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Left ventricular response in the transition from hypertrophy to 
failure recapitulates distinct roles of Akt, β-arrestin-2, and CaMKII 
in mice with aortic regurgitation
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Background: Although aortic regurgitation (AR) is a clinically important condition that is becoming 
increasingly common, few relevant murine models and mechanistic studies exist for this condition. In this 
study, we attempted to delineate the pathological and molecular changes and address the roles of some 
potentially relevant molecules in an animal model of surgically induced AR. 
Methods: AR was induced by puncturing the aortic valve leaflets in C57BL/6J mice under 
echocardiographic guidance.  
Results: As early as 1 week following AR, the left ventricles (LV) displayed marked impairments in diastolic 
function and coronary flow reserve (CFR), as well as cardiac hypertrophy and chamber dilatation at both 
end-systole and end-diastole. LV free wall thickening and cardiomyocyte hypertrophy in LV were observed  
2 weeks following of AR while a decline in ejection fraction was not seen until after 4 weeks. Nppa (natriuretic 
peptide A) and Nppb (natriuretic peptide B) increased over time, in conjunction with prominent Akt activation 
as well as slight CaMKII (Ca2+/calmodulin-dependent protein kinase II) activation and biphasic changes in 
β-arrestin-2 expression. Treatment of AR mice with Akt inhibition exacerbated the eccentric hypertrophy, 
while neither inhibition of CaMKII nor β-arrestin-2 overexpression influenced the response to AR.
Conclusions: Our structural, functional, molecular and therapeutic analyses reveal that Akt, but not 
CaMKII or β-arrestin-2, plays a regulatory role in the development of LV remodeling after AR in Mice. 
These results may shed important light on therapeutic targets for volume overloaded cardiomyopathy. 
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Introduction

Aortic regurgitation (AR) is characterized by volume 
overload-induced eccentric hypertrophy due to diastolic 
reflux of blood from the aorta into the left ventricle (LV) 
(1,2). The Framingham Heart Study reported that the 
overall prevalence of AR was 13% in men and 8.5% in 
women (1,3). It’s anticipated that the prevalence of AR 
will increase even further due to the rapidly growing 
aged population worldwide (3,4). Although laudable 
progress has been made in the management of AR, the 
pathophysiological mechanisms involved in chronic AR 
remain not fully elucidated (5). Moreover, although mouse 
models of cardiac disease are common, in part because of 
abundant knowledge of their genome, appropriate and 
clinically relevant mouse models of AR for investigation 
of its impact on cardiac remodeling are still not fully 
ascertained (6). 

Volume overload often occurs clinically as a result of 
AR (7). Most animal models of volume overload have 
used arteriovenous fistulae (aortocaval shunts) (8,9) 
which, however, rarely occur in humans (10). Moreover, 
arteriovenous fistulae result in mixing of arterial and 
venous blood and do not recapitulate the increases in 
diastolic blood flow in the ventricles observed with valve 
disorders, thereby potentially limiting the relevance 
and applicability of these animal models (11,12). Taking 
these issues into consideration, we have previously 
established an AR model to induce volume overload in 
mice, by disrupting the aortic valve cusps. In this context, 
we focused initially on macrovascular hemodynamic 
profiles (13,14). Compared with arteriovenous fistulae 
models, this novel volume overload model induced by 
AR has clinically distinct stress on the heart characterized 
by back flow versus pure forward flow, and shows less 
stress on veins. In a more recent study, we measured 
changes of several load-related signaling effectors in 
response to 2 weeks of AR, and found that Akt and Ca2+/
calmodulin-dependent kinase II (CaMKII) were activated 
in conjunction with reduced β-arrestin-2 levels (15).  
Given these previous data, we have designed the present 
study, which aimed at extending our knowledge on the 
effects of AR over a more extended period (from adaptive 
hypertrophy to heart failure), with a particular focus on the 
potential regulatory roles of Akt, β-arrestin-2, and CaMKII 
on the overall cardiac remodeling process. 

Methods

Mice and experimental protocol

Animal experiments followed the recommendations of Guide 
for the Care and Use of Laboratory Animals (No. 85-23, 
revised 1996; National Institutes of Health, Bethesda, MD, 
USA). The experimental protocol (No. 2016-048, approved 
February 18, 2016) was approved by the Animal Care and 
Use Committee of Zhongshan Hospital, Fudan University. 
The authors are accountable for all aspects of the work in 
ensuring that questions related to the accuracy or integrity 
of any part of the work are appropriately investigated and 
resolved. A total of 161 male C57BL/6J mice (including 
53 mice for the survival study), 11–14 weeks old, weighing 
22.0–28.0 g, purchased from the Shanghai Branch of the 
National Rodent Laboratory Animal Resources of China, 
were enrolled to serially investigate the LV response after the 
AR operation. The animals were housed at 24±2 ℃ under 
12-h light/12-h dark cycles, with free access to tap water and 
mouse chow. Echocardiographic evaluation was performed 
1 day (0W) before the AR operation, as well as 1 week (1W), 
2W, 4W and 8W after the AR operation. At each time point, 
8 mice for each group were used for hemodynamic studies 
followed by histological (n=4 for each group) and molecular 
(n=8 for each group) assessments. 

Creation of the AR model

AR surgery was performed under the guidance of ultrasound 
imaging, according to the methods we have previously 
described (13,14). Briefly, after the mice were anesthetized 
with 2% isoflurane, a plastic catheter containing a metal 
wire was inserted into the right common carotid artery, 
then the metal wire was advanced through the catheter 
to puncture the aortic valve until the Doppler ultrasound 
showed significant diastolic retrograde flow (>200 mm/s) 
in the aortic arch (Figure 1). Finally, the catheter together 
with the metal wire was withdrawn, and the right common 
carotid artery was enclosed. Meloxicam (0.13 mg each) 
was administered subcutaneously for analgesia. The 
corresponding sham-operated mice underwent the same 
procedure without the puncturing of the aortic valve.

