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Abstract
Purpose—Hypertension and left ventricular (LV) hypertrophy often precede diastolic dysfunction
and are risk factors for diastolic heart failure. Although pharmacologic inhibition of the renin
angiotensin system (RAS) improves diastolic function and functional capacity in hypertensive
patients with LV hypertrophy, the effects of combination therapy with an angiotensin converting
enzyme inhibitor (ACEi) and an angiotensin receptor blocker (ARB) are unclear.

Methods—We assessed the effects of the combined 10-week administration of lisinopril (10 mg/
kg/day, p.o.) and losartan (10 mg/kg/day, p.o.) (LIS/LOS) on diastolic function and LV structure in
seven young (5 wks), prehypertensive congenic mRen2.Lewis male rat, a model of tissue renin
overexpression and angiotensin II (Ang II)-dependent hypertension compared to vehicle (VEH)
treated (n=7), age-matched rats.

Results—Systolic blood pressures were 64% lower with the combination therapy (P<0.001), but
there were no differences in heart rate or systolic function between groups. RAS inhibition increased
myocardial relaxation, defined by tissue Doppler mitral annular descent (e’), by 2.2 fold (P< 0.001).
The preserved lusitropy in the LIS/LOS-treated rats was accompanied by a reduction in
phospholamban-to-SERCA2 ratio (P<0.001). Despite lower relative wall thicknesses (VEH: 1.56 ±
0.17 vs. LIS/LOS: 0.78 ± 0.05) and filling pressures, defined by the transmitral Doppler-to-mitral
annular descent ratio (E/e’, VEH: 28.7 ± 1.9 vs. LIS/LOS: 17.96 ± 1.5), no differences in cardiac
collagen were observed.

Conclusion—We conclude that the lusitropic benefit of early dual RAS blockade may be due to
improved vascular hemodynamics and/or cardiac calcium handling rather than effects on
extracellular matrix reduction.
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Introduction
Recent treatment guidelines emphasize the use of combination therapy to control blood
pressure thereby decreasing the risk of hypertension-related events such as diastolic
dysfunction (Chobanian et al., 2003; Mancia et al., 2007; Williams et al., 2004). Among the
potential therapeutic combinations, dual renin angiotensin system (RAS) blockade using
angiotensin converting enzyme (ACE) inhibitors (ACEi) and angiotensin II (Ang II) type 1
receptor (AT1) blockers (ARBs), has been proposed to achieve more complete RAS
suppression, better blood pressure control, and incremental reno- and cardioprotective effects
when compared to either drug alone (Kolesnyk et al., 2007; Werner et al., 2008). The additional
rationale for this type of combination therapy is based on mechanistic evidence regarding
incomplete suppression of Ang II formation by ACE inhibitors due in part to increased renin
activity and higher Ang I. This “escape phenomenon” ultimately results in the plasma levels
of Ang II returning to their pretreatment values (Roig et al., 2000; van den Meiracker et al.,
1992). However, clinical experience with the combination of ACE-inhibitors and ARBs has
produced conflicting results. Most studies show a modest reduction in systolic and diastolic
pressure when an ARB is combined with an ACE inhibitor and visa versa (Doulton et al.,
2005). In addition, a meta-analysis involving more than 6,000 hypertensive patients found that
dual RAS blockade reduced proteinuria to a greater extent (~ 25%) than either drug alone that
cannot be attributed to differences in blood pressure (Kunz et al., 2008). In spite of this, findings
from the ONTARGET (Renal Outcomes With Telmisartan, Ramipril, or Both, in People at
High Vascular Risk) study of more doubling of creatinine and need for dialysis in the
combination arm of telmisartan and ramipril when compared to monotherapy have cast doubts
on the potential synergistic advantage of dual RAS blockade (Mann et al., 2008). Likewise, in
systolic heart failure patients, addition of candesartan to an ACE inhibitor in the CHARM-
Added trial (Effects of Candesartan in Patients With Chronic Heart Failure and Reduced Left-
Ventricular Systolic Function Taking Angiotensin-Converting-Enzyme Inhibitors), reduced
heart failure hospitalizations, but more patients discontinued study medications in the
combination arm due to adverse side effects, including increases in plasma creatinine and
potassium, than in the placebo/ACEi arm (McMurray et al., 2003). Hypotension, worsening
of renal function, and hyperkalemia were also more common with combination therapy than
with ACE inhibitors alone in over 18,000 patients with LV dysfunction (Lakhdar et al.,
2008). While these outcome and safety data have evoked skepticism with regard to dual RAS
blockade for hypertension, renoprotection and heart failure, the therapeutic potential of
combination RAS blockade for preclinical diastolic dysfunction remains unclear.

