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A correlation between dystrophin and myocardial stiffness 
was observed in both mice and humans. Systolic function 
at 1 year post-surgery was only recovered in the normal-
LVEDWS group. In summary, mice and humans present 
diastolic dysfunction associated with dystrophin degrada-
tion. The recovery of ventricular function was observed 
only in patients with normal LVEDWS and without dys-
trophin degradation. In mice, Doxy improved MitoMVO2. 
Based on our results it is concluded that the LVH with high 
LVEDWS is associated to a degradation of dystrophin and 
increase of myocardial stiffness. At least in a murine model 
these alterations were attenuated after the administration of 
a matrix metalloprotease inhibitor.

Keywords  Dystrophin · Hypertrophy · Diastolic 
function · Myocardial stiffness

Introduction

The transition from a compensated to a decompensated 
stage of left ventricular hypertrophy (LVH) is accompanied 
by functional and structural changes. Among the latter, 
downregulations of cytoskeletal and sarcolemma-associ-
ated proteins have been previously described [1–3]. Based 
on these data, it was proposed that proteolysis of dystro-
phin may contribute to heart failure in the context of cer-
tain dilated cardiomyopathies [4]. Townsend et al. demon-
strated in isolated myocytes that dystrophin loss modified 
calcium permeability of sarcolemma and increased dias-
tolic stiffness [5]. Additionally, transgenic mdx mouse mod-
els expressed a non-functional dystrophin and presented 
with structural defects and increased left ventricular filling 
pressure. Reports of dystrophin expression levels in mod-
els of left ventricular pressure overload are scarce. In this 
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regard, Han et al. observed dystrophin degradation in mice 
with severe LVH, ventricular dilation, systolic dysfunction, 
and pulmonary congestion [6]. Changes in myocardial stiff-
ness were not evaluated. Recently, we demonstrated that 
dystrophin was degraded by matrix metalloprotease type 2 
(MMP-2). This effect was inhibited by the administration 
of doxycycline, an MMP inhibitor that induces inhibition 
of MMP proteins by binding to metal ions including Ca2+ 
and Zn2+ [7]. Given these previous findings, it was relevant 
to evaluate in an LVH model without ventricular dila-
tion whether doxycycline treatment prevented dystrophin 
breakdown, and consequently improved left ventricular 
dysfunction.

Transverse aortic constriction (TAC) models in mice 
have been shown to develop LVH with structural and func-
tional characteristics similar to those observed in human 
subjects with aortic stenosis (AS). However, to these 
authors’ knowledge, no studies have evaluated the expres-
sion of dystrophin and its association with myocardial stiff-
ness in humans with this pathology. Studies monitoring 
symptomatic patients after aortic valve replacement sug-
gested that surgery did not completely reverse the structural 
changes that occurred in the myocardium and extracellular 
matrix [8]. Therefore, it was relevant to determine whether 
pre-surgical structural alterations correlated with 1 year 
post-surgical patient outcomes.

We hypothesized that dystrophin was degraded in a 
model of LVH and that this was positively associated with 
myocardial stiffness. Since MMPs functionally degrade 
dystrophin, treatment with doxycycline may have prevented 
dystrophin breakdown and attenuated increased myocardial 
stiffness. The first objective was to determine whether dox-
ycycline (Doxy) prevents myocardial stiffness alterations 
and changes in dystrophin expression due to TAC induced 
LVH in mice. A second objective was to evaluate ventric-
ular function recovery 1 year after valve replacement in 
human subjects, and correlate those findings to pre-surgical 
left ventricular end-diastolic wall stress (LVEDWS) and 
dystrophin levels.