Echocardiography

Cardiac structure and function were assessed by M-mode 
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Figure 1 Creation and evaluation of aortic regurgitation (AR) in mice. (A) The plastic catheter and the metal wire used in AR surgery. Scale 
bar =1 cm; (B) echocardiographic imaging of the region of ascending aorta and aortic valves which contains the plastic catheter and the metal 
wire, as labeled, just prior to aortic valve disruption; (C) schematic of the surgery procedure. From left to right, before, during and after 
aortic valves puncture; (D) color Doppler images of aortic arch flow during cardiac systole and diastole from sham-operated and AR mice 
2 weeks after surgery. Red indicates flow toward, and blue indicates flow away from the transducer; (E) pulsed wave Doppler recordings of 
aortic arch flow during cardiac systole and diastole from sham-operated and AR mice. In this view, the systolic flow is downwards, and the 
diastolic flow is upwards (regurgitant). The scale in the panel is in units of meters/second (m/sec).
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and Doppler echocardiography at the aforementioned time 
points, using high-frequency ultrasound systems Vevo770 
and Vevo2100 (VisualSonics, Toronto, ON, Canada). 
The center frequencies of the transducers were 30-MHz, 
providing resolutions of 115 μm (lateral) × 55 μm (axial). 
The echocardiographic assessment had good intra- and 
inter-observer agreement, as reported in our previous 
studies (13,14,16,17). During the echocardiographic 
assessment, the mouse was positioned on a heating pad 
to maintain normothermia and anesthetized with 1% 
isoflurane. Heart rate was maintained at around 500 bpm, 
and the intercept angle between the Doppler beam line and 
flow direction was controlled within 60 degrees (18). The 
structure or hemodynamics of the LV and aortic arch, and 
basal left coronary artery (LCA) flow were measured during 
1% isoflurane, and hyperemic LCA flow was induced by 
140 μg·kg−1·min−1 adenosine infusion via tail vein during 
1% isoflurane, according to the methods we described 
previously (13,14,16,17). Assessment parameters were listed 
as follows.

LV structure and function 
The M-mode recording was made in a left parasternal long-
axis view (19). LV end-diastolic (LVEDD) and end-systolic 
(LVESD) dimensions, LV posterior wall end-diastolic 
(LVPWTd) and end-systolic (LVPWTs) thickness, were 
measured, and LV ejection fraction (LVEF) and fractional 
shortening (LVFS), stroke volume (SV), and cardiac output 
(CO), were calculated from the following formulas, as we 
described previously (15,16):

% E F  =  1 0 0 × [ 7 . 0 ÷ ( 2 . 4 + LV E D D ) × LV E D D 3-
7.0÷(2.4+LVESD)×LVESD3]÷[7.0÷(2.4+LVEDD)×LVE
DD3], 

%FS = 100×[(LVEDD-LVESD)÷LVEDD], 
SV = LVEDV－ LVESV, 
CO = SV×heart rate.

LCA flow 
The LCA was imaged from a modified left parasternal long 
axis view (19). With the Doppler sample volume placed in the 
proximal LCA, the flow spectrum was recorded. Coronary 
flow reserve (CFR) was calculated as the ratio of hyperemic 
(induced by adenosine infusion) to basal (no adenosine) 
diastolic area (velocity-time integral) of the LCA flow. 

Aortic arch flow 
The aortic arch flow was estimated using pulse-wave 
Doppler recordings (Figure 1D). Aortic regurgitation was 

identified by positive (reverse) flow profiles. The aortic 
arch flow during systole is shown in Figure 1D as negative 
going signals while regurgitant flow during diastole is 
identified as positive flow profiles and was only observed 
after aortic valve puncture. Mice were only included in 
our studies when the positive (reverse) flow profiles were 
above 200 mm/sec. The systolic and diastolic aortic flows 
were quantified using the velocity-time integral which 
was calculated by measuring the area of the negative and 
positive flow profiles in order to estimate the systole (SVTIa) 
and diastole (DVTIa) of aortic arch flow.

Mitral flow
The mitral Doppler flow waveform was acquired in the 
apical four-chamber view. The E/A ratio was calculated 
by the division of the peak velocity of the early ventricular 
filling wave (E wave) by the late ventricular filling wave 
caused by atrial contraction (A wave). The isovolumic 
relaxation time (IVRT) was measured from the closure point 
of the aortic valve to the onset of filling by the opening 
of the mitral valve, while the isovolumic contraction time 
(IVCT) was from the closure point of the mitral valve to 
the start of ejection by the opening of the aortic valve. The 
ventricular ejection time (ET) was from the start to the end 
of the aortic flow. The cardiac performance (Tei) index was 
calculated by the formula (IVCT+IVRT)/ET (20).

In principle, the diastolic function can be measured 
via E/A ratio or via systolic and diastolic time intervals 
obtained from the mitral flow waveforms (21,22). However, 
as reported in murine hearts with myocardial infarction (23),  
we found that the E and A waves were difficult to separate 
in AR mice, making it difficult to calculate the of E/A 
ratio. Thus, we used the diastolic function using the IVRT, 
IVCT), ventricular ET, and cardiac performance (Tei) 
index, all of which could be reliability estimated from our 
Doppler flow recordings, to assess diastolic function, as 
described below.  

Invasive hemodynamic study

In vivo cardiac performance was evaluated by invasive 
hemodynamic  measurement  v ia  a  carot id  ar tery 
catheter as we have previously described (18). Briefly, a 
micromanometer (Millar 1.4F, SPR 835; Millar Instruments, 
Houston, TX, USA) connected to a Power Laboratory 
system (AD Instruments, Castle Hill, Australia), was 
inserted into the left common carotid artery (for the dextral 
one was permanently occluded during the AR surgery) and 
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carefully advanced into the LV. Heart rate, left ventricular 
end-systolic (LVESP) and end-diastolic (LVEDP) pressure, 
and maximal contraction and relaxation velocity (+dp/dt and 
−dp/dt) were recorded.

