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Abstract

Cardiomyopathy caused by lamin A/C gene (LMNA) mutations (hereafter referred as LMNA cardiomyopathy) is an anatomic
and pathologic condition associated with muscular and electrical dysfunction of the heart, often leading to heart failure-
related disability. There is currently no specific therapy available for patients that target the molecular pathophysiology of
LMNA cardiomyopathy. We showed here an increase in oxidative stress levels in the hearts of mice carrying LMNA mutation,
associated with a decrease of the key cellular antioxidant glutathione (GHS). Oral administration of N-acetyl cysteine, a GHS
precursor, led to a marked improvement of GHS content, a decrease in oxidative stress markers including protein carbonyls
and an improvement of left ventricular structure and function in a model of LMNA cardiomyopathy. Collectively, our novel
results provide therapeutic insights into LMNA cardiomyopathy.

Introduction dystrophy (EDMD) and the limb-girdle muscular dystrophy

Dominant mutations in the gene-encoding nuclear A-type
lamins (LMNA) cause dilated cardiomyopathy with conduction
system disease (LMNA cardiomyopathy) (1,2). LMNA cardiomy-
opathy is characterized by conduction defects, arrhythmias,
left ventricular dysfunction and dilation, often leading to heart
failure-related disability (3-5). LMNA cardiomyopathy can be
associated with muscular dystrophy [Emery-Dreifuss muscular

type 1B (LGMD1B)] (5). The management of the cardiac disease
consists in controlling arrhythmia and conduction defects by
implantation of a defibrillator as patients are at high risk of
sudden cardiac death (3). This limits the progression of heart
failure, but eventually patients require heart transplantation.
There are currently no effective approaches to treat LMNA
cardiomyopathy in the clinic. Thus, it is of great importance
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to clarify its molecular mechanisms and to search for potential
compound to provide protection against LMNA cardiomyopathy.

In order to study the pathophysiology of LMNA cardiomyopa-
thy and to test possible therapeutics, we have developed a mouse
model carrying a missense LMNA mutation, leading to the
substitution of the histidine 222 by a proline (H222P), identified
in a family with LMNA cardiomyopathy (6). Homozygous
mutant (Lmna"????H222?) mice develop cardiac left ventricular
dilation and systolic dysfunction and have a reduced life
expectancy. We previously identified and studied multiple
mechanisms that contribute, in part, to the pathophysiology
of LMNA cardiomyopathy. These include abnormal regulation
of the mitogen-activated protein kinase (MAPK) signaling
cascade (7,8), altered Wnt/g-catenin signaling (9), fibrosis (10),
AKT/mammalian target of rapamycin (AKT/mTOR) signaling (11)
and calcium handling (12). All these signaling mechanisms have
been targeted with small-molecule inhibitors in Lmnat?22/H222
mice, and all of these interventions have had some beneficial
impact. However, targeting signaling of each of these pathways
alone is not curative (13).

Searching for alternative ways to slow down the cardiac
disease progression, we here examined the involvement of
oxidative stress in the progression of the cardiac disease
in Lmnat????/H222® mjce, Recent data point to a relationship
between lamin mutations and altered reactive oxygen species
(ROS) metabolism (14). ROS are small, short-lived signaling
molecules that mediate various cellular responses (15). Excessive
accumulation of ROS can lead to DNA damage and the build
up of oxidized proteins and lipids. The major intracellular
sources of ROS are the mitochondria and the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases (NOXs).
To counter the potential damaging effects of ROS, cells have
evolved several antioxidant systems, including ROS-alleviating
enzymes like catalase and glutathione (GSH) peroxidase (GPX)
and nonenzymatic systems comprising GHS.

Herein, we show that the cardiomyopathy in Lmnq'222?/H222P
mice is associated with altered oxidative stress levels and GSH
deficiency. Accordingly, GSH replenishment with N-acetyl cys-
teine (NAC) treatment reduces cardiac oxidative stress injury
and ameliorates contractile dysfunction in Lmnat???*/H222? mjce.