Several experimental and clinical studies have suggested the beneficial effects of RAS
blockade, using either ACE inhibitors or ARBs in both hypertensive and hypertensive-prone
animals and patients to improve diastolic function, via reductions in LV hypertrophy,
myocardial fibrosis, and vascular stiffness. Our laboratory and others have demonstrated that
ACEi and ARBs normalize blood pressure, improve left ventricular (LV) function, reverse
cardiac hypertrophy and proteinuria in experimental rodent models of hypertension; changes
that are often associated with a compensatory activation of the angiotensin converting enzyme
2 (ACE2)/angiotensin-(1-7) [Ang-(1-7)]/mas receptor axis (Chappell, 2007; Ferrario et al.,
2005a; Ferrario et al., 2005b; Ferrario et al., 2005c; Jessup et al., 2006; Varo et al., 1999; Varo
et al., 2000). In addition, sub depressor doses of ARBs attenuated diastolic impairment and
LV remodeling in the Dahl, salt-sensitive rat, in part, through their anti-inflammatory effects
(Nishio et al., 2007). Interestingly, the cardio-, vascular-, and renoprotective effects of ACEi
and ARBs persisted through adulthood when treatment was initiated in young, prehypertensive
rats (Baumann et al., 2007a; Baumann et al., 2007b; Baumann et al., 2007c; Berecek et al.,
2005). Long-lasting effects of the AT1 antagonist, olmesartan, were observed following
cessation of treatment in the female hypertensive mRen2.Lewis strain (Chappell et al., 2003).
Preemptive therapeutic RAS blockade with either an ACEi or an ARB in prehypertensive
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humans, characterized by “high normal” blood pressures, also delayed the development of
hypertension (Julius et al., 2006; Luders et al., 2008). Likewise, the Vascular Improvement
with Olmesartan medoxomil Study (VIOS) showed that AT1 blockade using olmesartan
normalized blood pressure and reversed vascular hypertrophy in prehypertensive subjects who
otherwise would not have been treated by current clinical guidelines (Smith et al., 2008). This
attenuation in vascular remodeling was a pressure-independent effect of olmesartan as similar
pressure reductions using atenolol had no effect on arterial morphology (Smith et al., 2008).

Therefore, we investigated the effect of combined early administration of ACEi and ARB in
a model of experimental hypertension that over-expresses the mouse Ren2 gene. The
mRen2.Lewis, which we have extensively characterized elsewhere (Groban et al., 2008; Jessup
et al., 2006; Pendergrass et al., 2006; Pendergrass et al., 2008; Yamaleyeva et al., 2007a;
Yamaleyeva et al., 2007b) expresses higher circulating Ang II, but similar cardiac levels of the
peptide (Pendergrass et al., 2006; Pendergrass et al. 2008) The congenic strain is derived from
the original transgenic [mRen2]27 rat developed by Mullins et al (Mullins et al., 1990; Mullins
and Ganten, 1990) and backcrossed in the inbred Lewis. The transgenic model exhibits
accelerated hypertension accompanied by hypertension-induced cardiac and vascular
hypertrophy (Bachmann et al., 1992; Bohm et al., 1996; Ohta et al., 1996) as well as
disturbances in body fluid regulation and renal function (Gross et al., 1996; Springate et al.,
1994); key factors leading to diastolic dysfunction. Accordingly, we hypothesized that early
administration of chronic antagonism of Ang II synthesis and AT1 signal transduction prevents
the development of hypertension and preserves diastolic function in the mRen2.Lewis strain.

Methods
Animals

Male mRen2.Lewis rats were obtained from the Hypertension and Vascular Research Center
Congenic Colony of Wake Forest University School of Medicine. Rats were housed in an
Association for Assessment and Accreditation of Laboratory Animal-approved facility
individual cages (12-hr light/dark cycle) with ad libitum access to rat chow and tap water.