Histological analysis 

After mice were euthanized, the hearts were excised, rinsed 
in saline, and heart weights and heart weight-to-body 
weight ratio (HW/BW) were measured. The hearts were 
then fixed in 10% formalin, embedded in paraffin, sectioned 
at a 4-μm thickness in the short axis at the papillary muscle 
level, and then stained with hematoxylin and eosin (H&E) 
for cardiomyocyte size, or with Masson trichrome for 
cardiac fibrosis. Digital photographs were taken using an 
image analysis system (Qwin V3, Leica, Wetzlar, Germany), 
at a magnification of 400 times for myocyte size evaluation, 
and of 200 times for fibrosis evaluation. With an image 
analysis system (Image-Pro Plus 5.0, Media Cybernetics, 
Inc. Bethesda, MD, USA), two or three sections from each 
heart were measured, and three high-power fields from each 
section were randomly chosen. Cross-sectional areas of left 
ventricular cardiomyocytes were measured. The extent of 
fibrosis was expressed as the ratio of Masson trichrome-
stained area to total left ventricular area.

Quantitative real-time PCR

Total RNA was extracted from LV samples using Trizol 
reagent (catalog 15596026, Invitrogen, Carlsbad, CA, 
USA). The reverse transcription of PCR was performed 
using TOYOBO ReverTra Ace-α-RT-PCR kit (catalog 
FSQ-101, TOYOBO CO., Ltd., Osaka, Japan) according 
to the manufacturer’s instruction. The real-time PCR was 
performed in a volume of 25 μL in a 96-well plate using a 
CFX96 real-time PCR detection system (CFX96, Bio-Rad, 
Hercules, CA, USA). The targeted fetal genes (natriuretic 
peptide A, Nppa; and natriuretic peptide B, Nppb) and 
β-actin were amplified using their specific primers. The 
primers used for PCR analysis were: (I) Nppa gene, 
5’-GGTGTCCAACACAGATCTGA-3’, and antisense: 
5’-CCACTAGACCACTCATCTAC-3’; (II) Nppb gene, sense: 
5’-GCCATTTCCTCCGACTTTTCTC-3’ and antisense: 
5’-GAGGTCACTCCTATCCTCTGG-3’; (III) β-actin 
gene, sense: 5’-CCAGTTGGTAACAATGCCATGT-3’,  
and antisense: 5’-GGCTGTATTCCCCTCCATCG-3’. 
Quantification was performed according to a comparative Ct 
method (∆∆ CT). 

Drug/vector treatments

We have previously shown that AR induces changes in Akt 
and CaMKII activity and in β-arrestin-2 expression (15).  
We in this study further investigated the role of these 
molecular factors in AR induced cardiac remodeling by 
inhibition of CaMKII and Akt, as well as by over-expression 
of β-arrestin-2. For CaMKII blockade, mice (n=8 for 
AR, n=4 for Sham) were treated with 0.1 mL of KN-93 
(3 mg·kg−1·d−1, MedChem Express, Princeton, NJ, USA) 
administered by peritoneal injection each day for 28 days 
post-AR. For Akt blockade, mice (n=8 for AR, n=4 for Sham) 
were treated with 0.1 mL of Wortmannin (30 μg·kg−1·d−1,  
MedChem Express, Princeton, NJ, USA) administered by 
peritoneal injection each day for 28 days post AR. We chose 
Wortmannin as a PI3K/Akt inhibitor for it is normally 
used to inhibit Akt in heart (24,25). Another group of 
mice (n=8 for AR, n=4 for Sham) was administered with 
the same volume of saline. To over-express β-arrestin-2, 
mice (n=8 for AR, n=4 for Sham) received 0.1 mL (5E+11 
v.g./mouse) of an adeno-associated virus (β-arrestin-2-
AAV9, Obio Technology, Shanghai, China) administered 
by tail vein injection 4 weeks before the AR operation. An 
additional group of mice (n=8 for AR, n=4 for Sham) was 
administered with the same volume of scrambled AAV9 
(Obio Technology, Shanghai, China). Considering no 
significant difference in cardiac morphology and function 
was found between saline and scrambled AAV9 treated mice 
(data not shown), these mice served as control mice (n=16 
for AR, n=8 for Sham).

Western blotting

Total protein extracted from homogenized LV tissues was 
electrophoresed in 12% polyacrylamide gel and transferred 
to PVDF membrane (Millipore, Billerica, MA, USA). 
The blotted membranes were incubated with antibodies 
against Akt (1:1,000, catalog #9272, Cell Signaling 
Technology, Danvers, MA, USA), p-Akt (1:1,000, catalog 
#9271, Cell Signaling Technology, Danvers, MA, USA), 
β-arrestin-2 (1:1,000; catalogue #3857, Cell Signaling 
Technology, Danvers, MA, USA), CaMKII (1:1,000, 
catalogue #3362, Cell Signaling Technology, Danvers, MA, 
USA), p-CaMKII (1:1,000, catalog #12716, Cell Signaling 
Technology, Danvers, MA, USA). After three washes, the 
blotted membranes were then incubated with horseradish 
peroxidase-conjugated rabbit secondary antibody (1:5,000, 
catalog 31460, Thermo Scientific, Waltham, MA, USA). 
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The antigen-antibody complexes were detected with ECL 
chemiluminescence reagents (catalog RPN2106, GE 
Healthcare, Piscataway, NJ, USA) and the densitometry was 
visualized using a LAS-3000 imaging system (FUJIFILM, 
Kanagawa, Japan).

Statistics

We used the Kurtosis and Skewness test to assess the 
normality of the data. Mean ± SEM was used to express 
normal distributed quantitative data. Multiple comparisons 
were conducted by one-way ANOVA with Student-
Newman-Keuls (S-N-K) test. P<0.05 was considered 
statistically significant. Statistical evaluations were 
performed using the software SPSS 15.0 (SPSS Inc., 
Chicago, IL, USA).

Results

Structural and hemodynamic remodeling induced by AR 

After the AR surgery, the integrated area of flow profile 
during both systole (SVTIa) and diastole (DVTIa) 
increased significantly (P<0.05) when compared to that 
of the sham operated mice, and these parameters did 
not change noticeably over the subsequent 8 weeks  
(Figure 2, Table 1). Moreover, AR led to a near doubling 
of the total (integrated) blood flow during systole with the 
extra systolic flow matching the estimated integrated flow 
during diastole at each time point (Table 1). These results 
establish that we were able to reproducibly generate AR in 
mice, by the aforementioned surgical procedure. 

