfat milk or LI-COR blocking solution (LI-COR
Biosciences, Lincoln, Nebraska). Blots were incubated in primary antibodies against
aldosterone synthase (Millipore, Billerica, MA), CT-1 (Abcam, Cambridge, MA), Nox2
(Santa Cruz Biotechnology, Santa Cruz, CA), Nox4 (Epitomics, Inc., Burlington, CA), and
p47 (Millipore). Densities of blots were normalized against actin or GAPDH (Santa Cruz
Biotechnology). The p47 blots were normalized to total protein staining by Ponceau-S red
(63) because other proteins used for normalization changed with the treatments. Membranes
were washed in TBS-T and incubated with secondary antibodies against the primary host.
Nitrocellulose membranes were developed and visualized using a Kodak Image station
(Model #440 CF, Boston, MA) and PVDF membranes were directly visualized using a Li-
COR Odyssey CLx (Li-COR, Inc, Lincoln, Nebraska, USA). Blots were quantified using
NIH ImageJ or Carestream Molecular Image software (Rochester, NY). The use of two
visualization platforms was needed to optimize detection of specific proteins, but the
quantification of a particular protein was performed on only one platform to maintain the
integrity of the measurements.

Heart Antioxidant Enzyme Activities & Oxidative Stress Measurements

Glutathione peroxidase (GPx) and total superoxide dismutase (SOD) activities were
measured from heart extracts using commercially available kits (Cayman Chemical) to
quantify the Ang II- and aldosterone-mediated effects on antioxidant enzyme activities as
previously described (64). The relative concentrations of heart 4-hydroxynonenal (4-HNE;
Calbiochem, San Diego, CA, USA) and total nitrotyrosine (NT; Cayman Chemical) were
measured by dot blot to assess the contribution of Ang Il and aldosterone to oxidative
damage in cardiovascular tissue as previously described (64).

Plasma analyses

Urinalyses

Plasma renin activity (DiaSorin, Stillwater, MN, USA), Ang Il (Phoenix Pharmaceuticals,
Burlingame, CA), corticosterone (Millipore, Bellirica, MA) and plasma, adrenal and heart
aldosterone (Siemens Healthcare Diagnostics, Los Angeles, CA) were measured using
commercially available RIA kits. Cardiotrophin-1 (CT-1) was measured using a
commercially available ELISA kit (US Biological, Swampscott, MA).

Urine samples were diluted 1:8 or 1:10 prior to the measurement of total angiotensinogen
(Agt; IBL America, Minneapolis, MN) or 8-isoprostanes (Cayman Chemical, Ann Arbor,
MI) as previously validated (52). Urinary excretion (UagtV or Ug.jsoV) of each variable was
calculated as the product of daily urine volume (UV) and urinary concentration.

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2016 November 01.
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Twenty-four hour averages of SBP were calculated and compared by repeated-measures by
ANOVA to identify the changes in response to treatment. Mean (xSE) plasma, urine and
heart measurements were compared by one-way analysis of variance. For all cases, a
Fisher’s PLSD test was applied post hoc. The changes were considered significantly
different at P < 0.05. Statistics were performed using Statistica (Statsoft, Inc, Tulsa, OK),
Statview (SAS, Cary, NC, USA) and SYSTAT 13 (Systat Software, Inc, San Jose, CA,
USA) software. All samples were analyzed in duplicate and run in a single assay with intra-
assay percent coefficients of variability of <10% for all assays.
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Mean (= SE) A) adrenal aldosterone content, insert) adrenal aldosterone synthase
(CYP11B2) protein content, B) plasma aldosterone concentration, and C) heart aldosterone
content from control, angiotensin 11 (Ang 1) infused, Ang Il + angiotensin receptor blocker
(ARB + Ang Il) treated, Ang Il + mineralocorticoid receptor blocker (Epl + Ang Il) treated
and Ang Il + ARB + Epl (Combo + Ang Il) treated groups. * denotes significantly different
(p<0.05) from Control; T denotes significantly different (p<0.05) from Ang II; 1 denotes
significantly different (p<0.05) from ARB; 8§ denotes significantly different (p<0.05) from
Epl
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Figure 3.

Mgan (= SE) heart A) NADPH oxidase 2 (Nox2) content, B) p47 translocation, and C) Nox4
content from control, angiotensin 1l (Ang 1) infused, Ang Il + angiotensin receptor blocker
(ARB + Ang II) treated, Ang Il + mineralocorticoid receptor blocker (Epl + Ang I1) treated
and Ang Il + ARB + Epl (Combo + Ang II) treated groups. * denotes significantly different
(p<0.05) from Control; t denotes significantly different (p<0.05) from Ang Il
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Figure4.
Mean (= SE) heart A) glutathione peroxidase (GPx) activity, B) total superoxide dismutase

(SOD) activity, C) nitrotyrosine (NT) content and D) 4-hydroxynonenal (4-HNE) content
from control, angiotensin 1l (Ang I1) infused, Ang Il + angiotensin receptor blocker (ARB +
Ang Il) treated, Ang Il + mineralocorticoid receptor blocker (Epl + Ang Il) treated and Ang
Il + ARB + Epl (Combo + Ang Il) treated groups. * denotes significantly different (p<0.05)
from Control; T denotes significantly different (p<0.05) from Ang Il
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Figureb.