Experimental protocol
Rats (5 wks of age) were randomly assigned to drink either tap water (vehicle, n = 4) or tap-
water to which lisinopril and losartan (combination, 10 mg/kg/day of each, n = 7) were added
for 10 consecutive weeks. Doses were chosen based on efficacy in other rodent models using
blood pressure, neurohormonal, and renal endpoints (Ferrario et al. 2005a, Ferrario et al.
2005b, Jessup et al. 2006). Systolic blood pressure was determined by tail-cuff
plethysmography at the conclusion of treatment. Immediately prior to decapitation, an
experienced echocardiographer (L. Groban) who was masked to the treatment protocol
performed transthoracic echocardiography on the anesthetized rats [ketamine HCl (60 mg/kg)
and xylazine HCl (5 mg/kg)]. Once the echocardiograms were completed, the rats were
decapitated. The hearts were removed and weighed with one half being submerged in 10%
formalin and the other frozen on dry ice for biochemical analyses.

Echocardiographic studies
The echocardiograms were obtained in sedated animals as previously described using a Philips
Envisor echocardiograph (Philips Medical Systems, Andover, MA) and a 12 MHz phased array
probe (Groban et al., 2008). Left ventricular end-diastolic and end-systolic diameters (LVEDD
and LVESD, respectively), LV posterior wall thickness (PWT), and anterior wall thickness
(AWT) were measured from midpapillary, short-axis images obtained by M-mode
echocardiography. The percentage of LV fractional shortening (%FS), an index of contractile
function, was calculated as FS (%) = [(LVEDD – LVESD)/LVEDD] × 100. LV mass was
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calculated using a standard cube formula, which assumes a spherical LV geometry according
to the formula: LV mass (LVmass) = 1.04 × [[LVEDD + PWT + AWT]3 – LVEDD], where
1.04 is the specific gravity of muscle. Relative wall thickness (RWT) was calculated as: 2 x
PWT/ LVEDD. Mitral inflow measurements of early and late filling velocities (Emax and
Amax, respectively), deceleration slope (Edec slope), isovolumic relaxation time (IVRT), and
early deceleration time (Edec time) were obtained using pulsed Doppler, with the sample
volume placed at the tips of mitral leaflets from an apical four-chamber orientation. Doppler
tissue imaging (DTI) to assess early mitral valve annular velocity (e’) was measured from the
apical four-chamber view with the pulse-wave Doppler sample volume placed at the base of
the left ventricle, in the region of the septal mitral annulus. All measurements were performed
with an off-line analysis system (Cardiac Workstation, Freeland Systems) by one observer who
was blinded to previous results. An average of at least five consecutive cardiac cycles to
minimize beat-to-beat variability was used for all represented measured and calculated systolic
and diastolic indices.

Histopathology
Vertical, long-axis sections of the formalin-fixed heart were taken through the left ventricle.
Specimens were dehydrated with ethanol and embedded into paraffin blocks. Following
microtome sectioning, the 4 μm tissue sections were stained with Verhoeff-van Gieson (VVG)
and picrosirius red (PSR) for assessment of collagen and elastin fibers. The sections were
examined under both bright field and polarized light using a Leica DM4000B microscope
system (Bannockburn, IL) and an Olympus polarizing microscope system (Center Valley, PA),
respectively. Bright field photomicrographs were captured with a Leica DFC digital camera
and processed using Leica Application Suite software, while polarized images were taken using
Diagnostic Instruments Inc. Digital SPOT RT, 3-pass capture, thermoelectrically cooled
charge-coupled camera (Sterling Heights, MI) and processed using the SPOT® Advanced
software. A blinded observer took 2 images from each of 4 randomized quadrant fields totalling
8 images per section under bright field and with polarization magnified 200-times. The
digitized images of equal pixel composition were analyzed using Adobe Photoshop Creative
Suite 3. The quantified collagen content was determined as a ratio of VVG-stained or PSR-
stained pixels divided by total pixels.

Western blot hybridization
Sarcoplasmic reticulum (SR) membranes were prepared as previously reported (Groban et al.,
2006). Immunoblots were ran and probed for sarcoplasmic endoplasmic reticulum ATPase
(SERCA2) antibody (1:1000 dilution; Abcam, Cambridge, MA) and phospholamban (PLB)
(1:5000 dilution; Abcam, Cambridge, MA) as previously detailed (Groban et al., 2006). The
PLB-to-SERCA2 ratio was used as a measure of SERCA2 inhibition. To normalize the
variability of protein loading, the antibody to Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:5000 dilution; Cell Signaling, Danvers, MA) was probed onto the SERCA2 and
PLB-stripped membranes (Western Blot Recycling Kit; Alpha Diagnostic International, Inc.,
San Antonio, TX). The bands corresponding to SERCA2, PLB, and GAPDH were scanned
and digitized (MCDI image analysis software; Imaging Research Inc., Ontario, Canada). Each
SERCA2 and PLB bands were normalized to its own GAPDH band.