AR also induced marked elevations (~2-fold) in the 
estimated SV along with increases in both LVEDD and 
LVESD within the first week post-surgery (Figure 2). 
Thereafter, the hearts underwent progressive dilatation 
over the subsequent 8 weeks with a relatively larger increase 
in LVESD than LVEDD, when compared to baseline 
sham-operated mice. Despite this progressive ventricular 
dilatation, stroke volume (SV) did not increase further with 
time. By contrast, although estimated ejection fraction 
(LVEF) and fraction shortening (LVFS) was not altered 
initially following AR, these parameters did decline by the 
4th week following AR with a further decline thereafter 
(Figure 2, Table 1), suggesting systolic dysfunction at later 
time points.  

These changes observed, with echocardiography, 
in cardiac structure and function, were associated with 

corresponding hemodynamic changes. For example, the 
LVESP was significantly elevated beginning as early as 
1 week post-surgery and with further increases at later 
time points, consistent with the progressive elevations 
in SV. These elevations in LVESP were associated, as 
expected, with prolongation of the ejections times (ETs) 
as well as progressive suppression of both the Tei index  
(Figure 2, Table 1) and maximal dp/dt (dp/dtmax), which was 
in agreement with progressive reductions in LVEF, albeit 
with an earlier onset (Figure 3). Nevertheless, the isovolumic 
contraction times (i.e., IVCT) were unaffected by AR. More 
interesting perhaps is the early decline in the magnitude of 
the minimum dp/dt (-dp/dtmin) which was seen at 1W post-
surgery (Figure 3), suggesting possible early impairment 
of diastolic function. Indeed, LVEDP was progressively 
elevated over the 8-week period (Figure 3). We attempted 
to assess diastolic function further by estimating the  
E/A ratio, but we found that the E and A waves were not 
readily separated in most mice 1W post-surgery. However, 
despite the elevations in LVEDP, the isovolumic relaxation 
(i.e., IVRT) remained normal in the AR mice, as compared 
with the sham operated mice, regardless of the time point, 
suggesting that active relaxation is not markedly affected by 
severe prolonged volume overload (Figure 3D, Table 1). 

The left ventricular dilatation induced by AR was 
associated with cardiac hypertrophy as indicated by 
progressive elevations in gross appearance (Figure 4), 
heart-weight to body-weight ratios beginning after the 
1st week following AR (Table 1), while LV cardiomyocyte 
cross-sectional areas (Figure 4), as well as LVPWTd 
and LVPWTs (Figure 2), were measurably increased 
beginning 2 weeks following AR. Another notable 
finding was the presence of mild interstitial fibrosis in 
LV wall at all time points (Figure 4), with no evidence 
for differences in the amount of perivascular connective 
tissue between AR and sham-operated mice (Figure 4,  
Figure S1). 

Consistent with the elevated SV and LVESP, we found 
that left coronary blood flow, as measured by the basal 
velocity-time integral of left coronary artery flow (basal 
DVTIc), was augmented (P<0.05) by similar amounts at 
all time points, as might be expected from the increases in 
cardiac output needed with the flow regurgitation associated 
with valve disruption. By contrast, the hyperemic DVTIc 
induced by adenosine infusion (see Methods) was unaffected 
by AR. Resultantly, the CFR, estimated using the ratio of 
hyperemic to basal DVTIc, was compromised (Figure 2, 
Table 1). 
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Figure 2 Pulse wave Doppler flow spectra and M-mode echocardiography in mice before aortic regurgitation AR (0W), and either 1, 2, 4, or 
8 weeks after AR. (A) Doppler aortic arch flow velocity for mice at the indicated time points. The systolic flow is downwards, and the diastolic 
flow is upwards (regurgitant). Notice the appearance of backward flow following AR. Scale bar =1 m/s; (B) M-mode images of the left ventricle 
for the indicated time points demonstrating progressive LV dilatation following AR. Scale bar =2 mm; (C) mitral Doppler spectra. As discussed 
in the Methods Section, E waves (i.e., Doppler flow signals associated with early ventricular filling) and A waves (flow signals associated with 
atrial contraction) could be consistently identified in normal mice and 1 week after AR, but these signals merged at later stages after AR. Scale 
bar =1 m/s; (D) basal (without adenosine) coronary flow velocity waveforms. Scale bar =200 mm/s; (E) D/S VTIa, diastolic/systolic velocity-
time integral of aortic arch flow; (F) LVEDD, left ventricular end-diastolic dimension measured using M-mode; (G) LVESD, left ventricular 
end-systolic dimension; (H) SV, stroke volume; (I) LVPWTd, left ventricular posterior wall end-diastolic thickness; (J) LVPWTs, left 
ventricular posterior wall end-systolic thickness; (K) LVEF, left ventricular ejection fraction; (L) LVFS, left ventricular fractional shortening; 
(M) ET, ejection time; (N) Tei index; (O) CFR, coronary flow reserve. *, P<0.05 vs. sham; †, P<0.05 vs. 0W; ‡, P<0.05 vs. 1W; §, P<0.05 vs. 2W. 
LVEDD, left ventricular end-diastolic dimension measured using M-mode; LVESD, left ventricular end-systolic dimension; SV, stroke volume; 
LVPWTd, left ventricular posterior wall end-diastolic thickness; LVPWTs, left ventricular posterior wall end-systolic thickness; LVEF, left 
ventricular ejection fraction; LVFS, left ventricular fractional shortening; ET, ejection time; CFR, coronary flow reserve.
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Changes in gene expression and signaling pathways 
induced by AR

In association with the LV hypertrophy and reduced 
contractility, both Nppa and Nppb expression increased 
(P<0.05) progressively with time in AR mice, whilst 
remaining constant in sham-operated mice (Figure 5). We 
then focused on Akt, CaMKII and β-arrestin-2 which may 
be involved in the structural and functional changes induced 
by AR. As shown in Figure 6, we confirmed that CaMKII 
phosphorylation (Figure 6A) and Akt phosphorylation 
(Figure 6C) are both increased in the early period following 
AR. But interestingly, while CaMKII activity (Figure 6B) 
continued to increase progressively with time with a ~2-fold 
increase after 8 weeks following AR, Akt phosphorylation 
peaked at 1 week after AR with a ~6-fold increase and 
gradually waned thereafter to ~2-fold after 8 weeks 
following AR. By contrast, β-arrestin-2 expression was 
suppressed in the first 2 weeks following AR, consistent 
with our previous results (15), but then gradually increased 
thereafter, being ~30% higher than sham-operated controls 
at the 8-week time point. 