Materials and methods

LVH in mice with aortic constriction

All protocols concerning animal use were approved by the 
Committee of Animal Care at the Faculty of Medicine, Uni-
versity of Buenos Aires (Res: 959/12). Thirty-three FVB 
male mice (19–24  g) were used. They were anesthetized 
with ketamine (65 mg/kg), xylazine (13 mg/kg), and ace-
promazine (2 mg/kg). All the animals received a post-sur-
gical dose of cefazolin (50 mg/kg) and tramadol (2.5 mg/
kg). The transverse thoracic aorta between the innominate 

artery and left common carotid artery was constricted using 
a 28-gage needle and a 7–0 nylon suture with the aid of a 
dissecting microscope and under anesthesia. After removal 
of the needle, the aortas remained constricted.

Animals were stratified into three groups: (1) The sham 
group (n = 11), in which a lateral left thoracotomy was per-
formed, but without performing TAC. (2) The LVH group 
(n = 14), in which the sham group experimental protocol 
was repeated, but in this case TAC was performed. (3) 
The LVH + doxycycline group (n = 15), in which the LVH 
group experimental protocol was repeated, but subjects 
were treated with doxycycline (100  mg/kg) immediately 
following surgery for a period of 3 weeks. In all experi-
mental groups, the animals were monitored for 3 weeks 
post-surgery.

Echocardiography

Transthoracic echocardiography was performed using an 
Acuson Sequoia C 512 ultrasound system with a 14-MHz 
linear transducer. Echocardiographic experiments were 
performed under light anesthesia (287.5  mg/kg of 2.5% 
filtered 2,2,2-tribromoethanol; Sigma–Aldrich). The two-
dimensional parasternal short-axis imaging plane was 
used to obtain M-mode tracings at the level of the papil-
lary muscles. LV internal dimensions and LV wall thick-
ness (LVWT) were determined at systole and diastole using 
leading-edge methods and guidelines of the American 
Society of Echocardiography [9]. End-diastolic measure-
ments were taken at the maximal LV diastolic dimension, 
and end systole was defined as the time of the most anterior 
systolic excursion of the posterior wall. Measurements were 
taken from three consecutive beats for each subject. Ejec-
tion fraction (EF) and shortening fraction (SF) were calcu-
lated and used as ejective indexes of systolic function. EF 
was estimated from LV dimensions by the cubed method as 
follows: EF (%) = [(LVEDD3−LVESD3)/LVEDD3] × 100, 
where LVEDD is LV end-diastolic diameter and LVESD is 
LV end-systolic diameter. The isovolumic relaxation time 
(IVRT) was measured from the Doppler-echo study.

Hemodynamics

A high-fidelity catheter (1.4-Fr Millar catheter SPR-839, 
Millar Instruments) was inserted into the right carotid 
artery and then advanced into the LV to measure LV sys-
tolic pressure (LVSP) and LV end-diastolic pressure 
(LVEDP). To measure the pressure gradient across the aor-
tic constriction, the catheter was retracted to the ascending 
aorta, and a second catheter was inserted to the abdomi-
nal aorta through the right femoral artery. Pressures were 
measured simultaneously. LV end-diastolic wall stress 
(LVEDWS) was calculated as follows:
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LVEDWS = 1.36 × (LVEDP × LVEDD)/2 LVEDWT)].
LVEDWT: Left ventricular end-diastolic wall thickness.
The LVEDWS/LVEDD ratio (g/cm3) was assessed to 

measure diastolic stiffness. The Tau (τ, msec), an isovolu-
mic relaxation index, was calculated from the left ventricu-
lar pressure curve.