Results

Lmna'2??"M222F mjce with cardiac dilatation display
increased oxidative stress markers

To explore the role of oxidative stress pathway in the devel-
opment of dilated cardiomyopathy, we studied a mouse model
that present a Lmna mutation substituting the histidine in posi-
tion 222 into a proline (6). The male mice develop a progres-
sive contractile dysfunction and cardiac remodeling and die by
32-34 weeks of age. Similar features were observed in female
Lmnali?22P/222P mjce but with a later onset (6). Lmna p.H222P
corresponds to a human disease-causing mutation associated
with dilated cardiomyopathy (16). Given that a consequence of
altered ROS metabolism would lead to an aberrant cardiac oxida-
tive stress (Fig. 1A), we first assessed the steady-state cardiac
protein carbonylation level in Lmna'???*/H222P mjce. We showed
that the protein carbonylation content was increased in hearts
from Lmnati?2?P/H222? mice compared to WT mice, when the left
ventricular function was altered at 6 months of age (symp-
tomatic) (Fig. 1B).

Since oxidative stress can be triggered by activation of (NOXs),
we examined NOX2 expression in the hearts of 6-month-old
Lmnat?22P/H222P mice. We observed an increased NOX2 protein and

mRNA expressions in hearts from Lmna"????H222F mice compared
to WT mice (Fig. 1C and D). We also examined expression of the
antioxidant GPX enzyme 1 (GPX1) involved in the detoxification
of hydrogen peroxide and lipid peroxide. We showed that
GPX1 expression was decreased in hearts from Lmnqat??2?/H222p
mice compared to WT mice (Fig. 1C). Taken together these
results showed that oxidative stress was increased in LMNA
cardiomyopathy, which is associated with reduced antioxidant
protection.

NAC improves cardiac redox homeostasis in
LmnaH222P/H222P mice

Given that antioxidant defense was reduced in the heart
from Lmnat222P/H222P mjce we tested whether the antioxidant
NAC, a GSH precursor, could delay the development of left
ventricular dysfunction. Lmnati????H222® mjce were treated with
NAC (140 mg/kg per day), starting at 6 months of age for a4-
week duration (Fig. 2A). We observed that the increased protein
carbonylation content was decreased in hearts from NAC-
treated Lmnat????/H222* mice compared to vehicle-treated mice
(Fig. 2B). Next, we showed that the level of key antioxidant GSH
was lowered in Lmnat????/H222? mjce compared to WT mice, which
became increased after NAC treatment, both in serum (Fig. 2C)
and the hearts (Fig. 2D). We also studied the expression of two
mRNA-encoding enzymes controlling GSH metabolism. Gclc
mRNA, encoding glutamate-L-cysteine ligase, a rate-limiting
enzyme in GSH synthesis, and GsR mRNA, encoding GSH
reductase, important for maintaining GSH in a reduced state,
were both upregulated by 2- and 13.7-fold, respectively, in the
hearts of Lmnat????/H222® mjce (Fig. 2E). This suggests an increased
expression of GSH genes as an adaptive response to counteract
an increased oxidative stress in the hearts of Lmnat?22"/1222 mjce,
However, we cannot rule out that other mechanisms are acting
in the pathogenesis of LMNA cardiomyopathy, including a larger
alteration of the antioxidant signaling. Moreover, NAC treatment
decreased significantly the expression of both Glclc and GsR
mRNAs in the hearts of Lmnat???"/H222" mjce. These results show
that NAC treatment is able to restore altered redox homeostasis
in LMNA cardiomyopathy.

NAC improves cardiac structure and function and
ameliorates fibrosis in Lmna???*/%222* mjce