Statistical analysis
All values are expressed as mean ± SEM. Two-tailed Student’s t-tests were used for comparing
differences in the vehicle vs. combination groups at a p value < 0.05.
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Results
Ten weeks of dual RAS blockade in the mRen2.Lewis rat, significantly reduced body weights
compared to vehicle treatment (LIS/LOS: 357 ± 6 g vs. VEH: 426 ± 8 g, respectively), but did
not affect urine output (LIS/LOS: 22.7 ± 1.1 mL/24 h vs 25.0 ± 1.7 mL/24 h). The tail-cuff
systolic arterial pressure in congenic rats medicated with the combination therapy was 64%
less than the rats that were maintained on vehicle treatment (210 ± 2 mmHg vs. 76 ± 4 mmHg,
respectively). The treatment had no effect on cardiac rate (Table 1).

Table 1 summarizes the M-mode measurements of LV dimensions, wall thicknesses, LV mass
and systolic function. LV end-diastolic and end-systolic dimensions were higher in treated rats,
which was accompanied by a lower relative wall thickness (Figure 1). Since body weights were
significantly lower in treated rats, LV mass was normalized to body weight. LV mass
normalized to body weight, also known as LV mass index, was significantly lower in LIS/
LOS-treated rats compared to saline-treated control rats (.0023 ± .0002 vs .0036 ± .0004 mg/
gram body weight). There was no effect of the treatment on percent fractional shortening. Using
Doppler flow and Doppler tissue imaging, assessment of diastolic function revealed a
significantly lower isovolumic relaxation time and a higher mitral annular descent (e’) in
treated rats (Table 2 and Figure 2). RAS blockade resulted in a greater E wave to A wave ratio,
a function most likely due to the 1.4-fold higher maximum early filling velocity of the left
ventricle through the mitral valve. The preserved myocardial relaxation elicited by inhibiting
Ang II synthesis as well as the activity at its receptor resulted in a 37% lower filling pressure,
as determined by the ratio of early transmitral filling velocity to early mitral annular velocity
(E/e’) (P < 0.001) (Figure 2).

Systolic blood pressure and relative wall thickness in the mRen2.Lewis rats were linked to TDI
measures of septal mitral annular descent. Specifically, tissue Doppler imaging of myocardial
motion, or e’, showed significant inverse correlations with blood pressure and relative wall
thickness (r = −0.83, P = 0.002 and r = −0. −0.72, P < 0.01, respectively). As expected, systolic
blood pressure was significantly correlated with RWT (r = 0.95, P < 0.0001).

Interstitial (Figures 3 and 4) and perivascular (0.4 ± 0.1 % vs. 0.5 ± 0.2 % total area, n=6 each
group, P = 0.86) collagen content following RAS blockade was not different compared to
vehicle treatment (Figures 3 and 4). Displayed in Figure 5, the resulting immunoblots probed
for SERCA2 and Phospholamban (PLB) and their respective GAPDH blots revealed single
bands of molecular weight 110 kDa, 25 kDa, and 40 kDa, respectively. The ratio of PLB- to -
SERCA2 levels normalized to their respective GAPDH decreased 74% in the mRen2.Lewis
medicated with the ACEi and ARB compared to VEH treatment (Figure 5).

