




	 Novel Model of Age-Dependent Hypertensive LVH	 1353

Figure 1.  Age-dependent pathological left ventricular hypertrophy in protein kinase G I alpha LZM mice. (A) Summary data of left ventricular hemodynamic 
measurements obtained from 8-month WT and LZM mice. n = 4 per group. (B) Summary data of left ventricular mass normalized to tibia length; representative left 
ventricular mass cut in cross-section at the midpapillary level and stained with Hematoxylin and Eosin; and left ventricular cardiac myocyte cross-sectional area. 
Summary data of WT and LZM mice at 8 and 15 months of age. n = 11 WT, 9 LZM 8 month, 5 WT, and 13 LZM 14 month; n > 120 myocytes in each experimental 
group. (C) Summary data and representative images of left ventricle echocardiography from WT and LZM mice at 8 and 15 months of age. (D) Immunoblot of 
phospho- and total AKT from left ventricles of WT and LZM 12-month-old mice. AKT and p-AKT, positive controls for total and phosphorylated AKT, respectively. 
n = 3 WT, 4 LZM. LVEDP = left ventricular end-diastolic pressure; LV dP/dt

Max
 = peak rate of LV pressure rise; LV dP/dt

Min
 = peak rate of LV pressure decline; 

Tau = time constant of LV relaxation; LV/TL = left ventricular mass normalized to tibia length; CSA = cross-sectional area; EDD = left ventricular end-diastolic 
dimension; ESD = left ventricular end-systolic dimension; FS = left ventricular percent fractional shortening; WB = Western blot; ADU = arbitrary densitometric 
unit; LSM = leucine zipper mutant; WT = wild type. *p < .05; **p < .01; †p < .001.
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consistent with decreased diastolic compensation in LZM 
left ventricles (Figure 1A).

Age-Dependent Pathological LVH in LZM Mice
Cardiac chamber weights are shown in Table  1. As in 

the 6-week-old mice, no significant differences in left ven-
tricle mass were detected between the 8-month WT and 
LZM mice (Figure 1B). However, by 15 months, the LZM 
mice developed robust LVH compared with both 15-month 
WT littermates and the 8-month LZM mice. Cardiac myo-
cyte cross-sectional area also increased in 15-month LZM 
compared with 8- and 15-month WT hearts (Figure  1B). 
Echocardiography (Figure 1C) revealed increased left ven-
tricular EDD in 15-month LZM compared with 8-month 
LZM left ventricles. At 8 months of age, the left ventricular 
ESD was decreased in LZM, compared with WT left ven-
tricles, consistent with increased cardiac workload. Unlike 
the WT mice, the wall thickness of the LZM left ventricles 
was significantly elevated at 15 months of age, compared 
with 8 months.

Decreased Cardioprotective Signaling in Elderly  
LZM Hearts

We next performed signaling studies on WT and LZM 
left ventricles from 12-month-old mice. The ratio of phos-
phorylated AKT to total AKT was significantly decreased 
in LZM, compared with WT left ventricles (Figure  1E), 
consistent with increased pathological, rather than physi-
ological, hypertrophy in LZM hearts (15).

Discussion
This study tested the hypothesis that PKGIα attenu-

ates hypertensive LVH in vivo, using the PKGIα LZM 
model. Young (6 weeks) LZM mice are normotensive and 
display no cardiac abnormalities. Adult (8  months) mice 
have chronic systemic hypertension and develop changes 

in systolic and diastolic function, as well as increased 
LVEDP, but they do not yet have significant LVH. Finally, 
in advanced age (15 months), in the setting of long-stand-
ing chronic hypertension, the LZM mice develop overt and 
significant LVH. Elderly LZM left ventricles also display 
a signaling hallmark of pathological LVH, with attenuated 
AKT phosphorylation. These findings identify a novel and 
clinically relevant mouse model of hypertensive heart dis-
ease of older patients, in which hypertension precedes the 
development of progressive LVH.