Isolation of mitochondria

Left ventricle mitochondria were obtained by differen-
tial centrifugation. The entire procedure was carried out 
at 2–4 °C. Left ventricles were excised, washed, weighed, 
and minced in ice-cold sodium chloride-Tris-EDTA (STE) 
buffer containing 250  mM sucrose, 5  mM Tris–HCl, and 
2 mM EGTA, pH 7.4. A brief digestion was performed in 
STE medium supplemented with 0.5% (w/v) fatty acid-free 
BSA, 5 mM MgCl2, 1 mM ATP, and 2.5 U/mL type XXIV 
bacterial proteinase. After 4 min of incubation on ice, the 
samples were added to STE, and tissues were homoge-
nized by eight passes with a Potter-Elvehjem glass-Teflon 
homogenizer, and then centrifuged at 8000×g for 10 min. 
The resulting pellet was re-suspended in ice-cold STE 
buffer and centrifuged at 700×g for 10 min. The superna-
tant was collected and mitochondria were precipitated from 
it by two 10 min centrifugations at 8000×g. Mitochondria 
were then re-suspended at approximately 10 mg/mL in STE 
buffer, which yielded 1.5–2.2 mg of cardiac mitochondrial 
proteins per murine subject. Mitochondrial membranes 
were isolated by subjecting the mitochondrial prepara-
tion to three freeze/thaw cycles, with subsequent homog-
enization by passage through a 29-gage hypodermic nee-
dle. Final protein concentrations were measured with the 
Folin’s reagent using BSA as a standard.

Mitochondrial oxygen consumption

Mitochondrial O2 uptake (MitoMVO2) was determined 
polarographically with a Clark-type electrode (Oxy-
therm, Hansatech Instruments Ltd, Norfolk, England) 
in a 1.0 mL chamber at 30 °C in an air-saturated reaction 
medium ([O2] = 220  μM). Mitochondria were suspended, 
at 0.2–0.3  mg protein/mL, in a respiration buffer consist-
ing of 120 mM KCl, 5 mM KH2PO4, 1 mM EGTA, 20 mM 
HEPES, and 1 mg/mL fatty acid-free BSA, pH 7.40. The 
mitochondrial-rich preparation was added to initiate mito-
chondrial respiration. After reaching equilibrium, state 4 
respiration rates were determined using 2 mM malate and 
5 mM glutamate or 4 mM succinate as substrates of mito-
chondrial complexes I or II, respectively; state 3 respiration 
rate was established by addition of 0.5 mM ADP. Respira-
tion was expressed in ng at O/min mg protein, and respira-
tory control was calculated as the ratio between state 3 and 
state 4 respiration rates. Oligomycin (0.5 µM) and carbonyl 

cyanide m-chlorophenylhydrazone (m-CPPP, 0.5 µM) were 
used to set state 4 and state 3, respectively.

LVH in patients with aortic stenosis

Twenty-four patients were prospectively recruited to par-
ticipate in the study. Eighteen of those recruited had been 
diagnosed with AS and LVH (age 55 ± 3 years), while 
six (age 54 ± 3 years) with neither LVH nor coronary dis-
ease were recruited as controls. All participants provided 
informed consent for participation per the guidelines of the 
Declaration of Helsinki and subsequent to approval by the 
ethical committee of Hospital Universitario Austral.

Patients diagnosed with aortic valve stenosis were strati-
fied based on normal LVEDWS (n = 9): <30 g/cm2; or high 
LVEDWS (n = 9): >30 g/cm2. All patients underwent echo-
cardiography and cardiac catheterization studies before 
valve replacement surgery. Left ventricular systolic func-
tions were evaluated by measuring ejection fractions (EF) 
and shortening fractions (SF). LV systolic functions were 
further assessed by measuring global longitudinal myocar-
dial peak strains (GLPS) from standard two-dimensional 
images captured prior to and 1 year post-surgeries. Dias-
tolic functions were assessed by calculating indices derived 
from LV pressure curves and echocardiography-Doppler 
data. LVEDWS were calculated using cylindrical models. 
LVEDWS/LVEDD ratios were assessed as myocardial stiff-
ness indices. Isovolumic relaxations were evaluated using 
isovolumic relaxation time (IVRT) measurements.