The results above (Figures 2-6) establish a temporal 
correlation following AR between the level of CaMKII 
activation and the hypertrophy (HW-to-BW ratios and 
cardiomyocyte CSA), the expression of hypertrophic markers 
and the impaired contractility, consistent with CaMKII 
being a major hypertrophic signaling effector linked to 
adverse remodeling and impaired heart function (26).  
To explore this possible connection further, mice were 
treated with 3 mg·kg−1·d−1 KN-93 or given the same volume 
of saline administered by peritoneal injection each day for 
28 days post AR. As shown in Figure S2, KN-93 caused a 
~75% reduction in CaMKII activity at day 28 after AR. 
However, despite this reduction in CaMKII activity, KN-
93 had minimal effects on the degree of hypertrophy or 
changes in heart function (Figure 7), when compared to 
controls, supporting the possibility that the adverse effects 
induced by AR occur independent of changes in CaMKII 
activity. Similarly, although a two-fold over-expression 
of β-arrestin-2 was observed in the heart following tail 
vein injection of β-arrestin-2-AAV9 (5E+11 v.g./mouse)  
4 weeks before the AR operation, the pattern of changes 
in hypertrophy and heart function was minimally affected 
by the increases in the β-arrestin-2 expression, when 
compared with mice injected with AAV expressing 
scrambled peptide, which did not affect LV structure or 
function (see Methods).T

ab
le

 1
 (c

on
tin

ue
d)

P
ar

am
et

er
0W

1W
2W

4W
8W

S
ha

m
A

R
S

ha
m

A
R

S
ha

m
A

R
S

ha
m

A
R

S
ha

m
A

R

H
yp

er
em

ic
 D

V
TI

c 
(c

m
)

4.
08

±
0.

19
4.

02
±

0.
36

4.
01

±
0.

23
3.

88
±

0.
40

4.
00

±
0.

33
3.

84
±

0.
27

4.
15

±
0.

21
3.

81
±

0.
52

4.
18

±
0.

31
3.

73
±

0.
14

C
FR

3.
19

±
0.

29
2.

97
±

0.
21

3.
03

±
0.

13
1.

80
±

0.
13

*†
2.

72
±

0.
21

1.
65

±
0.

15
*†

2.
86

±
0.

12
1.

59
±

0.
14

*†
3.

04
±

0.
08

1.
54

±
0.

12
*†

*,
 P

<
0.

05
 v
s.

 t
he

 c
or

re
sp

on
di

ng
 v

al
ue

s 
of

 s
ha

m
-o

pe
ra

te
d 

m
ic

e;
 † , 

P
<

0.
05

 v
s.

 t
he

 c
or

re
sp

on
di

ng
 v

al
ue

s 
of

 0
 w

ee
k 

pr
e-

op
er

at
io

n;
 ‡ , 

P
<

0.
05

 v
s.

 t
he

 c
or

re
sp

on
di

ng
 v

al
ue

s 
of

 
1 

w
ee

k 
p

os
t-

op
er

at
io

n;
 § , 

P
<

0.
05

 v
s.

 t
he

 c
or

re
sp

on
d

in
g 

va
lu

es
 o

f 
2 

w
ee

ks
 p

os
t-

op
er

at
io

n;
 || , 

P
<

0.
05

 v
s.

 t
he

 c
or

re
sp

on
d

in
g 

va
lu

es
 o

f 
4 

w
ee

ks
 p

os
t-

op
er

at
io

n.
 A

R
, 

ao
rt

ic
 

re
gu

rg
ita

tio
n;

 H
W

/B
W

, r
at

io
 o

f 
he

ar
t 

w
ei

gh
t 

to
 b

od
y 

w
ei

gh
t; 

H
R

, h
ea

rt
 r

at
e;

 S
V

TI
a,

 s
ys

to
lic

 v
el

oc
ity

-t
im

e 
in

te
gr

al
 o

f 
ao

rt
ic

 a
rc

h 
flo

w
; D

V
TI

a,
 d

ia
st

ol
ic

 v
el

oc
ity

-t
im

e 
in

te
gr

al
 o

f 
ao

rt
ic

 a
rc

h 
flo

w
; 

LV
P

W
Td

, 
le

ft
 v

en
tr

ic
ul

ar
 p

os
te

rio
r 

w
al

l e
nd

-d
ia

st
ol

ic
 t

hi
ck

ne
ss

; 
LV

P
W

Ts
, 

le
ft

 v
en

tr
ic

ul
ar

 p
os

te
rio

r 
w

al
l e

nd
-s

ys
to

lic
 t

hi
ck

ne
ss

; 
LV

E
D

D
, 

le
ft

 v
en

tr
ic

ul
ar

 e
nd

-
d

ia
st

ol
ic

 d
im

en
si

on
; 

LV
E

S
D

, 
le

ft
 v

en
tr

ic
ul

ar
 e

nd
-s

ys
to

lic
 d

im
en

si
on

; 
S

V,
 s

tr
ok

e 
vo

lu
m

e;
 C

O
: 

ca
rd

ia
c 

ou
tp

ut
; 

LV
E

F,
 l

ef
t 

ve
nt

ric
ul

ar
 e

je
ct

io
n 

fr
ac

tio
n;

 L
V

FS
, 

le
ft

 v
en

tr
ic

ul
ar

 
fr

ac
tio

na
l 

sh
or

te
ni

ng
; 

D
V

TI
c,

 d
ia

st
ol

ic
 v

el
oc

ity
-t

im
e 

in
te

gr
al

 o
f 

le
ft

 c
or

on
ar

y 
ar

te
ry

 f
lo

w
; 

C
FR

, 
co

ro
na

ry
 f

lo
w

 r
es

er
ve

; 
IV

C
T,

 i
so

vo
lu

m
ic

 c
on

tr
ac

tio
n 

tim
e;

 E
T,

 e
je

ct
io

n 
tim

e;
 

IV
R

T,
 is

ov
ol

um
ic

 re
la

xa
tio

n 
tim

e.