Discussion
In the current study we examined the effect of early dual RAS blockade on cardiac structure
and diastolic function in young, prehypertensive male mRen2.Lewis rats. Chronic inhibition
of Ang II synthesis combined with blockade of Ang II’s actions at the AT1 receptor effectively
prevented the development of LV hypertrophy and the functional alterations of the LV
relaxation phase. While these effects were associated with reduced LV filling pressures,
indicated by a relatively lower E/e’ ratio compared to vehicle-treated mRen2.Lewis rats,
markers of collagen deposition were comparable in both treated and vehicle rats. The preserved
LV lusitropy with dual RAS blockade was coupled by decreases in phospholamban-to-
SERCA2 ratios and low, normal systemic blood pressures compared to untreated rats. Taken
together, our data show that early commencement of dual RAS blockade attenuated the
development of hypertension and early diastolic dysfunction in the 15 week old mRen2.Lewis
male rat.
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Arterial hypertension is a common etiologic factor in the development of diastolic dysfunction,
even with the presence of normal systolic function. The transmitral Doppler filling and time
interval abnormalities specific to our 15 week old untreated hypertensive mRen2.Lewis rats
include decreases in E velocity and E/A ratio, and prolongation in IVRT compared to the RAS
blockade-treated cohort. Although the echocardiographic changes are similar to that which has
been reported in patients with hypertension and delayed relaxation (Gardin et al., 1987; Pearson
et al., 1987) the lack of an increase in late filling (A velocity) or a prolongation in deceleration
time or reversal in E/A suggests a transitioning to a pseudonormal pattern. It is well known
that diastolic filling is determined by the atrial-ventricular pressure gradient and is, therefore,
regulated not only by relaxation but the driving pressure and compliance of the LV (Appleton
et al., 1988; Thomas and Weyman, 1991). Accordingly, we used pulsed-wave tissue Doppler
imaging of mitral annular descent, or e’, as a preload independent index of LV relaxation to
differentiate pseudonormal from normal Doppler inflow patterns (Nagueh et al., 1997). Indeed,
the untreated mRen2.Lewis rats exhibited a reduced e’ and increased E/e’ ratio, compared to
treated mRen2.Lewis, suggesting that the increased afterload in the hypertensive mRen2.Lewis
rats may have partially contributed to the impaired relaxation and increased filling pressure.

In the presence of LVH, lower mitral annular velocities in diastole have been reported and
reduced early filling velocities have been correlated with the time constant of relaxation or tau
(Kasner et al., 2007). Moreover, reductions in e’ have been noted in patients with LVH in
whom mitral inflow velocities have been “normalized” due to elevations in left atrial pressure
(Di, V et al., 2004; Wachtell et al., 2000). Although we cannot discount changes in chamber
stiffness or compliance, increases in wall thickness were observed in our untreated,
mRen2.Lewis cohort in the absence of myocardial fibrosis. These finding are in keeping with
the observation that in 13 week old Dahl salt-sensitive hypertensive rats, increases in tau and
LV mass were observed without a change in myocardial fibrosis (Masuyama et al., 2000).
Indeed, the mechanisms by which LVH alters diastolic function are associated with changes
in the extracellular matrix such as collagen infiltration (Weber et al., 1987), but also with
increases in LV mass, myocyte diameter, altered calcium currents, subendocardial ischemia,
and LV dyssynchrony (Gradman and Alfayoumi, 2006; Periasamy and Janssen, 2008; Tan et
al., 2008).

Given that LVH is independently an important risk factor in hypertension, preventing its
development and enforcing its regression are indisputable necessities. LVH regression leads
to beneficial alterations in diastolic filling, limits the propensity for ventricular arrhythmias,
improves systolic midwall performance, autonomic function, and coronary reserve (Agabiti-
Rosei et al., 2006; Cuspidi et al., 2008; Muiesan et al., 2000; Shimizu et al., 2000; Teniente-
Valente et al., 2008; Tsuyuki et al., 1997). Numerous studies have demonstrated that the use
of ARBs facilitates the regression of LVH. Previous documentation has shown that an ARB
(olmesartan 0.6 mg/kg/day) given to 17 week old Dahl salt-sensitive rats for three weeks
reversed diastolic dysfunction, which has been, in part, attributed to the anti-inflammatory
effects of the drug as assessed by measurements of NADPH oxidase activity, transforming
growth factor-ß1 (TGF-ß1), and monocyte chemoattractant protein-1 (MCP-1) (Nishio et al.,
2007). Rothermund et al.(Rothermund et al., 2001) reported that administration of eprosartan
prevented LV diastolic functional impairment in [mRen2]27, independent of its anti-
hypertensive action. Submaximal doses of eprosartan (6 mg/kg given for 20 wks from age 10
wk - 30 wk) elicited profound decreases in LV end-diastolic pressure and increases in LV
relaxation (Rothermund et al., 2001), suggestive of improvements in LV compliance and
lusitropy, respectively. It has been shown in canine experiments that acute exposure to the
AT1 antagonist, L-158,809, significantly decreases LV end-diastolic pressure and chamber-as
well as myocardial stiffness constants after saline loading in dogs with LVH (Hayashida et al.,
1997). Clinically, ARB therapy improves diastolic function in diabetic patients with LV
diastolic dysfunction (Kawasaki et al., 2007). The authors attributed the improvement in
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cardiac diastolic function to increased collagen turnover since the ratio of synthesis versus
degradation decreased (Kawasaki et al., 2007). On an outcomes level, the CHARM-Preserved
clinical trial found that candesartan reduced hospitalizations in the sub-group of heart failure
patients with preserved ejection fraction (Yusuf et al., 2003).