Western blot

Biopsy samples from left ventricular anterior walls were 
obtained during surgery from human participants (n = 6) 
and at sacrifice in murine models (n = 4, per group). The 
samples were immediately frozen in liquid nitrogen and 
later homogenized in pH 7.6 buffer consisting of Tris 
(1.2 mM), NaCl (0.36 mM), SDS 0.1%, Triton 1%, DTT 
(0.2  mM), and a cocktail of protease and phosphatase 
inhibitors (Bio-Rad). Once homogenized, the samples 
were centrifuged at 26,156×g (4 °C) for 20 min. Protein 
concentrations were determined using Bradford assays 
(Bio-Rad). Samples were separated by SDS–PAGE gel 
electrophoresis in 5 and 18% gels and transferred to poly-
vinylidene fluoride (PVDF) membranes. Afterwards, the 
membranes were incubated with anti-dystrophin (1:1000) 
(MANDYS 8, Sigma) and anti-phospholamban (1:1000, 
Badrilla) and anti-phospho-phospholamban (Ser16) 
(1:1000, Badrilla) antibodies. All western blots were 
developed with SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Fisher Scientific). The relative 
levels of dystrophin were quantified by densitometry with 
the Image Gauge 4.0 (Fujifilm) program and normalized 
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to readouts from the control group. Equivalent protein 
loadings were confirmed using an anti-GAPDH (1:1000, 
Cell Signaling Technology) antibody.

Statistical analyses

Data were expressed as mean ± standard error of the 
mean (SEM). Comparisons between the groups were per-
formed by variance analysis (one-way ANOVA) followed 
by calculation of the students’ t distribution, adjusted for 
multiple comparisons using the Bonferroni correction. 
Thus, statistical significance was not reached unless the 
corresponding P value was lower than 0.05/k, where k 
represents the number of comparisons.

Results

Murine aortic constriction models

Weights of the murine subjects, hearts, and LVH of each 
group are given in Table  1. Three weeks after surgery, 
LVW/BW and TL/BW ratios measured in both the LVH 
and LVH + Doxy groups significantly increased above 
ratios observed in the Sham group (P < 0.05 vs. Sham). No 
significant differences were found in heart rate, LVEDD, 
and LVESD between the three groups (Table 2). However, 
the LVEDWT was increased in the LVH and LVH + Doxy 
groups (P < 0.05 vs. Sham, each). Aortic-left ventricular 
pressure gradients were assessed to determine aortic con-
striction rates. LVH (88.28 ± 9.21 mmHg) and LVH + Doxy 
(90.67 ± 8.53 mmHg) groups both were significantly more 
constricted than controls (P < 0.05).

Ejection and shortening fraction measurements are 
given in Table  2. There were no significant differences 
between the groups for either of these indices. These data 
suggest that left ventricle pump function was preserved 
in the 3-week LVH group. However, contractile state (as 
determined by: +dP/dtmáx/LVEDWS) was significantly 
decreased in the LVH group compared with the Sham 
group. Interestingly, doxycycline treatment rescued con-
tractile alterations observed in the LVH group.

Left ventricular diastolic function was evaluated by 
measuring two parameters: isovolumic relaxation and 
myocardial stiffness. Isovolumic relaxation was evaluated 
through the time constant of pressure decay (τ, msec) and 
the isovolumic relaxation time (IVRT, Fig.  1a–b). The τ 
constant was significantly increased from 6.01 ± 1.21 msec 
in the Sham group to 13 ± 1.61  msec (P < 0.05) in the 

Table 1   Morphometric mice data

TL Tibia length, BW Body weight, LVW Left ventricular weight
*P < 0.05 versus sham

Sham LVH LVH + Doxy

Body weight (g) 26.3 ± 0.62 26.14 ± 0.58 25.14 ± 0.54
LV weight (mg) 84.42 ± 2.79 125.13 ± 6.15* 116.88 ± 5.53*
Tibia length (mm) 17.5 ± 0.14 17.56 ± 0.16 17.11 ± 0.17
LVW/BW 3.20 ± 0.08 4.84 ± 0.31* 4.62 ± 0.23*
LVW/TL 4.88 ± 0.15 7.14 ± 0.38* 6.82 ± 0.30*

