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Abstract

Objective—Recent studies have demonstrated improved outcomes in patients receiving early
surgery for degenerative mitral valvular regurgitation (MR) rather than adhering to conventional
guidelines for surgical intervention. However, studies providing a mechanistic basis for these
findings are limited.
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Central Message: Chronic cardiomyocyte oxidative stress and disruption of the desmin cytoskeleton may explain post-operative LV
functional decline in patients with well preserved LV function and adherence to conventional guidelines.

Perspective Statement: Recent studies report improved outcomes in patients receiving early surgery for degenerative mitral
regurgitation. Severe cardiomyocyte oxidative stress and desmin and mitochondrial disruption in patients with isolated mitral
regurgitation and LVEF>60% may underpin the decrement in LV systolic function post valve repair and further supports the move
toward earlier surgical intervention.

Central Figure legend: Disruption of the normal (A) desmin pattern in MR (B) may underpin decrease in LV function after surgery.
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Methods—Left ventricular (LV) myocardium from 22 patients undergoing mitral valve repair for
Class I indications was evaluated for desmin, the voltage-dependent anion channel, ap-crystallin,
and a, B unsaturated aldehyde 4-hydroxynonelal by fluorescence microscopy and in 6 normal
control LV autopsy specimens. Cardiomyocyte ultrastructure was examined by transmission
electron microscopy. Magnetic resonance imaging with tissue tagging was performed in 55 normal
subjects and 22 MR patients pre- and 6 months post-mitral valve repair.

Results—LV end-diastolic volume was 1.5-fold (p<0.0001) higher and LV mass to volume ratio
was lower in MR (p=0.004) vs. normal and improvement six months after mitral valve surgery.
However, LV ejection fraction decreased from 65 + 7 to 52 + 9% (p<0.0001) and LV
circumferential (p<0.0001) and longitudinal strain decreased significantly below normal values
(p=0.002) post-surgery. MR hearts had a 53% decrease in desmin (p<0.0001) and a 2.6-fold
increase in desmin aggregates (p<0.0001) vs. normal along with significant, intense perinuclear
staining of a, B unsaturated aldehyde 4-hydroxynonelal in areas of mitochondrial breakdown and
clustering. Transmission electron microscopy demonstrated numerous electron dense deposits,
myofibrillar loss, Z-line abnormalities and extensive granulofilamentous debris identified as
desmin positive by immunogold transmission electron microscopy.

Conclusion—Despite well-preserved preoperative LV ejection fraction, severe oxidative stress
and disruption of cardiomyocyte desmin-mitochondrial sarcomeric architecture may explain post-
operative LV functional decline and further supports the move toward earlier surgical intervention.
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Introduction

Isolated/primary mitral regurgitation (MR) is a very common heart valve disease in the US.
An estimated 2-2.5 million people in the US are affected by moderate to severe mitral valve
disease characterized by a myxomatous degeneration of the mitral valve and progressive
dilatation of the left ventricular (LV) chamber that leads to heart failure. With population
growth and aging this number is expected to double by 2030 (1). Studies in asymptomatic
patients with moderate to severe MR with LVEF > 60% and LVES dimension < 40 mm have
shown that 30% develop symptoms of heart failure or LV dysfunction over two years with
the majority progressing to these end points and the need for surgery over eight years (2-4).

Since there is no effective medical therapy for asymptomatic patients with isolated MR, the
latest American College of Cardiology/American Heart Association guidelines recommend
surgery as a Class | indication for moderate to severe MR in patients who are symptomatic
or have progressive LV dysfunction defined by guidelines of LV ejection fraction (EF) <
60% or LV end-systolic dimension (ESD) = 4.0 cm (5). In the absence of Class | indications,
asymptomatic patients with LVEF > 60% and LV end- systolic diameter (LVESD) < 40 mm
are only offered early repair as a Class lla recommendation in whom the likelihood of a
successful and durable repair without residual MR is greater than 95% with an expected
mortality rate of less than 1% when performed at a Heart Valve Center of Excellence. The
discretionary aspect of this recommendation is now being questioned based on recent studies
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that report improved survival and decreased heart failure in patients undergoing early
surgery before reaching Class I guidelines (6-8).