Cardiac structure and function were then assessed by echocar-
diography before and after 1 month of NAC treatment in differ-
ent groups of mice. After the treatment, heart size and left ven-
tricular dilatation were reduced in NAC-treated Lmnqt?22P/H222¢
mice compared with vehicle-treated Lmna%???/H222* mijce
(Fig. 3A). Compared with the vehicle-treated Lmnat?22?/H222P mijce,
the NAC-treated Lmna'???*/H222P mjce had significantly decreased
left ventricular mass and left ventricular end systolic diameter
(Table 1). NAC treatment showed a beneficial effect on fractional
shortening (FS), in Lmna"????/H222" mijce compared to vehicle-
treated Lmna222”/1222 mjce (Table 1). In addition, we observed a
significant benefit of the delta FS changes from baseline (AFS)
in NAC-treated Lmnat???*/H222P mjce compared to vehicle-treated
Lmnat?22P/H222P mice (Fig. 3B). Hence, treatment with NAC for 1
month delayed the development of left ventricular dilatation
and cardiac contractile dysfunction in Lmnat????/H222® mjce, It
would be of interest to assess the role of NAC treatment over a
longer period on the cardiac function, as well as on the survival
of LmnaH222P/H222P mice.
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Figure 1. ROS pathway is altered in LMNA cardiomyopathy. (A) Schematic representation of the ROS pathway and consequences. (B) Immunoblots showing total
carbonylated protein level expression (Oxyblot) in hearts from 6-month-old WT (n = 3) and from 6-month-old Lmnat222P/H222P (11229P) (n = 3) mice. (C) Immunoblots
showing NOX2 and GPX1 protein level in hearts from 6-month-old WT (n = 5) and Lmnat222P/H222P (11992p) (n = 5) mice. Gapdh and Ponceau Red are shown as loading
controls. (D) Expression of Nox2 mRNA in the hearts from 6-month-old Lmnat222P/H222P mjce (H222P) (n = 5) and WT (n = 6). Data are normally distributed and
represented as means + SEM (**P-value < 0.01: P-value obtained using a two-sided Student t-test on delta Ct values).

We next hypothesized that reducing oxidative stress in
the hearts of Lmna'????H222® mjce would reduce myocardial
fibrosis. Indeed, there was a significant reduction of myocardial
fibrosis in the hearts from Lmna"??2*/H222? mice treated with NAC
relative to vehicle-treated Lmna"????/H222 mjce (Fig. 4A and B), as
evidenced by Sirius Red staining of heart sections. All together,
these results show that NAC treatment ameliorates cardiac
structural and functional defects in LMNA cardiomyopathy,
which is concomitant with restoring cardiac redox balance and
antioxidant regulation.

Discussion

Our current findings indicate that LMNA cardiomyopathy is
associated with increased oxidative stress and antioxidant GSH
depletion. One-month oral NAC treatment, a GSH precursor, nor-
malized these attributes of the cardiac disease and ameliorated

the worsening of cardiac dilation and contractile dysfunction
in symptomatic Lmnati????H222® mjce. Based on our findings in
heart, we need to further assess if abnormal oxidative stress
is similarly involved in the pathogenesis of skeletal muscular
dystrophy in the Lmnat???*H222® mouse model of EDMD and
if NAC treatment would be beneficial for the skeletal muscle
structure and function.

There is a growing evidence that oxidative stress is linked to
LMNA mutations (17,18). The precise development of oxidative
stress ensuing from LMNA mutations still remains unknown. It
has been well established that an accumulation of ROS is a direct
cause of oxidative stress producing lipid peroxidation, DNA and
protein oxidative damage and the loss of cells in cardiac diseases
(18-20). The implications of oxidative damage and antioxidant
therapy in cardiac diseases were previously studied (21-24), but
this is the first demonstration of an antioxidant therapy directed
toward LMNA cardiomyopathy.
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Figure 2. NAC decreases oxidative stress in LMNA cardiomyopathy. (A) Schematic representation of the treatment protocol of LmnaH222P/H222P (11229P) mice with NAC.
(B) Immunoblots showing total carbonylated protein level expression (Oxyblot) in hearts from 7-month-old WT (n = 2) and from 7-month-old LmnatH222F/H222P (17227p)
mice treated with NAC (n = 2) or vehicle (n = 2). Graph showing total GHS level in sera (C) and heart (D) from 7-month-old LmnaH222P/H222P (11222P) mice treated with
NAC (n = 8 in sera and n=6 in heart) or vehicle (n = 6 in sera and n = 4 in heart). WT mice (n = 4 in sera and n = 4 in heart) are shown as control. Data are represented
as median [Q1; Q3] for Figure C and as means + SEM for D E F. Total GHS level in serum was not normally distributed, then a Wilcoxon test was performed for this
parameter; all other parameters were normally distributed, then a Student t-test was performed for these parameters. (“”P-value < 0.01: P-value obtained using a two-
sided Wilcoxon test. *P-value < 0.01: P-value obtained using a Student t-test). Quantitative real time PCR analysis of Glclc (E) and GsR mRNA expression, in 7-month-old
WT mice (n = 6), Lmnat222P/H222P (11229P) mice treated with NAC (n = 6) or vehicle (n = 7). Data are represented as means + SEM (**P-value < 0.01: P-value obtained

using a Student t-test on delta Ct values).