Table 2   Hemodynamic and 
echocardiographic mice data

LVEDD left ventricular end-diastolic diameter, LVESD left ventricular end-systolic diameter, LVEDWT left 
ventricular end-diastolic wall thickness, EF ejection fraction, SF shortening fraction, LVEDWS left ven-
tricular end-diastolic wall stress, LVESWS left ventricular end-systolic wall stress, LVSP left ventricular 
systolic pressure, LVEDP left ventricular end-diastolic pressure
*P < 0.05 versus sham. #P < 0.05 versus LVH

Sham LVH LVH + Doxy

Heart rate (bpm) 392 ± 44 418 ± 43 401 ± 31
LVEDD (mm) 3.43 ± 0.36 3.16 ± 0.28 3.01 ± 0.32
LVESD (mm) 2.21 ± 0.42 2.05 ± 0.32 1.92 ± 0.33
LVEDWT (mm) 1.02 ± 0.05 1.32 ± 0.03 1.35 ± 0.05
EF (%) 73 ± 3 72 ± 2 73 ± 2
SF (%) 35 ± 2 35 ± 2 36 ± 2
+dP/dtmax/LVEDWS (mmHg x cm2/g x sec) 1734 ± 316 1507 ± 833# 1731 ± 267
LVEDWS (g/cm2) 3.78 ± 0.65 10.90 ± 2.16* 4.76 ± 0.51#

LVESWS (g/cm2) 88.98 ± 11.25 102.68 ± 6.43 87.03 ± 7.23
LVSP (mmHg) 91.04 ± 5.05 173.31 ± 6.14* 165.06 ± 5.71*
LVEDP (mmHg) 1.99 ± 0.18 9.32 ± 1.8* 4.87 ± 0.79*#

Ventricle/aorta pressure gradient (mmHg) 3.42 ± 0.85 88.03 ± 6.81* 89.87 ± 5.35*
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LVH group and 12.64 ± 1.76  msec in the LVH + Doxy 
group. Similarly, IVRT rates significantly increased in 
the LVH and LVH + Doxy groups to 16.64 ± 0.65 and 
16.89 ± 0.53 msec, respectively (P < 0.05 vs. Sham).

Semi-quantitative measurements of total and phos-
phorylated phospholamban were obtained with western 
blotting techniques (Fig.  1c). Total expression of phos-
pholamban in the LVH and LVH + Doxy was significantly 
elevated compared with the Sham group. However, the 
ratio of the phosphorylated (Ser16) phospholamban to total 
phospholamban protein expression decreased in the LVH 
and LVH + Doxy groups compared with controls (Fig. 1d, 
P < 0.05).

To evaluate ventricular stiffness, LVEDWS/LVEDD 
ratios were measured in murine models. LVEDWS/LVEDD 
values increased in animals with LVH (3.86 ± 0.57  g/
cm3) compared with controls (1.07 ± 0.18  g/cm3; Fig.  2a, 
P < 0.05). Alterations in myocardial stiffness were not 
observed in the doxycycline-exposed group. Additionally, 
dystrophin protein abundance was significantly lower in 
the LVH group compared with controls (Fig.  2b). Altera-
tions in dystrophin were not observed in the group exposed 
to 3-week doxycycline treatment. A linear correlation 
between dystrophin level and myocardial stiffness was 

observed (Fig.  2c). Finally, oxygen consumption was sig-
nificantly decreased during respiration states 3 and 4 in car-
diac mitochondria collected from the LVH group (P < 0.05 
vs. Sham). Alterations in mitochondrial respiration were 
not observed in the doxycycline-treated group (Fig. 3).

Prospective aortic stenosis patient data

Epidemiological data collected from consented subjects 
are given in Table 3. The average age of AS patients was 
significantly higher than the average age of the control 
population.

AS subjects presented with ventricular masses and aor-
tic/ventricular pressure gradients that were elevated when 
compared with controls. There were no significant differ-
ences in EF and SF between the three groups (Table  4). 
However, +dP/dtmax/LVEDWS ratios were significantly 
reduced in the high-LVEDWS group when compared with 
both the controls as well as the normal-LVEDWS group, 
suggesting that contractile states were impaired in these 
subjects.

