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Abstract
Objective—Strategies that block angiotensin II actions on its angiotensin type 1 receptor or
inhibit actions of aldosterone have been shown to reduce myocardial hypertrophy and interstitial
fibrosis in states of insulin resistance. Thereby, we sought to determine if combination of direct
renin inhibition with angiotensin type 1 receptor blockade in vivo, through greater reductions in
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systolic blood pressure (SBP) and aldosterone would attenuate left ventricular hypertrophy and
interstitial fibrosis to a greater extent than either intervention alone.

Materials/Methods—We utilized the transgenic Ren2 rat which manifests increased tissue
expression of murine renin which, in turn, results in increased renin-angiotensin system activity,
aldosterone secretion and insulin resistance. Ren2 rats were treated with aliskiren, valsartan, the
combination (aliskiren+valsartan), or vehicle for 21 days.

Results—Compared to Sprague-Dawley controls, Ren2 rats displayed increased systolic blood
pressure, elevated serum aldosterone levels, cardiac tissue hypertrophy, interstitial fibrosis and
ultrastructural remodeling. These biochemical and functional alterations were accompanied by
increases in the NADPH oxidase subunit Nox2 and 3-nitrotyrosine content along with increases in
mammalian target of rapamycin and reductions in protein kinase B phosphorylation. Combination
therapy contributed to greater reductions in systolic blood pressure and serum aldosterone but did
not result in greater improvement in metabolic signaling or markers of oxidative stress, fibrosis or
hypertrophy beyond either intervention alone.

Conclusions—Thereby, our data suggest that the greater impact of combination therapy on
reductions in aldosterone does not translate into greater reductions in myocardial fibrosis or
hypertrophy in this transgenic model of tissue renin overexpression.
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Introduction
Pharmacologic intervention targeting renin-angiotensin-aldosterone system (RAAS)
interruption has been shown to slow progression of heart failure [1,2]. However, these anti-
hypertensive strategies only attenuate heart failure morbidity and mortality across trials
which suggest a significant remaining amount of residual risk for heart disease [3,4]. In this
context, activation of the RAAS contributes to maladaptive left ventricular (LV) remodeling
through promotion of oxidative stress and inflammation, processes that contribute to
hypertrophy and fibrosis in the progression of heart failure [1,5,6]. Combination treatment
strategies that block of the actions of angiotensin II (Ang II) on its angiotensin type 1
receptor (AT1R) (ARBs) or inhibit actions of aldosterone though antagonism of the
mineralocorticoid receptor (MR) have been shown to reduce LV hypertrophy and interstitial
fibrosis.

It is acknowledged that activation of the AT1R, as well as the MR, in cardiomyocytes and
cardiac fibroblasts leads to increased generation of excess reactive oxygen species (ROS), in
part, by a NADPH oxidase-dependent pathway [7–11]. In cardiomyocytes, both AngII and
aldosterone regulate growth pathways such as mammalian target of rapamycin (mTOR)
signaling as well as increasing generation of ROS [7,9,12,13]. Further, both hormones have
been shown to reduce insulin metabolic signaling, in part, by decreased downstream protein
kinase B/Akt phosphorylation/activation. The cumulative effect of these hormones
contributes to myocardial maladaptive remodeling, fibrosis, and hypertrophy. The role of
NADPH oxidase activation and generation of ROS in cardiac pathology is underscored by
the fact that NADPH oxidase inhibitors and free radical scavengers, as well as AT1R
blockade and MR antagonism, attenuate these adverse effects [7–9,11,14–19].

Many hypertensive patients treated with an ARB exhibit a phenomenon known as
“aldosterone breakthrough” [20]. Aldosterone breakthrough is likely due, in part, to
increases in tissue renin and the activity of non-angiotensin-converting(ACE) enzymes that
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cleave Ang I to form Ang II which eventually leads to increased synthesis and release of
aldosterone. As renin activation is a pivotal step in generation of Ang II and downstream
aldosterone secretion, there has been increased interest in exploring the utility of
combination renin inhibition with AT1R blockade as an attractive therapeutic target to
prevent myocardial tissue injury and heart failure through targeting greater reductions in
aldosterone [21,22].