It is important to note that the majority of guidelines pertaining to timing of surgery in MR
were determined in previous studies of postoperative survival, but with less assessment of
postoperative LV function (5). In addition, LV systolic dysfunction assessed by
echocardiography is often underestimated in patients with severe MR due to an increase in
preload combined with the ejection into the low pressure left atrium. Thus, it is not
surprising that adhering to general guidelines has uncovered a subset of patients who do not
have an optimal outcome using the triggers of end-systolic dimension and LVEF. In a recent
study from Quintana and coworkers (8) there was early postoperative LV impairment in 20%
of a homogeneous population of 1,705 patients with severe degenerative MR and LVEF >
60%. As a result of this and other similar analyses, there is now a mounting objective calling
for earlier surgical intervention to provide not only better postoperative survival, but also to
maintain LV function.

In support of a move toward earlier surgery, we have previously demonstrated increased
cardiomyocyte oxidative stress and myofibrillar degeneration in patients who have moderate
to severe MR and LVEF > 60% that decreases significantly after mitral valve repair (9). The
purpose of the current investigation is to report further cardiomyocyte ultrastructural damage
in patients with well preserved LV systolic function. Recent studies in ours and other
laboratories have demonstrated severe disruption and breakdown of desmin in an animal
model of primary volume overload and in patients with dilated heart failure, similar to the
desmin changes reported in genetic defects in the desmin gene. Here we test the hypothesis
that patients with isolated MR and well preserved LV systolic function have extensive
breakdown of the major intermediate filament desmin in addition to loss of mitochondrial
damage and disarray in the sarcomeric units. The results of this study may provide a
potential mechanism for the decline in LV function post-mitral valve repair and a cogent
foundation for earlier surgical intervention.

Study subjects

The study protocol was approved by the University of Alabama at Birmingham Institutional
Review Board and informed consent was obtained from all MR patients and control
subjects. The study is divided in two parts: the clinical comparison of the study group (22
MR patients) with a control group (55 volunteers) and the immunohistochemical comparison
(22 specimens from MR patients) with LV specimens from six autopsies. Twenty-two
patients (mean age 57 + 12, range 34-80) with severe isolated MR secondary to
degenerative mitral valve disease were referred for corrective mitral valve surgery. Severe
MR was documented on echocardiogram/Doppler studies and cine-magnetic resonance
imaging (MRI) in all cases. All patients had cardiac catheterization prior to surgery. Patients
with obstructive coronary artery disease (> 50% stenosis), aortic valve disease, or
concomitant mitral stenosis were excluded. This patient population was selected from a
consecutive series of patients recruited under the funding of our NIH Specialized Center for
Clinically Oriented Research between the time of June 2005 and July of 2010
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(P50HL077100) (n = 60), with surgery performed by Dr. David McGiffin. Of this number,
22 patients were selected based on the availability of remaining biopsy sample for desmin
analysis and the presence of more than 3 high powered fields of longitudinally directed
cardiomyocytes for adequate desmin analysis and quantification. All patients had
degenerative mitral valve disease documented by echocardiography manifested by
thickening and prolapse of the mitral valve and by the surgeon’s description at operation. All
patients had Carpentier Il mitral valve disease.

Patients underwent magnetic resonance imaging (MRI) with tissue tagging prior to and six
months after mitral valve repair. All MRI studies were obtained within one month of surgery
and 6 months after surgery. Only 3 patients did not have a 6 month study. MRI was also
performed in 55 control volunteers (age 45 * 14, median 45, range 2070 years). These
subjects were recruited for the study and were included if they did not have a history of
cardiovascular disease and smoking, and were not taking any type of cardiovascular
medication, including statins. All control subjects signed an informed consent form
approved by the UAB IRB.

Magnetic resonance imaging

MRI was performed on a 1.5-T scanner (Signa GE, Milwaukee, Wisconsin) optimized for
cardiac application and LV volumes were computed from summated serial short axis slices
as previously described in our laboratory (2,9,10). Tagged magnetic resonance images were
acquired on the same scanner with repetition/echo times of 8/44 ms, and tag spacing of 7
mm. Three-dimensional LV strain was measured from tagged images at end-systole, which
was defined by visual inspection of the image data as the time frame with maximum
contraction. Strain computations were conducted using an in-house software package as
previously described by our laboratory (9,10). Strains were computed at midwall segments
as defined by Cerqueira et al. (11).