Patients with normal LVEDWS exhibited modest 
increases in IVRT values (NS; Fig. 4a). However, subjects 
with high LVEDWS experienced striking increases; the 

Fig. 1   a Isovolumic relaxation was prolonged in murine models with 
LVH. b This alteration was not prevented with doxycycline treatment. 
c Total and phosphorylated (Ser16) phospholamban (PLB) expression 

was measured. d PLB phosphorylation was decreased in the LVH 
group, which was not reversed with doxycycline. *P < 0.05 versus 
Sham. IVRT Isovolumic relaxation time
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Fig. 2   a LVEDWS/LVEDD significantly increased in murine models 
with LVH, which was prevented by doxycycline. b The expression of 
dystrophin was measured. There was a significant degradation of dys-

trophin in the LVH group, which was completely prevented by doxy-
cycline. c A linear correlation between the dystrophin level and the 
myocardial stiffness was calculated. *P < 0.05 versus Sham

Fig. 3   Mitochondrial oxygen consumption rates in states 3 and 4 of 
mitochondrial respiration were measured. A significant decrease in 
oxygen consumption was observed in the LVH group in both states 

3 and 4. Treatment with doxycycline completely reversed respiration 
differences. *P < 0.05 versus Sham
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index changed from a mean of 84.01 ± 1.70  msec in the 
control group to 141.86 ± 21.82 msec (P < 0.05) in the high-
LVEDWS group. The LVEDWS/LVEDD ratio, an index of 
myocardial stiffness, was 0.77 ± 0.03  g/cm3 in the control 
group and 0.73 ± 0.04 g/cm3 in the normal-LVEDWS group 
(NS), while it was increased in the high-LVEDWS group 
(1.11 ± 0.11 g/cm3; P < 0.05; Fig. 4b).

Dystrophin expression was significantly decreased in 
patients with high LVEDWS (Fig.  4c). Importantly, dys-
trophin expression in both aortic stenosis groups correlated 
with LVEDWS/LVEDD ratios (Fig.  4d), suggesting that 
the dystrophin breakdown was related to increased myocar-
dial stiffness. Finally, systolic function at 1 year post-sur-
gery, demonstrated a significant recovery of the GLPS in 
subjects who exhibited normal LVEDWS prior to surgery 
(Fig. 5). However, the index remained depressed in patients 
with high LVEDWS prior to surgery.

Discussion

In the present study, we observed, in both murine mod-
els and human subjects with LVH secondary to pres-
sure overload, a significant dystrophin breakdown that 
was associated with systolic and diastolic dysfunctions. 
These dysfunctions were characterized by prolonged iso-
volumic relaxation times and increases in myocardial 
stiffness. Importantly, in the LVH murine model, doxy-
cycline treatment attenuated increases in myocardial stiff-
ness and dystrophin breakdowns. Also, a reduction in 
mitochondrial oxygen consumption was observed in the 
LVH murine model, suggesting an alteration in oxidative 

Table 3   Epidemiological pre-surgical data from patients

BMI body mass index

Control Normal 
LVEDWS

High LVEDWS

Gender 4♀/2♂ 5♀/4♂ 5♀/4♂
Age (years) 54 ± 3 71 ± 7 63 ± 5
Weight (kg) 65 ± 5 85 ± 1* 79 ± 4*
Height (cm) 164.4 ± 3.8 171 ± 0,1 172 ± 0,2
BMI 24.28 ± 1.57 29,41 ± 1,32 27,12 ± 0,41
Comorbidities
 Heart failure – – –
 Arterial hyper-