Recent work from our group and others suggests that combination RAAS blockade would
improve blood pressure responses compared to individual components [23,24]. However,
the greater reduction in systolic blood pressure (SBP) did not lead to improvements in
proteinuria or indices of kidney injury [23]. As preclinical data would support aldosterone
contributes to a reactive myocardial fibrosis [11,25,26] and Ang II contributes to
mechanisms of myocardial hypertrophy [11,25–28] both through generation of oxidant
stress independent of changes in blood pressure, we hypothesized that combination therapy
with in vivo direct renin inhibition and AT1R blockade would then attenuate myocardial
tissue hypertrophy and interstitial fibrosis to a greater extent than either intervention alone.
We further hypothesized this would occur through greater reductions in aldosterone that
would lead to greater attenuation of insulin metabolic pathways and cardiac tissue oxidative
stress. Work done in a model of enhanced RAAS activation and insulin resistance, the
transgenic TG(mRen2)27 rat (Ren2) that has the murine renin transgene expressed in
various tissues including the adrenal, suggests that adrenal glomerulosa production of
aldosterone is partly tissue renin dependent and that direct adrenal renin inhibition may
attenuate aldosterone production [29]. Due to relative species specificity for only human and
mouse renin, renin inhibition with aliskiren cannot be studied effectively in conventional rat
models [30,31]. To circumvent this issue, we have employed the transgenic Ren2 which
harbors both the native Ren2 and the murine renin transgene, with increased tissue Ang II,
circulating aldosterone and insulin resistance [32]. Thereby, use of the transgenic Ren2 rat
allows for investigation of the role that combination of direct renin inhibition with AT1R
blockade compared to the individual interventions will have on myocardial tissue injury.

Methods
Animals and Treatments

All animal procedures were approved by the University of Missouri animal care and use
committees and housed in accordance with NIH guidelines. Using a prevention paradigm to
target development of hypertrophy and fibrosis, young Ren2 rats (6–9 weeks of age) and
age-matched Sprague-Dawley (SD) littermates were randomly assigned to sham-treated
(R2-C and SD-C, respectively; n=6 each), aliskiren-treated (R2-A; n=6 each) at 50mg/kg/
day, valsartan treated (R2-V; n=5) at 30 mg/kg/day, or a combination of aliskiren and
valsartan (R2-A+V; n=6) in saline via intraperitoneal injection for 21 days. Aliskiren was
provided by Novartis Research Laboratories and prepared fresh daily in sterile 0.9% normal
saline. Dosing was based on previous studies in Ren2 rats [23,30,33].

Systolic blood pressure (SBP) and Aldosterone
Restraint conditioning was initiated before blood pressure measurements were performed as
previously described [23,32,33]. SBP was measured in triplicate on separate occasions
throughout the day using the tail-cuff method (Harvard Systems, Student Oscillometric
Recorder) prior to initiation of treatment and on days 19 or 20 prior to sacrifice at 21 days.
Serum aldosterone was measured at the end of the treatment period via by
radioimmunoassay using a double antibody assay at the Vanderbilt Hormone & Analytic
Service Core Laboratory at the Vanderbilt Diabetes Research and Training Center [23].
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Echocardiography
Transthoracic echocardiography, was performed on isoflurane anesthetized rats using a GE
Vivid i system with an 11.5-MHz phased-array pediatric probe [34,35]. 2D echocardiograms
in the apical long and parasternal short axis views and M-mode examination at the level of
LV mid-cavity were performed. LV septal and posterior wall thicknesses (SWT and PWT
respectively) and LV internal diameter were measured both at end diastole and end systole
(LVIDd and LVIDs respectively). Fractional shortening (FS) and ejection fraction (EF) were
calculated according to the formulas %FS = [(LVIDd - LVIDs)/LVIDd]×100; and %EF =
[stroke volume/LV volume at end diastole]×100, respectively. Relative wall thickness
(RWT) was calculated according to the formula RWT = (SWTd + PWTd)/LVIDd. All
parameters were assessed by using an average of three beats, and calculations were made in
accordance with the American Society of Echocardiography guidelines as well as specific
guidelines for rodent echocardiography[34,35]. All data were acquired and analyzed by a
single blinded observer using Echo PAC (GE Vingmed) offline processing.