How oxidative stress results in cardiac tissue injury in LMNA
cardiomyopathy is yet to be fully elucidated, but inference can be
made from a number of related experimental studies. Evidence
has linked lamins dysfunction with increased generation of
ROS and reduced levels of antioxidant enzymes (25). Persistent
ROS can oxidize selective cysteine residues in lamins, causing
alterations in the structure of the nuclear lamina (26). The accu-
mulation of ROS could play a role in the increased levels of DNA
damage and the genomic instability observed in diseases related
to mutation in LMNA. This notion is supported by the fact that
treatment of cells expressing mutated lamins with NAC reduces

the amount of unrepairable DNA damage (25). In the context
of diseases caused by LMNA mutations, ROS have been linked
with DNA damage (25,26). DNA double-strand breaks, induced
by ROS, appear not to be repaired properly in cells expressing
mutated lamins (27). Recent studies have shown that Lmna null
cells exhibit signs of genomic instability and unrepaired DNA
(27). These data indicate that A-type lamins deficiency affects
the ability of cells to properly repair DNA damage and maintain
genome integrity. Thus, compounds that reduce the levels of ROS
in the cell could represent another strategy to reduce genomic
instability in lamin-related diseases.
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Figure 3. NAC improves cardiac structure and function in LMNA cardiomyopathy. (A) M-mode echocardiography recording at 7 months of age in WT, vehicle-treated
Lmnat222P/H222P (11222P) and NAC-treated Lmnat222P/H222P mjce, (B) Fractional shortening evolution from 6 months to 7 months from WT (n = 12), vehicle-treated
LmnaH222P/H222P (11229P) (n = 19) and NAC-treated Lmnat222P/H222P mjce (n = 20). ALVFS changes from baseline is calculated as [FS at 7 months - FS at 6 months] for
each mice. Data are normally distributed and are represented as median [Q1;Q3]. (*P-value < 0.05: P-value obtained using a two-sided Student t-test).

Table 1. Echocardiographic parameters for Lmnat22??/H222P mjce treated with NAC at 7 months of age, after 1 month treatment.

Genotype WT H222P WT H222P H222P
Age 6 6 7 7 7
Treatment none none none vehicle-treated NAC
n 12 39 12 19 20
Heart rate (bpm) 523.3 521.7 529.5 535.7 539.0
P [509,9;536,9] [497.9;553,0] [499,0;579,8] [517.2;573.4] [517.2;556,9]
23 22 245 24 23
BW
(® [2224,5] [21;26] [24;25,3] [22;25] [20.8;26]
0.4 0.4 0.4 05 0.4
VS
(mm) [0.4;0.5] [0.4;0.5] [0.4;0.4] [0.4;0.5]¢ [0.4;0.5]
0.4 0.4 05 0.4 0.4
PW
(mm) 0.3,0.4] [0.4,0.4] [0.40.5] [0.4;0.5] [0.4;0.45]
34 3.7 3.2 3.6 34
LVEDD
(mm) [2.9:3.5] [3.45;3.8]* 3.1;3.4] [3.4;3.95]¢ [3.18;3.73]
2.0 2.6 1.9 2.7 2.3
LVESD
(mm) [1.7:2.2] [2.3;2.9]° [1.9:2] [2.43.1]¢ [2.1,2.7]F
32.00 44.80 39.20 46.95 40.45
LVM (mg) 4
[26.63;43.75] [40.45;49.25]2 [31.22;42.49] [44.72;54.12] [37.78;45.33[8
LVES (%) 41311 28.855 40.901 25.714 32.258
° [38,49;42.94] [24.32;33.77]° 38.71;43.17] [20.55;29.18]¢ [26.68;33.33]f