Mean (£ SE) A) urinary 8-isoprostane (8-iso) excretion and B) urinary angiotensinogen
(Agt) excretion from control, angiotensin 1l (Ang I1) infused, Ang Il + angiotensin receptor
blocker (ARB + Ang Il) treated, Ang Il + mineralocorticoid receptor blocker (Epl + Ang 1)
treated and Ang Il + ARB + Epl (Combo + Ang Il) treated groups. * denotes significantly
different (p<0.05) from Control; T denotes significantly different (p<0.05) from Ang I1; ¥
denotes significantly different (p<0.05) from ARB; 8 denotes significantly different
(p<0.05) from Epl
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Mean (+ SE) A) heart cardiotrophin-1 (CT-1) content and B) plasma CT-1 concentration

from control, angiotensin 11 (Ang I1) infused, Ang Il + angiotensin receptor blocker (ARB +
Ang Il) treated, Ang Il + mineralocorticoid receptor blocker (Epl + Ang Il) treated and Ang
Il + ARB + Epl (Combo + Ang Il) treated groups. * denotes significantly different (p<0.05)
from Control; T denotes significantly different (p<0.05) from Ang Il

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2016 November 01.



Page 22

Minas et al.

‘|d3 wouy ualsyip (o 0>d) Apuediyiubis mwuo:mnm

‘gYV wolj walapp (50'0>d) Apuesisiubis wwuocmuﬁ

‘11 Buy wouy asapip (50'0>d) Apuesisiubis 88:%;.

‘10u0D woJy wasapip (50°0>d) Apueaiyiubis sayousp
*

JJO0F820  |TO0FZED

J100¥820 [ T00FLE0 1ooF1e0 (NG B 00T/6) SSeIN MeaH annelsy

.ﬁmo.o +GC'1 +mo.o +0T'T tuo.o FYTT JOO0F6ZT  p0Fe2T (B) ssel\ 1eaH
§i6 ¥ 1cv 6 F 95 JLFOY LT Fese 6 FEIY (B) sselN Apog
oqwoD + |1Buy |d3+ |1Buy  gyV + |1Buy I1Buy [041U0D

'sAep gg Jalje srel Asjmeq-anbeids pareast (oquo)) |d3 + g4V + |1 Buy pue ‘paress) (jd3) Jo1dsdal prodiodofessulw + || Buy ‘paleast (94V)
19X20|q J01dadas uisualolbue + || Buy pue ‘pasnyul (1] Buy) || uisuslolBue ‘|0JU0 WOoJY SSew sy aAlle[al pue ‘ssew Lesy ‘ssew Apoq (IS F) Ues|n

Author Manuscript

T alqel

Author Manuscript

Author Manuscript Author Manuscript

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2016 November 01.



Page 23

Minas et al.

'|d3 woJy Juaisyip (o 0>d) Apueaiyiubis wwuo:mum

Gy wouy Juasapp (0°0>d) Apuediytubis wEo:muH

‘11 Buy wouy uasapp (50'0>d) Apuesipiubis waocmf

‘10u0D woJy wasapp (50°0>d) Apueaiyiubis sslousp
*

LLETF09E 1CT ¥ 652 |6TF 16 LLCFELE 73007 (Jw/Bu) 8U0IBIS0010D BLISEd

TTF €5 ST Oy J6CFSrT LIS v F Sy (1wyrowy) 11 Buy ewse|d

1020 JT0*€0 Z0F90 L£0¥80 yoF6z (unwy1 Buybu) wyd
ogquwoD + [1Buy 03+ 1Buy gyv+11Buy  [1Buy  jo1u0D

‘sAep gz Jale syel

KaimeQ- anbelds paress) (oqwod) |d3+ gV + 11 Buy pue ‘pajeass (1d3) Jordadal plodiHodofessulw + || Buy ‘parestt (gYV) 18x00]q J01dadal uisualolbue
+ |1 Buy pue ‘pasnyui (1] Buw) 11 uisualolbue |01U0 WOJ) BUO0J1SO11I09 ewse|d pue ‘|| Buy ewsed ‘(wHdd) AlAanoe ulual ewseld (IS F) ueay

Author Manuscript

¢ ?olgel

Author Manuscript Author Manuscript Author Manuscript

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2016 November 01.