Surgical Methods

At surgery, LV myocardial tissue was taken from the endocardium of the LV lateral posterior
wall at the level of the tips of the papillary muscles in all patients. The biopsy was taken as
soon as left atrium was opened which was immediately after cardioplegic arrest, in all cases
no longer than five minutes after cardiopulmonary arrest. Mitral valve repair was performed
through median sternotomy and standard hypothermic cardiopulmonary bypass and cold
blood cardioplegia. A variety of methods were used to repair the mitral valve including
leaflet resection, chordal replacement or a combination of each. All patients had
implantation of a flexible annuloplasty band. Repair was assessed by intraoperative
transesophageal echocardiography.

Immunohistochemistry

Control LV myocardial specimens were obtained at time of autopsy in patients with no
evidence of myocardial or valvular disease. The specimens were obtained from: 31 yo male
drug abuse, 45 yo male motor vehicle accident, 24 yo male drug abuse, 28 yo male drug
abuse, 34 yo male schizophrenic, 47 yo female with chest pain for a week. Patient biopsies
were fixed, paraffin-embedded and processed for immunohistochemistry as previously
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described (9). Sections were incubated with antibodies: VDAC (Abcam #ab14734; 1:500),
alpha p-crystallin (Enzo # ADI-SPA-223; 1:100), desmin (Abcam #ab15200 or #ab6322;
1:200), a, P unsaturated aldehyde 4-hydroxynonelal (4-HNE) (Millipore #393207; 1:200),
and catalase (Millipore #219010; 1:200). Alexa Fluor 488- and 594-conjugated secondary
antibodies (1:700, Life Technologies) with appropriate host combinations were used to stain
for visualization. Nuclei were labeled with DAPI (1.5ug/ml, Vector Laboratories #H-1500).
Image acquisition for desmin and 4-HNE were performed on a Leica DM6000
epifluorescence microscope with Simple-PCI Imaging software (Compix, Inc). Pixel
intensity was analyzed by measuring the intensity (mean red, mean green) of the fields.

Transmission electron microscopy (TEM) of LV tissue

Eight of the 22 patients had TEM analysis. Patient biopsies were fixed in 2.5%
Glutaraldehyde/Sorensen’s Phosphate Buffer (Electron Microscopy Sciences #15980)
overnight at 4°C as previously described by our laboratory (9). Sections were viewed in a
Philips 201 TEM (FEI Co.) by EMLabs Inc (Birmingham, AL). Immuno-electron
microscopy (EM) was used to detect desmin at ultrastructural level as described by Wang et
al., (12). The human heart biopsy pieces were submerged in 0.1% glutaraldehyde/2%
paraformaldehyde in cardioplegic buffer (5% dextrose, 30 mmol/L KCI in PBS), further
fixed in the same fixative in cacodylate buffer, incubated in 0.1 mol/L glycine/PBS,
dehydrated in series of N, N-dimethyl formamide, and embedded in LRWhite resin.
Ultrathin (90 nm) sections (10-12) were picked up on nickel grids (3 mm) and dried. Before
immunolabeling grids were rinsed in PBS and blocked for 1.5 h with 1% BSA, 0.1% cold
water fish skin gelatin, and 1% Tween 20 in PBS. Grids were then incubated desmin
antibody (Abcam #ab15200), diluted 1:25 with 1% BSA/PBS first for 2 h at room
temperature (RT) and then overnight at 4°C. The grids were rinsed with P BS, blocked and
incubated (RT, 2h) with goat anti-rabbit 1gG tagged with colloidal gold (10-nm particle size,
diluted 1:50 with 1% BSA/PBS) (Aurion/Electron Microscopy Sciences). Sections were
postfixed and counterstained with uranyl acetate and viewed on a FEI-Tecnai T12 Spirit 20
electron microscope at 120 kv.