tension
– 3p 4p

 Diabetes mel-
litus

– – 1p

 Smoke – – 1p
 Hypercholester-

olemia
– 3p 2p

Pharmacological treatments
 Angiotensin-

converting 
enzyme inhibi-
tors

– 2p –

 AT2 blockers – – 1p
 Diuretics – – –
 Beta blockers – 1p –
 Calcium antago-

nist
– 1p –

 Statins – 1p –

Table 4   Echocardiographic and 
hemodynamic pre-surgical data 
from patients

LVEDD left ventricular end-diastolic diameter, LVESD left ventricular end-systolic diameter, EF ejection 
fraction, SF shortening fraction, LVEDWT left ventricular end-diastolic wall thickness, LVSP left ventricu-
lar systolic pressure, LVEDP left ventricular end-diastolic pressure
*P < 0.05 versus control.  #P < 0.05 versus normal LVEDWS

Control Normal
LVEDWS

High
LVEDWS

LV mass (g/m2) 95.23 ± 6.36 176.29 ± 27.53* 183.86 ± 30.01*
Aortic valvular area (cm2) – 0.71 ± 0.12 0.60 ± 0.19
EF (%) 72.11 ± 2.11 73.57 ± 3.19 65.43 ± 3.15
SF (%) 36.01 ± 4.24 44.45 ± 2.37 37.54 ± 2.64
+dP/dtmax / LVEDWS (mmHg x cm2/g x sec) 59.11 ± 1.87 69.54 ± 8,53 34.67 ± 2.83#

LVSP (mmHg) 136.33 ± 3.34 198.51 ± 8.38* 211.73 ± 14.18*
LVEDP (mmHg) 11.51 ± 0.55 13.55 ± 1.01 19.83 ± 1.61*#

LVEDD (mm) 44.01 ± 0.71 46.53 ± 1.76 49.38 ± 1.95
LVESD (mm) 28.33 ± 1.08 27.60 ± 2.61 27.93 ± 2.23
LVEDWT (mm) 8.85 ± 0.04 13.21 ± 0.91* 12.31 ± 0.50*
Ventricle/aorta pressure gradient (mmHg) 3.67 ± 0.73 55.47 ± 8.76* 48.67 ± 12.03*
Systolic arterial pressure (mmHg) 134 ± 2 144 ± 2 148 ± 7
Diastolic arterial pressure (mmHg) 72 ± 2 81 ± 7 75 ± 4
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phosphorylation that may have led to increased reactive 
oxygen species (ROS) production.

In previous studies, the beneficial effects of doxycy-
cline in LVH or myocardial infarction models have been 
described [10, 11]. However, those previous studies did not 
evaluate either diastolic function or mechanisms responsi-
ble for protective effects.

Interestingly, results presented here indicate that doxy-
cycline treatments prevented contractile state alterations. 
Previously, Wang et al. demonstrated decreased inotropism 
in isolated ventricular trabeculae models in which hearts 
were over-expressing MMP-2 [12]. MMP-2s targeted 
several different proteins (troponin I, type 1 myosin light 
chain), potentially explaining the observed contractile dys-
functions [13, 14]. Together, these findings suggested that 
MMP inhibition by doxycycline treatment could improve 
systolic dysfunction caused by LVH.

On the other hand, in human subjects with AS, LVH, 
and preserve EF, we identified a subgroup with high 
LVEDWS. These patients presented with increased 

Fig. 4   a Patients with normal LVEDWS experienced modestly 
increased IVRT values. Patients with high LVEDWS experienced 
significant IVRT increases compared with controls. b LVEDWS/
LVEDD ratios significantly increased in the high-LVEDWS group. c 

Dystrophin expression was decreased in patients with high LVEDWS, 
and expression levels correlated with LVEDWS/LVEDD ratios. 
*P < 0.05 versus control group