Blocking ACE activity, similar to blocking AT1 receptors, results in beneficial outcomes when
it comes to cardiac diastolic function, however, the mechanisms appear to be different. Satoh
et al. (Satoh et al., 2003) demonstrated that ACEi restored sarcoplasmic reticulum Ca2+ uptake
in 17 week old Dahl rats that had been treated for seven weeks with temocapril (10 mg/kg/
day). Similarly, restoration of Ca2+ handling and correction of the overall Ca2+ homeostasis
through the use of ACEi or even an ARB, was mechanistically deemed responsible for reducing
LV systolic and end-diastolic pressures in 14 week old [mRen2]27 rats, while simultaneously
increasing the ventricle’s relaxation velocity (Flesch et al., 1997). Furthermore, in a publication
detailing the impact of ARB add-on therapy to ACEi there was even more attenuation of
diastolic dysfunction in that LV end-diastolic pressure and the percentage of fibrosis were
significantly less in ACEi and ARB (temocapril 0.2 mg/kg/day and olmesartan 0.3 mg/kg/day,
respectively) treated Dahl rats compared to animals receiving only ACEi (Yoshida et al.,
2004).

The role of dual RAS blockade in collagen synthesis and degradation remains unclear as in the
mRen2.Lewis model treated for 10 consecutive weeks there were no measurable differences
in interstitial or perivascular collagen content. However, Ferrario et al. (Ferrario et al.,
2005a) showed that up-regulation of the cardiac ACE2/Ang-(1-7) axis induced by a 12-day
administration of either lisinopril or losartan in Lewis rats was abrogated when both drugs were
given in combination. Other factors may contribute as well. The age at which treatment is
initiated may play a role since the collagen content of the mRen2.Lewis compared to a Lewis
of the same age was not different (Figure 4). In keeping with this interpretation, the reduction
in collagen volume fraction reported by Varo et al. (Varo et al., 1999; Varo et al., 2000) in
SHR occurred in 30 week-old rats in which losartan was given at doses of 20 mg/kg/day for
14 weeks. Comparative results reported by Lambert’s group were found in SHR in which ACEi
treatment was initiated at age 4 weeks and continued for 12 to 20 weeks (Gagnon et al.,
2004). Thus far, no studies have evaluated the effect of combining an ACE-inhibitor and ARB
on cardiac collagen deposition in hypertensive rats.

N-acetyl-Ser-Asp-Lys-Pro, a tetrapeptide specifically degraded by ACE, has potent anti-
fibrotic actions and its novel anti-inflammatory mechanisms in hypertension-induced target
organ damage may in part be related to the inhibition of the inflammatory cytokine tumor
necrosis factor alpha (TNF-α) (Liu et al., 2004; Sharma et al., 2008). Likewise, the effects of
AT1 blockade on cardiac fibrosis may be more complex than previously anticipated as the net
action may depend not only on the tissue concentration of Ang II, but also on interactions
among kinins, AT1, and AT2 receptors (Liu et al., 2004).

A limitation of the current study is that that the analysis of cardiac function was based on
noninvasive evaluation of hemodynamics and myocardial performance. Therefore, the direct
filling pressure data as well as the decrease in LV isovolumetric pressure or its time constant
are not available. Regardless, we used transmitral and tissue Doppler echocardiography, both
of which are the methods of choice for routine noninvasive evaluation of diastolic function in
humans as previously discussed (Groban et al., 2008). Additionally, whether the changes in
diastolic function following early initiation of combined RAS blockade are merely reflective
of a reduced afterload is unclear. Indeed, vascular load is an important determinant of
ventricular function as it comprises both resistive load (arising primarily at the arteriolar
resistance vessels) and pulsatile load (determined by aortic stiffness and early return to the
heart of reflected peripheral waves). Since other cellular factors have been commonly
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associated with maladaptive cardiac hypertrophy (Izumo et al. 1987, Izumo et al. 1988), such
as the ratio of α- and β-myosin heavy chain mRNA and myocyte hypertrophy, future studies
will investigate whether combination RAS blockade in the mRen2 will limit these markers of
LV remodeling.