Despite the established importance of hypertension as a 
contributor to hypertensive hypertrophic cardiomyopathy 
and cardiovascular death in elderly patients (1,4), remark-
ably few animal models of this condition exist. In fact, a 
number of mouse models of chronic hypertension report 
no cardiac abnormalities (14,16). Our finding that the LZM 
mice develop progressive LVH preceded by the onset of 
hypertension therefore provides an important model for 
human hypertensive heart disease and supports for the first 
time that PKGIα attenuates this process in vivo. This is 
important because a number of PKGI-activating drugs have 
been studied primarily for their acute vasorelaxant effects, 
or in the setting of decompensated heart failure (17,18), but 
not as chronic treatments to prevent or reverse LVH in older 
hypertensive patients. We therefore interpret our findings 
to support chronic activation of PKGIα, or downstream 
LZ-dependent effectors, in the treatment and prevention of 
hypertensive LVH of aging.

We interpret the accelerated systolic and diastolic meas-
ures in LZM left ventricles to reflect the increased workload 
of their ventricles in response to chronic afterload, similar 
to that observed in hypertensive humans (19). However, 
LVEDP was elevated in adult LZM hearts compared with 
WT hearts, supporting maladaptive diastolic function in 
LZM hearts. This finding supports a causal role of PKGIα 
disruption in the development of heart failure with pre-
served ejection fraction (HFPEF). HFPEF is prevalent in 
elderly patients and is characterized by increased LVEDP 

Table 1.  Baseline Organ Masses and Echocardiographic Parameters of 8- and 15-Month-Old Male Mice

Genotype

8 Months 15 Months

WT LZM WT LZM

n 9 11 5 13
Body weight (g) 38.7 ± 1.4 38.7 ± 2.0 39.3 ± 3.7 41.2 ± 7.3
LV (mg) 94.7 ± 3.0 106.4 ± 5.0 112.6 ± 6.8 140.2 ± 7.1*,†

RV (mg) 22.8 ± 1.0 5.0 ± 1.6 29.0 ± 1.9‡ 31.9 ± 1.5†

RV/tibia length (mg/cm) 12.5 ± 0.5 13.7 ± 0.9 15.7 ± 1.0‡ 17.5 ± 7.5†

Tibia length (cm) 1.8 ± 0.01 1.8 ± 0.01 1.9 ± 0.05‡ 1.8 ± 0.02§

LV/body weight (mg/g) 2.5 ± 0.1 2.8 ± 0.11 2.9 ± 0.2 3.4 ± 0.1
RV/body weight (mg/g) 0.6 ± 0.03 0.7 ± 0.05 0.8 ± 0.1 0.8 ± 0.04
Heart rate (s−1) 468.3 ± 19.0 481.1 ± 14.1 510.0 ± 16.4 450.0 ± 17.7

Note. WT = wild type; LZM = leucine zipper mutant; LV = left ventricle; RV = right ventricle.
*p < .01 vs 15-month WT.
†p < .01 vs 8-month LZM.
‡p < .05 vs 8-month WT.
§p < .05 vs 8-month LZM.
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leading to pulmonary edema despite normal left ventricle 
ejection fraction (reviewed in reference (20)). Therefore, 
our findings in the LZM mice support a clinically relevant 
role of PKGIα in maintaining diastolic function.

We and others previously identified the LZ domain of 
PKGIα as mediating important interactions with its vascular 
substrates (21). Importantly, in the LZM model, PKGI is not 
deleted but rather harbors discrete mutations that disrupt 
LZ-mediated protein interactions (12). Therefore, our 
findings reveal a critical role for these PKGIα LZ-mediated 
interactions in regulating the left ventricle response to 
hypertension in vivo. This study admittedly did not test the 
specific cell type(s) required for the PKGIα effect. However, 
basic studies support that intrinsic vascular and myocardial 
intrinsic changes of aging lead to impaired cardiac function 
(22,23). We speculate that both vascular and myocardial 
PKGIα kinase targets mediate its antihypertrophic effects, 
and current studies in our lab seek to identify these effectors.

In summary, we have identified the LZM mouse as a 
novel model of age-dependent, clinically relevant, hyper-
tensive LVH. Our study suggests that derangements in 
PKGIα signaling may contribute to hypertensive heart 
disease in elderly patients. Therefore, our findings support 
further study of PKGIα, and its downstream leucine zipper-
dependent targets in the cardiovascular system, as a poten-
tial therapeutic target in this condition.

Supplementary Material

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/.
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