BW, body weight; IVS, inter ventricular septum; PW, left ventricular posterior wall; LVEDD, left ventricular end diastolic diameter; LVESD, left ventricular end systolic
diameter; LVM, left ventricular mass; LVFS, left ventricular fractional shortening; values are median [Q1;Q3].
P-value < 0.05, 2P-value < 0.01 and PP-value < 0.001: P-value obtained between WT and LmnaH222P/H222P (11229P) mice at 6 months of age using a two-sided Student
t-test for heart rate and LVFS parameters and a two-sided Wilcoxon test for the others parameters.
P-value < 0.05, 4P-value < 0.01 and ®P-value < 0.001: P-value obtained between WT and Lmnat222P/H222P (11299P vehicle-treated) mice at 7 months of age using a
two-sided Student t-test for heart rate parameter and a two-sided Wilcoxon test for the others parameters.
f p-value < 0.05, & P-value < 0.01, t11 P-value < 0.001: P-value obtained between NAC-treated and Lmnqat222P/H222P (H222P vehicle-treated) mice at 7 months of age
using a two-sided Student t-test for heart rate parameter and a two-sided Wilcoxon test for the others parameters.

In conclusion, our experiments demonstrate a novel con-
tributory mechanism for LMNA cardiomyopathy triggered by
oxidative stress and impaired antioxidant protection. Moreover,

we have shown that NAC treatment restores GSH levels and
reduces oxidative stress damage in the hearts of Lmnqat???/H222P
mice. Because NAC pharmacodynamics and absence of toxicity
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Figure 4. NAC improves myocardial fibrosis in LMNA cardiomyopathy. (A) Sirius Red staining of cross sections of the hearts from WT, vehicle-treated Lmnat222F/H222P
(H222P) and NAC-treated Lmnat222P/H222P mjce. Scale bar: 50 pm. (B) Heart fibrosis quantification from WT (n = 5), vehicle-treated LmnaH222P/H222P (11297p)
(n = 5) and NAC-treated Lmnat222P/H222P mjice (n = 5). For each mice, five cross-sections were quantified and the mean of the five cross-sections was represented
and analyzed. Data are represented as median [Q1; Q3] (*¥P-value < 0.01: P-value obtained using a Wilcoxon test on mean value of the five cross-sections).

are well established (28), our work supports further studies on
humans to begin to evaluate the therapeutic benefits of lower-
ing oxidative stress and assessing the benefit of such therapy
in cardiomyopathy. Overall, our work points toward clinically
relevant NAC as a possible future treatment option for patients
with LMNA cardiomyopathy in addition to standard therapy.

Materials and Methods
Animals and experimental design

Experimental procedures were performed in accordance
with European legislation on animal experimentation (L358-
86/609/EEC). Homozygous knock-in mice carrying the Lmna
p-H222P mutation (Lmna'???"/H222P) were described previously
(6). Six-month-old female Lmna"???”H22? mijce were given
1-month oral NAC (Merck; 140 mg/kg per day) in drinking
water and compared to sex- and age-matched vehicle-treated
Lmnat?22P/H222? gnd WT mice. Animals were euthanized at
7 months of age to harvest samples.

Echocardiography

Transthoracic echocardiography was performed by an investi-
gator unaware of the mouse genotype or treatment, with an
Acuson 128XP/10 ultrasound system and a 10 MHz Acuson linear
probe (Mountain View). Slight anesthesia of the mouse at room
temperature with 0.5-1% isoflurane in O, (Abbott Inc.) was con-
tinuously adjusted to maintain heart rate.

Biochemical analyses

Detection of carbonylated proteins was performed from heart
homogenates using Oxyblot protein oxidation detection kit
(Chemicon International) based on immunochemical detection
of protein carbonyl groups derivatized with 2,4-dinitrophenyl
hydrazine. GSH was measured in heart homogenates and serum,
according to a modification of Tietze method (29) as previously
described (30,31).