Wu et al. LV remodeling and intervention in AR mice

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(5):219 | http://dx.doi.org/10.21037/atm.2020.01.51

Page 10 of 19

Figure 3 Invasive left ventricular hemodynamics in mice before aortic regurgitation AR (0W), and at 1, 2, 4, and 8 weeks after AR. (A) Left 
ventricular pressure (unit: mmHg); (B) left ventricular contraction velocity and relaxation velocity (unit: mmHg/s); (C) LVESP; (D) LVEDP; 
(E) maximal +dp/dt; (F) minimal −dp/dt. *, P<0.05 vs. sham; †, P<0.05 vs. 0W; ‡, P<0.05 vs. 1W; §, P<0.05 vs. 2W. LVESP, left ventricular 
end-systolic pressure; LVEDP, left ventricular end-diastolic pressure.

On the other hand, treatment of mice with the PI3K/
Akt inhibitor Wortmannin (30 μg·kg−1·d−1) by peritoneal 
injection post AR caused a ~70% reduction in Akt activity at 
day 28 after AR which clearly aggravated eccentric cardiac 
hypertrophy and heart function, indicative of a critical 
protective role of Akt in volume overloaded hearts (Figure 7)  
when compared to control saline-injected mice (see 
Methods). 

Discussion

This study has been undertaken to (I) delineate, to our 

knowledge, for the first time, the structural, functional 
and molecular progression changes of the LV in response 
to volume overload over an 8-week period following AR 
in mice; (II) discern load-dependent alterations in gene 
expression and signaling pathways through intervention of 
relevant signaling effectors in this volume overload murine 
model. The level of volume overload in our model is quite 
severe as characterized by a ~50% increase in SV along with 
a value of 0.4–0.5 for the DVTIa/SVTIa ratio (14), values 
that were more-or-less maintained over the entire 8-week 
period following induction of AR. This AR clearly induced 
a large increase in workload on the heart as documented 
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Figure 4 Gross samples and histological analyses of mouse hearts before aortic regurgitation AR (0W), and at 1, 2, 4, and 8 weeks after AR. 
(A) Representative pictures of whole heart (n=15–28 per group). Scale bar =1 mm; (B) HE-stained heart sections (n=8–14 per group). Scale 
bar =1 mm; (C) HE-stained cardiomyocytes (n=200–350 cells per group). Scale bar =20 μm; (D) Masson-stained interstitial fibrosis (n=32–56 
slides per group). Scale bar =50 μm; (E) Masson-stained perivascular fibrosis (n=8–14 slides per group). Scale bar =50 μm; (F) quantification 
of CSA of cardiomyocytes; (G) quantification of interstitial fibrosis. *, P<0.05 vs. sham; †, P<0.05 vs. 0W; ‡, P<0.05 vs. 1W, §, P<0.05 vs. 2W; 
||, P<0.05 vs. 4W.
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by the over 60% increase in coronary blood flow, which 
led to progressive LV eccentric hypertrophy and dilatation 
(in remarkable contrast to the already well documented 
pressure overload cardiac remodeling), characterized by 
mild increases in free wall thickness and marked elevations 
in heart weight as well as increased cross-sectional area of 
LV cardiomyocytes. This progressive eccentric hypertrophy 
in turn correlated with LV dysfunction, as measured 
by reductions in ejection fraction and rates of pressure 
development and relaxation as well as moderate interstitial 
fibrosis in the absence of perivascular fibrosis. These 
structural and functional changes in the LV were strongly 
affected by Akt blockers but not CaMKII blockers or 
β-arrestin-2 expression levels (Figure 7). 

Mechanical overload is a prominent trigger to induce 

remodeling in the heart, which is not only an adaptive 
state before the development of overt heart failure, but 
also an independent risk factor of major cardiac events 
(27-30). Although the regurgitant flow was similar during 
the observation period, three stages of cardiac remodeling 
could be identified following AR. Within the first week, we 
observed abrupt cardiac dilatation with preserved contractile 
function (as measured by EF and dP/dt) and increased work 
(measured by coronary flow), accompanied by relatively 
small changes in LV hypertrophy as characterized by HW/
BW ratios, CM cross-sectional areas and posterior LV wall 
thickness. Between 1 and 2 weeks after AR, no further LV 
dilatation or elevations in coronary flow occurred despite 
clear evidence of cardiac hypertrophy without measurable 
depression in hemodynamic function (except for a slight 
decline in –dpdtmin). Thereafter, the LV underwent 
progressive deterioration characterized by prominent 
cardiac dilatation and dysfunction. The phenotypic 
evolution observed in our studies is somewhat similar to 
some clinical observations, suggesting that our model might 
have translational relevance for studying volume overload 
conditions. 

CFR represents the maximal oxygen delivery capacity 
during increasing oxygen demand, therefore also reflecting 
cardiac reserve (31). In the current study, the AR mice 
showed an eccentrically hypertrophic heart, suggesting a 
state of high-energy consumption, as indicated in other 
studies in rats (32). In parallel, the CFR were impaired as 
early as 1 week after AR operation, albeit the LV systolic 
function was still largely preserved (Figure 2). Coincidently, 
in other animal models such as pressure overload, we and 
others also found CFR reduction at early adaptive phases 
of cardiac remodeling (13,16,33). Thereby, the CFR 
showed a predictive role in cardiac function in AR induced 
cardiomyopathy. It is suggested that the reduced CFR is 
attributed to the robust increase of basal coronary flow. 
Since cardiomyocytes already extract oxygen with great 
efficiency at rest, it’s not surprising that the only way of 
meeting pronounced demand is to increase coronary blood 
flow, as indicated elsewhere (31).  