Immunohistochemistry
Harvested heart tissues were prepared as previously described [23,32,33]. Briefly, non-
specific binding sites on rehydrated paraffin embedded sections were blocked in 5% BSA,
5% donkey serum and 0.01% sodium azide in HEPES buffer for four hours in a humidity
chamber. Following a brief rinse, sections were incubated with 1:100 goat anti-Nox2 (Santa
Cruz), 1:50 goat polyclonal serine (Ser)2448phosphorylated (p)-mTOR (BD, Inc) in 10-fold
diluted blocking agent overnight. After washing, sections were incubated for four hours with
1:300 Alexa-fluor donkey anti-goat 647 for Nox2 and (p)-mTOR (Invitrogen). The slides
were examined under a bi-photon confocal microscope, and the images were captured with
LSM imaging system. Signal intensities were analyzed with MetaVue.

3-Nitrotyrosine (3-NT)Immunostaining
3-NT was quantified as previously described [23,32,33]. Briefly, tissue sections were
incubated overnight with 1:200 primary rabbit polyclonal anti-3-NTantibody (Millipore).
Sections were then washed and incubated 30 min with secondary antibodies, biotinylated
link, and streptavidin-HRP. After several rinses with distilled water, diaminobenzidine was
applied for 12 min, and sections were again rinsed and stained with hematoxylin for 45 sec,
rehydrated, and mounted with a permanent media. The slides were viewed under a bright
field (Nikon 50i) microscope and 40× images captured with a snap cf camera.

Cardiomyocyte Hypertrophy
To evaluate cardiomyocyte hypertrophy,4 µm of paraffin embedded heart sections were
incubated with 1:50 heme-pomatia agglutinin (HPA) conjugated to Alexa fluor 647 for four
hours. Then, two fluorescent confocal images were captured from each cross. On each
image the area of the 20 cardiomyocytes were measured by MetaVue or Metamorph. The
average size of all measured cardiomyocytes within a sample was determined and expressed
in units of cross sectional area (µm2).

Myocardial Fibrosis
Additional four µm thick sections were cut and mounted on glass slides and stained with
Verhoeff van Gieson (VVG) stain, which stains collagen fibers pink, to evaluate interstitial
fibrosis as previously described [23,32,33]. The relative amount of collagen within 10
representative regions was determined by MetaVue, and an average value recorded for each
LV sample was expressed as arbitrary units. Samples from five rats from each of the five
treatment groups were analyzed.
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Ultrastructural Observations with Transmission Electron Microscopy (TEM)
Heart tissue was thinly sliced, placed immediately in primary TEM fixative, and prepared as
previously described [23,32,33]. A JOEL 1400 TEM microscope (JOEL Ltd, Tokyo, Japan)
was utilized to view all samples.

Western Blots
Heart protein was quantified using BCA assay (Pierce, Rockford, IL). Laemmli buffer was
added to the lysates and equal amounts were loaded onto Criterion gels 7.5%. Blots were
blocked in 1%BSA in 1XTBST for one hour and incubated O/N at 4°C with rabbit
monoclonalanti-Akt antibody (Epitomics Inc, CA). Bands were visualized with ECL on a
Biorad Phosphorimager and quantified with Image Lab software (Biorad, Hercules, CA).
For Akt, the NuPage large protein analysis system was used (Invitrogen, Grand Island, NY).
Briefly, lysates were prepared for loading on to Novex 3–8% Tris-Acetate gels using sample
buffer and reducing agent supplied with the kit. Proteins were transferred for ~18 hours at
15V at 4°C. Blots were blocked as above and anti-Akt antibody was added for overnight
incubation at 4°C.

Statistical Analysis
All values are expressed as mean±standard error. Statistical analyses were performed using
ANOVA with Tukey’s post hoc test for all other outcomes (Sigma Stat 3.1, Systat Software
Inc., Chicago, IL).

Results
Combination therapy lowers SBP and aldosterone more than individual therapy in the
transgenic Ren2 rat

There were increases in SBP in the Ren2 (214±6 mm Hg) compared to SD controls (143±4
mm Hg; p<0.05); findings improved with administration of both aliskiren(159±13 mm Hg)
and valsartan (147±5 mm Hg, respectively; each p<0.05). There were greater reductions in
SBP in the Ren2 with combination treatment (126±4 mm Hg; p<0.05) compared to
treatment with either aliskiren or valsartan alone. Similar to our observation with SBP, there
were increases in circulating serum aldosterone levels in the Ren2 (319±4 pg/ml) compared
to SD controls (255±4 pg/ml, p<0.05) and administration of both aliskiren and valsartan
reduced serum aldosterone (233±28 and 268±42 pg/ml, respectively; each p<0.05).
Additionally, there were greater reductions with combination treatment(77±10 pg/ml,
p<0.05) compared to treatment with either aliskiren or valsartan alone in the Ren2 rats.