RNA isolation and real-time polymerase chain reaction
(PCR) analyses

Total RNA was extracted from frozen hearts using RNeasy
Fibrous Tissue kit (QIAGEN). Concentration of total RNA was
calculated using a NanoDrop ND-1000 spectrophotometer
(Labtech), and RNA quality was assessed by electrophoresis.
cDNA was synthesized using SuperScript III First-Strand Syn-
thesis System for RT-PCR (Invitrogen). Mouse primer sequences
used for transcriptional analyses were as follows: mGclC
5’-ATCCTCCAGTTCCTGCACAT-3’, 5’-TGTGAATCCAGGGCCTA-3’;
mGsR 5’-ACCACGAGGAAGACGAAATG-3’, 5’-GGTGACCAGCTCCT
CTGAAG-3’; mNox2 5-GGCTGGGATGAATCTAGGCCAA-3’, 5'-
ACTGGTTTCCTGGTGAAAGAGCGG-3'. Real-time PCR was carried
out on a Light Cycler (Roche Diagnostics), using the Quantitest
SYBR green kit (QIAGEN) with sense and antisense oligonu-
cleotides primers for the different genes. Relative levels of mRNA
expression were calculated according to the ACT method (32).

Immunoblotting

Total proteins were isolated from mouse heart tissue in
extraction buffer (Cell Signaling) with the addition of protease



inhibitors (25 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM
4-[2-aminoethyl]-benzene sulfonylfluoride hydrochloride and
2 mM Na3VOy). The lysates were sonicated (3 pulses of 10s at
30% amplitude) to allow dissociation of protein from chromatin
and solubilization. Extracts were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using
a 10% gel and transferred onto nitrocellulose membranes
(Invitrogen). Subsequent to washes with Tris-buffered saline
containing 1% Tween 20 (TBS-T), the membranes were blocked in
5% bovine serum albumin in TBS-T for 1 h at room temperature,
then incubated with the appropriate antibody overnight at 4°C.
The membranes were incubated with horseradish peroxidase-
conjugated anti-rabbit or anti-mouse antibodies for 1 h at room
temperature. After washing with TBS-T, the signal was revealed
using Immobilon Western Chemiluminescent HorseRadish
Peroxidase (HRP) Substrate (Millipore) on a G-Box system with
GeneSnap software (Ozyme). Primary antibodies used were
rabbit polyclonal antibodies that recognize NOX2 (Abcam), GPX1
(Cell Signaling) and GAPDH (Santa Cruz).

Histology

Hearts from mice were fixed in 4% formaldehyde for 48 h, embed-
ded in paraffin, sectioned at 5 pm and stained with Sirius Red
trichrome. Representative stained sections were photographed
using a Microphot SA (Nikon) light microscope attached to a
Spot RT Slide camera (Diagnostic Instruments). Images were
processed using Adobe Photoshop CS (Adobe Systems).

Statistical analyses

For echocardiographic parameters, results were expressed as
median [Q1;Q3]. The statistical analyses were performed by com-
paring the WT animals and Lmna"???*H222® mjce at baseline
(6 months) and by comparing the WT mice to the vehicle-treated
Lmnat??2P/H222P mice post-treatment (7 months) and to evalu-
ate the NAC treatment effect by comparing the vehicle-treated
Lmnat?22P/H222? mice and the NAC-treated Lmnat??2?/H222® mjce at
7 months. For each analysis a normality test was performed,
followed by a Student t-test (for normally distributed data) or
Wilcoxon test (for not normally distributed data). For echography
parameters Student t-test was performed for the heart rate and
LVFS parameters and a Wilcoxon test was performed for the
other parameters. In order to have a better understanding of
the LVFS % progression for each mice, we analyzed the AFS
(AFS=7 months LVFS - 6 months LVFS), a Student t-test was
performed.

For mRNA expression, statistical analysis was performed in
ACt and the mRNA expression values normalized to the ref-
erence gene was graphically represented. The results are pre-
sented as mean+SEM. In the GSH concentration (serum and
heart) and fibrosis parameter, results were expressed as median
[Q1;Q3]. The statistical analyses were performed by comparing
the WT animals and the vehicle-treated Lmnat?22"/%222F mjce and
to evaluate the NAC treatment effect by comparing the vehicle-
treated Lmnati?22?/H222" mice and the NAC-treated Lmnaqli222P/H222P
mice. For both analyses, a Student t-test was performed for
the mRNA expression and GSH concentration (heart) parame-
ters and a Wilcoxon test was performed for GSH concentration
(serum) and fibrosis parameter.

The significance level is taken to 5%. Statistical analyses were
conducted using SAS 9.2 (SAS Institute Inc., USA).
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