Since merged E and A waves were presented in most 
cases of AR mice, it is difficult to calculate the E/A ratio, 
as similarly reported in other studies evaluating diseased 
mouse hearts (23,34). Tei index is a noninvasive and reliable 
method of combined systolic and diastolic myocardial 
function (35). In this study we used the Tei index, which was 
derived from systolic/diastolic time intervals, to evaluate 
diastolic function. The Tei index was significantly decreased 

Figure 5 The sequential changes in Nppa and Nppb before aortic 
regurgitation AR (0W), and at 1, 2, 4, and 8 weeks after AR. (A) 
Nppa; (B) Nppb. †, P<0.05 vs. 0W; ‡, P<0.05 vs. 1W; §, P<0.05 vs. 
2W; ||, P<0.05 vs. 4W.
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Figure 6 Time course changes in load-related signaling pathways of CaMKII (A), β-arrestin-2 (B), and Akt (C) before aortic regurgitation 
AR (0W), and at 1, 2, 4, and 8 weeks after AR. Original immunoblots are shown below the graphs. p, phosphorylated protein; t, total 
protein; p/r, phosphorylation ratio; †, P<0.05 vs. 0W; ‡, P<0.05 vs. 1W; §, P<0.05 vs. 2W; ||, P<0.05 vs. 4W. 

A B

C

during the observation period, which was mainly attributed 
to ET, because ET was significantly elongated, whereas 
IVRT and IVCT were of normal value. The increase in ET 
may be explained as being a result of increased SV in this 
study, implicating the heart produces more cardiac stroke 
work against vascular resistance (9), as similarly shown in 
patients with AR (35). 

Fibrosis is a key feature of various cardiomyopathies 
and compromises cardiac performance (36). It is well 
documented that cardiac fibrosis is remarkable in other 
mechanical overload scenarios such as press overload 
cardiac hypertrophy (15). However, cardiac fibrosis in 
volume overload remains controversial. Previous literature 
indicates remarkable (10,37) or unaltered cardiac fibrosis 

(8,9,38) in the volume overload hearts of mice with 
aortocaval fistula.  In this study using the novel model of 
AR, mild interstitial fibrosis in LV wall at all time points was 
presented. The variations in fibrosis among different studies 
may depend on the type of volume load (aortocaval fistula 
vs. aortic regurgitation) and the timing of assessment. We 
also found that the elevated fibrosis was mainly attributed to 
an increase in interstitial fibrosis rather than in perivascular 
fibrosis, for no evidence was found for differences in the 
amount of perivascular connective tissue between AR and 
sham-operated mice. We and others have well documented 
that aortic structure underwent considerable remodeling 
under pressure overload (39). Unlike pressure overload 
in that study, the AR model in the current study was 
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Figure 7 Effects of the intervention of Akt, β-arrestin-2, and CaMKII on cardiac structure and function at 4 weeks after AR. (A) The 
mRNA levels of Nppa after wortmannin, KN-93, and β-arrestin-2 AAV9 treatment, respectively; (B) the mRNA levels of Nppb after 
wortmannin, KN-93, and β-arrestin-2 AAV9 treatment, respectively; (C) M-mode images of the left ventricle (unit: mm). Scale bar =2 mm;  
(D) left ventricular pressure (unit: mmHg); (E) ventricular contraction velocity and relaxation velocity (unit: mmHg/s); (F) HW/BW, heart 
weight-to-body weight ratio; (G) LVPWTd; (H) LVPWTs; (I) LVEDD; (J) LVESD; (K) LVEF; (L) LVFS; (M) LVESP; (N) LVEDP;  
(O) maximal +dp/dt. (P) Minimal −dp/dt. *, P<0.05 vs. Sham; †, P<0.05 vs. control; ‡, P<0.05 vs. KN93; §, P<0.05 vs. β-arrestin-2. LVPWTd, 
left ventricular posterior wall end-diastolic thickness; LVPWT, left ventricular posterior wall end-systolic thickness; LVEDD, left ventricular 
end-diastolic dimension; LVESD, left ventricular end-systolic dimension; LVEF, left ventricular ejection fraction; LVFS, left ventricular 
fractional shortening; LVESP, left ventricular end-systolic pressure; LVEDP, left ventricular end-diastolic pressure.
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characterized by volume overload, suggesting that systolic 
pressure, rather than diastolic pressure, is a robust driver for 
perivascular fibrosis. We also surprisingly found that fibrosis 
and cardiac dilatation/function could be separate during 
this disease course. The reason may be in volume overload, 
fibrosis was not as marked as that in pressure overload 
(8,9,15), and up to 8 weeks of volume overload in this study 
did not show more conspicuous fibrosis. Of note, previous 
studies also show that cardiac fibrosis could remain similar 
while cardiac function improves or worsens (36,38). 

Akt regulates multiple aspects of cellular effects on 
myocyte growth, survival and metabolism (40). Akt 
activation promotes the growth of the heart while 
preserving cardiac function (physiological hypertrophy), 
suggesting a beneficial role for Akt activation in cardiac 
remodeling (26). Interestingly, the chamber phenotype in 
physiological hypertrophy involves eccentric LV remodeling 
just as in volume overload (41,42). However, it is 
controversial whether Akt activation is elevated or unaltered 
in chronic volume overload (8,38). In the current study, Akt 
was markedly activated early after AR but gradually waned 
thereafter (Figure 6). The dynamic changes in Akt activation 
may explain the discrepancy of the role of Akt. Our study 
corroborated a previous study in which Akt was activated at 
1 week after aortocaval fistula operation (9). Considering it’s 
well documented that Akt can be activated by multifarious 
extracellular stimuli (43) and is cardioprotective (44,45), 
it is not surprising that Akt was activated early after AR. 
The gradual decreased Akt phosphorylation status seems to 
contribute to the progression of heart failure. To reinforce 
this notion, we used Wortmanin which was widely used 
to suppress the Akt activity well (24,25). Correspondingly, 
administration of Wortmannin aggravates eccentric cardiac 
hypertrophy in this study, strengthening the potential 
protective role of Akt in volume overloaded hearts.