Combination adds little to improvements in hypertrophy on echocardiography in the Ren2
There were no changes in systolic indices (EF) in either strain or with treatment as
determined by 2D echocardiography (Fig 1). However, there were observable increases in
measures of thickness (e.g. septal, posterior and relative wall) in the Ren2 compared to SD
controls. There were similar improvements in echo indices of LV thickness between
aliskiren, valsartan or combination treatment in the Ren2.

In evaluation of LV function, the LV internal diameter in diastole was not different among
the groups (data not presented). However the internal dimension in systole was greater in
Ren2 compared to SD controls. Despite these differences in the internal dimensions, there is
no significant difference in LVEF or FS among the groups. Dimensions of the left atrium
and aorta were not different statistically.
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Combination adds little to improvements in hypertrophy and fibrosis in the Ren2
Increases in LV mass are associated with cardiomyocyte size[5,10]. Our data suggest that
consistent with increases in wall thickness, there are increases in cardiomyocyte size as
determined by HPA in Ren2 compared to SD controls (Fig 2A).HPA is a N-
acetylgalactosamine (GalNAc) binding lectin specific for cell-surface ligand binding and is
useful to clearly demarcate cell-cell borders. The increases in cardiomyocyte size in the
Ren2 were improved to a similar extent between aliskiren, valsartan, and combination
treatment.

The development of interstitial fibrosis contributes significantly to LV hypertrophy.
Commensurate with our findings of SWT, LV weight, and myocyte size in the Ren2
compared to SD controls there were increases in LV interstitial fibrosis (Fig 2B), findings
improved to a similar extent between aliskiren, valsartan, and combination treatment.

On ultrastructural analysis utilizing TEM, there was organized fibrillar collagen in the
interstitial perivascular regions of the Ren2 (Fig 2C) compared to SD control wherein there
is usually loose areolar collagen in the interstitium. In the valsartan treated Ren2 rats there
was loose areolar collagen, with no organized collagen present similar to SD controls and
there were no areas of organized collagen with aliskiren and combination treatment.

Combination adds little to improvements in oxidative stress and Ser kinases in the Ren2
Increases in cardiac mass and sustained overload contribute to contractile dysfunction and
heart failure through poorly understood mechanisms. Data implicates oxidant stress in
myocardial tissue hypertrophy and fibrosis through engagement of redox-sensitive kinases.
In this regard, the increases in LV thickness, myocyte size, and fibrosis occurred in parallel
with increases in the NADPH oxidase subunit Nox2 and 3-NTstaining in the Ren2 compared
to SD controls (Fig 3A and B), findings improved to a similar extent between aliskiren,
valsartan, and combination treatment.

Recent work highlights several redox-sensitive pathways such as mTOR and protein kinase
B(Akt) signaling systems that regulate growth and metabolism[12,13,36,37]. In this regard,
there were increases in Ser2448(p)-mTOR and reductions in Ser473(p)-Akt in the Ren2
compared to SD controls (Fig 4A and B, respectively), findings that were either decreased or
increased, respectively, to a similar extent over three weeks with administration of aliskiren,
valsartan, and the combination. Since increased (p) of mTOR and decreased (p) of Akt are
associated with reduced insulin metabolic signaling [1,5] this suggest that combination
therapy did not improve this metabolic signaling in the hearts of insulin resistant Ren2 rats
[25,32,33].

Combination adds little to improvements in ultrastructural remodeling in the Ren2
On ultrastructural analysis in cross section, there were excessive numbers of mitochondria in
the Ren2 compared to SD controls, which appear to morphologically compress the
sarcoplasmic reticulum structures as previously observed [25] (Fig 5). The mitochondria
cristae were often absent and typically the mitochondria matrix is lost and appears more
electron-lucent. Notably, there was also thinning and disorganization of sarcomeres. The
Ren2 also displayed elongation of the intercalated disc compared to SD controls (Fig 6).
This resulted in the appearance of duplication. These mitochondria abnormalities and
duplication of the intercalated disc are improved to a similar extent between aliskiren,
valsartan, and combination treatment.
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Discussion
Our current data support the concept that interruption of the RAAS with direct renin
inhibition, AT1R blockade and both interventions in combination, comparably improve
mechanisms that relate tometabolic signaling, myocardial tissue fibrosis and hypertrophy
under conditions of RAAS activation in the transgenic Ren2 rat. Our work extend prior
observations that combination led to greater improvements in blood pressure in the congenic
mRen2. Lewis to [24] yet, improved Akt (p)/activation and reduced (p) of mTOR, oxidant
markers (e.g Nox2 and 3-NT), interstitial fibrosis, LV hypertrophy and cardiomyocyte size,
and tissue remodeling to a similar extent as either component. Our recent data further
corroborate findings that combination treatment led to greater reductions in SBP as well as
aldosterone levels compared to either intervention alone [23]. However, contrary to our
hypothesis combination therapy provided little additional benefit compared to either
intervention alone in improving markers of myocardial tissue fibrosis, metabolic signaling
and hypertrophy. Thereby our data highlight the notion that Ang II-dependent tissue
responses to changes in blood pressure predominate over the potential impact of reductions
in aldosterone on markers of myocardial tissue fibrosis, metabolic signaling and
hypertrophyin this insulin resistant transgenic model.