In summary, we show that the beneficial lusitropic effects of combined RAS blockade by
angiotensin converting enzyme inhibition and angiotensin II receptor blockade in young,
prehypertensive rats are more likely due to improvements in cardiac calcium handling and/or
vascular hemodynamics rather than its effects on myocardial fibrosis.
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Figure 1.
A. Representative M-mode echocardiogram of a mRen2.Lewis receiving either vehicle (left
panel) or combination (right panel). B. Relative wall thickness (RWT). Data represent mean
± SEM. *, P < 0.001 compared to vehicle.
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Figure 2.
A. Representative tissue Doppler image of a mRen2.Lewis receiving either vehicle (left panel)
or combination (right panel). E = early transmitral filling velocity; A = late transmitral filling
velocity; e’ = early mitral annular descent (septal) velocity. B. Early mitral annular velocity
(e’) and early transmitral filling velocity – to – mitral annular velocity ratio (E/e’). Data
represent mean ± SEM. *, P < 0.0001 compared to vehicle.
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Figure 3.
Representative VVG staining showing perivascular and interstitial collagen content in vehicle-
and combination-treated rats (upper panel). Quantification of interstitial collagen shown in
lower panel. Data represent mean ± SEM. *, P < 0.05 compared to vehicle, n = 6. Magnification
= 200x.
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Figure 4.
Representative picrosirius red staining showing perivascular collagen in vehicle- and
combination-treated rats mRen2.Lewis rats compared to a normotensive Lewis rat.
Magnification = 200x.
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Figure 5.
A. Representative immunoblots of SERCA and PLB with their respective GAPDH loading
controls from vehicle and combination treated rats. B. Protein concentration of phospholamban
to sarco/endoplasmic reticulum ATPase (SERCA) 2. Data represent mean ± SEM. *, P < 0.05
compared to vehicle.
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Table 1
M-mode-derived measures of Left Ventricular Dimension, Wall Thickness, and Systolic
Function

Variables Vehicle Combination

Heart Rate, bpm
  P = 243 ± 11 260 ± 2

0.18

LVEDD, cm
  P = 0.68 ± 0.02 0.79 ± 0.02

0.004

LVESD, cm
  P = 0.37 ± 0.02 0.44 ± 0.02

0.04

RWTed, cm
  P < 0.78 ± 0.05 0.37 ± 0.02

0.0001

PWTed, cm
  P < 0.27 ± 0.02 0.15 ± 0.01

0.0001

AWTed, cm
  P < 0.23 ± 0.01 0.14 ± 0.01

0.0001

LV Mass, g
  P < 1.56 ± .17 0.81 ± .07

0.001

%FS
  P = 46 ± 3 45 ± 2

0.77

Data are expressed as mean ± SEM. LVEDD = left ventricular end-diastolic dimension; LVESD = left ventricular end-systolic dimension; RWTed =
relative wall thickness; PWTed = posterior wall thickness at end diastole; AWTed = anterior wall thickness at end diastole; LV Mass = left ventricular
mass; FS = fractional shortening.
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Table 2
Echocardiographic Indices of Diastolic Function

Variables Vehicle Combination

Emax, cm/sec
  P < 54 ± 2 74 ± 1

0.0001

Amax, cm/sec
  P = 43 ± 5 39 ± 2

0.54

E/A
  P = 1.4 ± 0.2 1.9 ± 0.1

0.02

Edectime, sec
  P = 0.058 ± 0.003 0.058 ± 0.001

0.87

e’, cm/sec
  P < 2.0 ± 0.2 4.3 ± 0.4

0.0001

E/e’
  P < 28.7 ± 1.9 18.0 ± 1.5

0.0001

IVRT, sec
  P < 0.037 ± 0.003 0.021 ± 0.0001

0.0001

Data are expressed as mean ± SEM. Emax = maximum early transmitral filling velocity; Amax = maximum late transmitral filling velocity; E/A =
early-to-late transmitral filling ratio; Edectime = early-filling deceleration time; e’ = early mitral annular velocity; E/e’ = early transmitral filling
velocity-to-mitral annular velocity; late mitral annular velocity; IVRT = isovolumic relaxation time.
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