CaMKII is an important Ca2+-dependent hypertrophic 
signaling effector, induceing phosphorylation and nuclear 
export of class II histone deacetylases (HDACs), leading to 
the relief of HDAC-mediated transcriptional repression of 
myocyte enhancer factor 2 (MEF2) and MEF2-dependent 
transcription of hypertrophic genes (46). However, in the 
current study, although we found CaMKII was slightly 
or modestly activated during 8 weeks of AR, KN-93 was 
ineffective in attenuating AR induced eccentric hypertrophy. 
Our findings were also previously suggested by several other 
studies using a dihydropyridine calcium channel blocker 
(nifedipine), in humans or rats with aortic regurgitation. 
Those studies found that nifedipine was not effective at 

slowing the development of LV remodeling (7,47). Of note, 
a recent study reported that genetic deletion of CaMKII 
delta did not mitigate adverse myocardial remodeling in 
aortocaval shunt mice (48). Moreover, we recently also 
found that calcineurin (another important Ca2+-dependent 
hypertrophic signaling regulator) was prominently activated 
in TAC but marginally activated in AR 2 weeks after  
AR (15).  Collectively,  it  suggests Ca2+-dependent 
hypertrophic signaling pathways are not significantly 
involved in volume overloaded cardiac hypertrophy. 
Correspondingly, as to mechanical overload induced cardiac 
hypertrophy differential pharmaceutical considerations 
should be made, depending on the elevated load occurs in 
systole, or in diastole. 

A recent breakthrough concept in G protein-coupled 
receptor (GPCR) signaling is arrestin-biased agonism. 
β-arrestin-2 specifically initiates GPCR conformational 
changes, linking activated GPCRs to downstream signaling 
events in a G protein-independent, arrestin-biased 
manner (49,50). Although the critical roles of β-arrestin-2 
in pressure overload and myocardial infarction are well 
documented (51-53), its role in volume overload remains 
largely unknown. We found β-arrestin-2 was suppressed at 
2 weeks after AR operation, but then gradually increased 
hereafter. We then over-expressed, via AAV gene transfer, 
β-arrestin-2 protein in the hearts of mice before AR 
operation. Surprisingly, β-arrestin-2 overexpression failed 
to improve cardiac remodeling and function in AR mice, 
suggesting a marginal role of β-arrestin-2 in eccentric 
hypertrophy induced by chronic volume overload. It is 
noteworthy that this newly identified effect of β-arrestin-2 
is different from a previously recognized notion that 
β-arrestin-2 is cardioprotective, as shown in pressure 
overloaded mice (52,54). Intriguingly, it has been reported 
that β-arrestin-2 can induce G protein-independent 
activation of ERK1/2 (51,52) and CaMKII (55), both 
of which are much less activated in volume overload 
versus pressure overload (15). Moreover, a recent study 
elegantly showed β-arrestin-2 was a pathogenic factor in 
cardiac ischemia-reperfusion injury by inhibiting GPCR-
independent Akt cell survival signaling pathway (56). 
This suggests that different stimuli may trigger distinct 
β-arrestin-2 conformational states and activation, causing 
different, or even opposite effects in the heart. Our findings 
may also help broaden the concept of biased agonism and 
individualized therapeutics. Previous studies showed that 
some AT1-R (a classic GPCR) blockers (ARBs) suppressed 
both AngII and mechanical stress (arrestin biased) mediated 
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cardiac hypertrophy, functioning as inverse agonists, whereas 
other ARBs prohibited only AngII induced hypertrophy, 
without the function of inverse agonism (57). Considering 
that β-arrestin-2 does not show a regulatory role in the 
LV response to AR, it is reasonable to assume that inverse 
agonist may not demonstrate efficacious superiority in 
volume overload cardiac hypertrophy.

Study limitations

The signaling effectors (such as Akt) examined in this 
study have multiple downstream targets, which were not 
fully investigated in this study. Evaluation of several other 
parameters and potential targets such as mammalian target 
of rapamycin, (glycogen synthase kinase-3β) and myosin 
light-chain kinase, could assist in a more detailed analysis 
of the pathways involved in the progression of eccentric 
hypertrophy (40).

We did not perform comparative experiments at an 
in vitro cellular level, as we aimed to characterize the 
progressive evolution in a murine model of eccentric 
hypertrophy. Moreover, the heart is an organ, not isolated 
cardiomyocytes only. Therefore it could be viewed as 
an advantage to delineate the progression in an in vivo 
state, rather than in an in vitro one, which is restricted to 
cardiomyocytes. 

Conclusions

We characterized the progressive evolution of LV eccentric 
hypertrophy and failure in a novel mouse model of volume 
overload surgically induced by puncture of aortic valves. 
The process of the LV remodeling was structurally, 
functionally and molecularly different from that well 
documented in pressure overload models such as transverse 
aortic constriction. We further found that Akt, rather 
than β-arrestin-2 or calcium handling proteins, may be a 
useful therapeutic target for this kind of volume overload. 
Although the specific molecular drivers of eccentric 
hypertrophy remain to be further elucidated, our present 
work may shed important light on eccentric hypertrophy 
mechanisms and have the potential to personalize 
pharmaceutical options for different types of cardiac 
hypertrophy.
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Figure S1 Representative images of Masson-stained perivascular fibrosis in mice subjected to 4-week AR, TAC, or corresponding sham 
operations (scale bar, 50 μm). Perivascular fibrosis is more conspicuous in TAC mice than in AR mice. TAC, transverse aortic constriction. 
AR, aortic regurgitation.
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Figure S2 The intervention of Akt, β-arrestin-2, and CaMKII in the hearts of AR mice. (A) The protein level of CaMKII after KN-93 
treatment; (B) the protein level of β-arrestin-2 after β-arrestin-2 AAV9 treatment; (C) the protein level of Akt after wortmannin treatment. *, 
P<0.05 vs. Sham; †, P<0.05 vs. control. 
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