Our finding that combination therapy led to greater reductions in aldosterone corroborates
data from a human cohort in sodium-replete subjects [37]. Considering the importance of
MR-dependent signaling for heart tissue fibrosis and remodeling, we had hypothesized the
combination strategy would provide greater cardio-protection in this model due to greater
reductions in aldosterone. However, the lack of additional reductions in fibrosis and
hypertrophy in the combination arm, despite the additional reductions in SBP and
aldosterone, may signal a detrimental response for combination therapy on growth and
proliferative responses and warrant future mechanistic investigation. This future mechanistic
work could potentially help understand observations from a recent human cohort the
ALTITUDE trial which was stopped prematurely due to an increase in cardiovascular events
in the combination arm utilizing aliskiren with an ACE inhibitor or ARB [38].

The presence of LV hypertrophy is a significant predictor of cardiovascular outcomes and
heart failure, and therapies targeting the RAAS have been demonstrated to improve LV
hypertrophy. Hemodynamic (ventricular overload and coronary perfusion pressure) or
humoral factors (Ang II, insulin, and aldosterone)regulate the development of hypertrophy
[3,22,34]. Although, it is thought the primary stimulus for hypertrophy is mechanical stress
due to hemodynamic overload and elevations in systolic pressure over time. In the Ren2
model, the RAAS is activated by elevations in tissue Ang II as well as circulating
aldosterone. Further, direct renin inhibition, AT1R blockade and MR antagonism have been
shown to improve interstitial fibrosis and hypertrophy in this model [18,25,33]. Thereby, our
observation that LV thickness, cardiomyocyte hypertrophy, and ultrastructural remodeling
were improved to a similar extent among the treatments groups suggests the hemodynamic
(BP) response to treatment trumped the benefit of the additional reduction in aldosterone in
this transgenic model [23].

In regards to the impact of changes in blood pressure on fibrosis, previous work suggest
MR-dependent fibrosis can occurin the hypertrophied LV as well as in the non-
hypertrophied LV under conditions of a normal work load [39–41]. Myocardial and peri-
coronary fibroblasts that synthesize collagens which promotes myocardial tissue fibrosis
have been demonstrated to possess MRs [25,39]. The LV of transgenic Ren2 rats exhibited
interstitial fibrosis in addition to increases in LV thickness and myocyte size and renin
inhibition as well as blockade of the AT1R improved measures of fibrosis and hypertrophy
[18,25,33,40,41]. Our additional observation that combination led to no greater reductions in
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fibrosis suggest that mechanism to promote fibroblasts in this model are more dependent on
hemodynamic that hormonal factors, per se. Thereby, our findings are contrary to the
premise that greater reductions in aldosterone would then lead to greater reductions in
fibrosis in this transgenic model and corroborate recent work in Ang II infused mice
suggesting that fibroblast migration and interstitial fibrosis may be pressor-dependent
processes[42].

Despite this pressor-dependent fibrotic response uncovered in the current investigation, ex
vivo and in vitro studies support the notion that Ang II and aldosterone facilitate fibrosis and
hypertrophy, in part, through the increases in ROS under conditions of overload [40].
Indeed, hypertrophic LV of the Ren2 exhibited enhanced NADPH oxidase driven oxidative
stress as indicated by elevations in Nox2 and consequent3-NT levels. These findings
corroborate previous work in this model, and they suggest an autocrine/paracrine role for the
RAS in the myocardium leading to high tissue levels of Ang II and generation of NADPH
oxidase-derived ROS[18,32,33,43]. Similar to hypertrophy and fibrosis indices, Nox2 and 3-
NT were normalized between the three treatment groups further corroborating recent work
which suggests that changes in NADPH oxidase is strain or load dependent [39–43].