Fig. 5   Evaluation of GLPS at 1 year post-surgery demonstrated sig-
nificant recovery in patients who had normal LVEDWS prior to sur-
gery. Alternatively, patients who had high LVEDWS prior to surgery 
had GLPS that remained depressed at 1 year post-surgery. *P < 0.05 
versus Pre
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myocardial stiffness and cardiac structural changes evi-
denced by significant dystrophin breakdowns. In this 
patient subgroup, as in mice, the expression of dystro-
phin correlated with myocardial stiffness. The novelty 
of this finding was that the relationship between dystro-
phin expression and myocardial stiffness had only been 
described with in vitro studies of myocytes and in trans-
genic mouse models (mdx mice) [5]. The present study 
additionally demonstrated, in both experimental models 
with LVH and human subjects with high LVEDWS, that 
dystrophin breakdown correlated with increased myo-
cardial stiffness. The functional and structural changes 
observed here were clinically relevant as they could have 
modified post-surgical outcomes. Indeed, ventricular 
function was evaluated 1 year post-surgery and a recov-
ery of longitudinal peak strain was observed, but not in 
subjects that presented with high LVEDWS and dystro-
phin degradation prior to valve replacement.

Elevations in myocardial stiffness have been a well-
described segment of LVH evolution and have been linked 
to the extracellular matrix [15], particularly with modifica-
tions in composition or volume of interstitial collagen [16, 
17]. In the present study, we used a mouse LVH model that 
did not exhibit ventricular dilation or evidence of heart fail-
ure. Previously, a significant increase in interstitial collagen 
was not observed in these LVH models until 4 weeks of 
LVH evolution [18]. Alternatively, the observed increases 
in myocardial stiffness may have resulted from calcium 
transient alterations [19]. Supporting this, previous work 
has shown in isolated cardiac myocytes that dystrophin 
deficiency increased stiffness and subsequent ventricular 
filling pressures in intact hearts [5]. Loss of dystrophin 
caused sarcolemmals instability and permeability, as well 
as downstream cytosolic calcium and myocardial stiff-
ness. We previously demonstrated that doxycycline treat-
ment prevented dystrophin degradation through inhibition 
of matrix metalloproteinase type 2 (MMP-2) activities [7]. 
MMP-2 was activated by oxidative stress. In the current 
study, ROS production was not directly evaluated. How-
ever, reductions observed in MitoMVO2 strongly suggested 
that increased mitochondrial ROS occurred in LVH murine 
models [20]. Doxycycline prevented both dystrophin deg-
radations and alterations in MitoMVO2. This is in accord-
ance with the previous results that demonstrated decreased 
MitoMVO2 in transgenic mouse models that overexpressed 
MMP-2 [21]. Thus, it was possible that mitochondrial ROS 
production in hearts with LVH induced MMP-2 activation, 
which led to dystrophin degradation and increased myocar-
dial stiffness.

On the other hand, we observed a prolonged isovolu-
mic relaxation time both in mice and patients with LVH. 
This diastolic alteration is associated with a decreased 
ratio of the phosphorylated (Ser16) phospholamban to 

total phospholamban protein expression in the LVH groups 
compared with controls.

A first limitation of the present study was that MMP 
activities were not measured by zymography. However, 
to demonstrate the inhibition effect of doxycycline dose 
on MMP-2 activity, we [7] and others authors [22] added 
doxycycline to the zymography incubation buffer. A second 
limitation is that the patients with LVH have higher BMI 
compared to control group. However, we did not detect sig-
nificant differences between patients of LVH groups.

In summary, we described here that mouse models and 
human subjects with LVH due to pressure overloads, but 
without ventricular dilation, presented systolic and diastolic 
dysfunctions. Diastolic dysfunctions were characterized 
by prolonged ventricular relaxation times and increases in 
myocardial stiffness. Doxycycline pre-treatment attenuated 
LVH-induced elevations in myocardial stiffness as well 
as dystrophin degradations. Thus, results of the present 
study are pathophysiologically important as they identify 
a role for dystrophin as a regulator of myocardial stiffness 
in LVH. Furthermore, recovery of ventricular function 1 
year post-surgery solely in patients with normal LVEDWS 
and dystrophin level is a clinically relevant finding. Future 
studies should attempt to confirm these findings in larger 
sample populations with prolonged post-surgical follow-up 
times.
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