Recent data support a role for AT1R signaling in promotion of fibrosis in coronary smooth
muscle cells and hypertrophy in cardiac tissue through activation of the mTOR [44,45]. In
cardiomyocytes, blockade of the AT1R reduces mTOR signaling and cell size and improves
insulin metabolic signaling, in part, by targeting pathways that lead to reductions in NADPH
oxidase subunits. In this regard, cell growth is redox dependent and recent data from
HEK-392 cells suggest mTOR, similar to other kinases, is redox-sensitive where in
oxidizing agents diamide or phenylarsine oxide increased downstream target S6K [44–46].
While activation of mTOR has not been shown to be strain or load dependent in the heart,
the observed reductions in Ser2448 p-mTOR with direct renin inhibition, AT1R blockade and
in combination corroborate that engagement of mTOR is, in part, Ang II dependent.

It should be noted that mTOR contains a phosphatidylinositol-3-kinase (PI3-K) like domain
and is considered a substrate for Akt activity. Further, Ser2448 serves as an Akt target for
mTOR in LV remodeling under conditions of ischemia-reperfusion [12]. However, recent
work supports that mTOR engages a mechanism to regulate insulin receptor substrate-1
(IRS-1) expression and thereby insulin-dependent engagement of PI3-K/Akt under
conditions of RAAS activation, causing tissue and systemic insulin resistance[13,47]. In this
context, selective mTORC1 inhibition can elicit increased Ser473 (p) of Akt through IRS-1,
alternatively mTOR activation has been shown to attenuate Ser473 p-Akt through
suppression of IRS-1. This reciprocal relationship between mTOR and Akt activation is
consistent with the notion that site-specific (p) can dictate the transport, proliferative, or
growth dependent responses under varying experiment conditions. The reduction in heart p-
Akt is consistent with previous literature on alterations in tissue and systemic insulin
sensitivity in the Ren2 manifesting RAAS activation [18,48].

In summary, results from the current investigation indicate that either renin inhibition or
AT1R blockade, whether alone or in combination, improved to a similar extent LV pro-
fibrotic and growth factors, oxidative stress and associated interstitial fibrosis, and
hypertrophy. Despite the fact that combination therapy provided an additional benefit in
SBP and aldosterone reduction beyond what was observed in SD controls, this did not
translate to further reductions in markers of myocardial tissue fibrosis, oxidative stress and
hypertrophy. Thereby, our data highlight that Ang II-dependent changes in blood pressure
and tissue responses predominate over the potential impact of reductions in aldosterone on
markers of myocardial tissue hypertrophy and fibrosis in this transgenic model.
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It should be noted in our finding that treatment with the individual components in the Ren2
led to improvements comparable to controls suggesting that combination of the two might
not be relevant in the study design of this model. Additionally, as both renin inhibition and
AT1R blockade completely prevented a hypertrophic or fibrotic response in the Ren2, the
addition of a combitorial strategy with this dosing strategy confounded any expectation of
interpretation of a synergistic reduction. Thereby, dosing strategies to evaluate
combinatorial blood pressure lowering effects of the agents over a time course might yield
important inferences in this model and other physiological relevant models that display
activation of the RAAS. In addition, future work directed at exploring other combinatorial
strategies such as AT1R blockade or renin inhibition with antagonism of the MR need
exploration [49–51].
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Abbreviations

Angt II angiotensin II

ACE angiotensin-converting enzyme

AT1R Ang II type 1 receptor

EF ejection fraction

FS fractional shortening

HPA heme-pomatia agglutinin

LV left ventricular

LVID LV internal diameter

mTOR mammalian target of rapamycin

MR mineralocorticoid receptor

GalNAc N-acetylgalactosamine

PWT posterior wall thicknesses

ROS reactive oxygen species

RWT relative wall thickness

RAS renin-angiotensin system

RAAS renin-angiotensin-aldosterone system

SWT septal wall thicknesses

SD sprague-dawley

SBP systolic blood pressure
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3-NT 3-nitrotyrosine

Ren2 transgenic TG(mRen2)27 rat

VVG Verhoeff van Gieson
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Figure 1. Echocardiography measures in the Ren2 Rat
A) Representative images of m-mode echocardiography of Ren2 controls (Ren2-C)
compared to age-matched Sprague-Dawley controls (SD-C) with B) LV wall dimensional
and ejection fraction measures below. Values presented as mean ± standard error. *, p<0.05
when Ren2-C are compared to SD-C; †, p<0.05 when Ren2 rats treated with either aliskiren
(Ren2-A), valsartan (Ren2-V), or combination (Ren2-A+V) are compared to age-matched
Ren2-C.
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Figure 2. Markers of cardiac tissue hypertrophy and fibrosis in the Ren2 Rat
A) Representative images of semi-quantitative analysis of heme-pomatia agglutinin with
measured to the right. B) Verhoeff-Van Gieson (VVG) stain for elastin and collagen with
measures of tubulointerstitial fibrosis to the right. Values presented as mean ± standard
error. *, p<0.05 when Ren2 controls (Ren2-C) are compared to age-matched Sprague-
Dawley controls (SD-C); †, p<0.05 when Ren2 rats treated with either aliskiren (Ren2-A),
valsartan (Ren2-V), or combination (Ren2-A+V) are compared to age-matched Ren2-C. C)
Ultrastructural analysis utilizing transmission electron microscopy of the Ren2 demonstrate
organized fibrillar collagen in the interstitial and perivascular regions. This image
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demonstrates the marked pericapillary interstitial organized fibrillar collagen (arrow) typical
of early ultrastructural fibrosis that appears asteroid-like shaped around a 4×6 µm interstitial
capillary. Scale bar = 1 µm.
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Figure 3. Markers of oxidant stress in the Ren2 Rat
A) Representative confocal images of NADPH oxidase subunit Nox2 with measures of
average grey scale intensities to the right. B) Representative images of 3-nitrotrysoine with
corresponding measures to the right. Values presented as mean ± standard error. *, p<0.05
when Ren2 controls (Ren2-C) are compared to age-matched Sprague-Dawley controls (SD-
C); †, p<0.05 when Ren2 rats treated with either aliskiren (Ren2-A), valsartan (Ren2-V), or
combination (Ren2-A+V) are compared to age-matched Ren2-C. Scale bar = 50 µm.
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Figure 4. Kinases in cardiac growth in the Ren2 rat
A) Representative images from immunohistochemistry analysis of Serine (Ser) p-mTOR at
2248 with corresponding measures below. Scale bar = 50 µm. B) Western blot analysis of
phosphorylated (p) Akt at Threonine (Thr) 389 compared to total Akt in cytosolic fractions
with densitometry analysis of pAkt/tAkt below. Values presented as mean ± standard error.
*, p<0.05 when Ren2 controls (Ren2-C) are compared to age-matched Sprague-Dawley
controls (SD-C); †, p<0.05 when Ren2 rats treated with either aliskiren (Ren2-A), valsartan
(Ren2-V), or combination (Ren2-A+V) are compared to age-matched Ren2-C.
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Figure 5. Mitochondrial Content in the Ren2 Heart
Representative images from ultrastructural analysis of the Ren2 myocardium utilizing
transmission electron microsopy. In cross section of control transgenic Ren2 rats (Ren2-C;
top right panel), there are excessive numbers of mitochondria (Mt) which appear to
morphologically compress the sarcoplasmic reticulum (SR) structures (white arrow). The
cristae are often absent and typically the mitochondria matrix is lost and appears more
electron lucent. Notably, there is also thinning and disorganization of sarcomeres. These
observations are not observed in Sprague Dawley control (SD-C) rats and restored in treated
Ren2 rats to similar extent with aliskiren (Ren2-A), valsartan (Ren2-V), and combination
treatment with both aliskiren and valsartan (Ren2-A+V). Scale bar = 2 µm.
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Figure 6. Myocardial tissue remodeling in the Ren2 Heart
Representative images from ultrastructural analysis of the Ren2 myocardium utilizing
transmission electron microscopy. In cross section of control transgenic Ren2 rats (Ren2-C;
top right panel), the intercalated discs appear to be elongated with increased convolutions in
order to increase surface areas between two cardiomyocytes (white arrow). Scale bar = 1
µm. This results in the appearance of being duplicated (middle panels). Scale bar = 0.2 µm.
These observations are not observed in Sprague Dawley control (SD-C) rats and restored in
treated Ren2 rats to similar extent with aliskiren (Ren2-A), valsartan (Ren2-V), and
combination treatment.
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