Statistical Analysis

Data are presented as mean + SD or counts (%). Age and gender were compared between 22
MR and 55 normal controls using non-paired t-test and chi-squared test, respectively.
Intensity measurements from normal and MR LV for desmin and 4-HNE were compared
with an exact Wilcoxon 2-sample test. To enable pairwise comparisons of the 3 groups of
interest (normal subjects, baseline MR, and 6-month post-MV repair) in one model, we
defined a group variable with these 3 categories. In modeling the clinical characteristics
(BSA, heart rate, SBP, DBP) and MRI functional data (LVEDD, LVESD, LVEDV, LVESV,
LVEF, LVED mass/volume, LVED sphericity index, LV circumferential and longitudinal
strains), we fitted a generalized linear model separately for each outcome with group as the
main variable of interest using generalized estimating equations and assuming a gamma
distribution. Analyses were done using the GENDMOD procedure in SAS version 9.3
software (SAS Institute, Cary, North Carolina) using the REPEATED statement with an
exchangeable working correlation structure to account for the correlation between pre- and
post-surgery readings. We added age as covariate to address the imbalance between MR and
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normal controls in the MRI analyses. To avoid inflating the probability of a type | error due
to testing these 9 primary MRI paramters, the Bonferroni-Holm step-down method was used
to adjust the significance level in the determination of the significance of the group main
effects maintaining a family-wise significance level of 0.05. Once the group effect is deemed
significant for a given MRI parameter, we perform pairwise comparisons ( pre vs post, pre
vs. normal, and post vs. normal) using a cut off of p<0.0167(=0.05/3).

Patient Characteristics and MRI Parameters (Table 1 and Supplementary Table 2)

Body surface area, heart rate, or blood pressure did not differ among control and pre- and
post-mitral valve repair groups. All patients were referred to the UAB Cardiovascular
Surgery Clinic and had either tranesophageal (4) or transthoracic (18) LVESD < 4.0 cm or
LVEF > 55% by visual inspection. Mean age of control subjects was 45 + 14 and MR
patients 57 + 12 years (p=0.0006). MR patients were New York Heart Association Class |
(27%), Class Il (64%) or Class 111 (9%). No MR patients had atrial fibrillation. LVED
volume was increased > 50% in MR patients vs. controls (195 £ 50 vs. 127 + 27 ml
p<0.0001) and decreased post-mitral valve repair (152 £+ 45 ml p=0.0002). LVED sphericity
index (LVED length/LVED inner diameter) pre- and post-surgery (1.49 £ 0.19 and 1.58

+ 0.19 respectively) were significantly different from normal controls (1.77 £ 0.18, p
<0.0001 and p=0.001 respectively) but did improve post-surgery. LVED mass to volume
ratio pre-surgery (0.65 + 0.13 g/ml) was significantly different from normal controls (0.75
+ 0.17 g/ml, p=0.0042) but did improve and did not differ from normal post-surgery (0.75
+ 0.20 g/ml, p=0.0013). Thus, there was evidence of preserved LV systolic function in the
presence of adverse LV remodeling which did improve post mitral valve surgery manifested
by a normalization of the LVED mass to volume ratio.

LVEF decreased from 65 £ 7 to 52 + 9% (p<0.0001) after surgery. LVES volume was higher
in MR vs. controls (67 + 20 vs. 45 + 14 ml, p<0.0001) and did not change significantly post-
surgery. LVES dimension changed in similar directions as LV volumes. LV circumferential
systolic shortening strains were significantly decreased following mitral valve repair vs.
before surgery (p<0.001) and vs. normal control subjects (p<0.0001). LV longitudinal
systolic shortening strains were not different from normal controls before surgery, but were
decreased following MV repair vs before surgery (p=0.0013) and relative to normal control
subjects (p=0.0020) (Figure 1). The color-coded strain map in Figure 1 demonstrates the
significant global decrease in circumferential and longitudinal strains in a representative MR
patient post mitral valve repair.

Disruption of cardiomyocyte cytoskeletal-mitochondrial architecture in MR patients (Figure

2)

TEM images at 4,500X in three different representative MR patients with LVEF > 60%
(Figure 2, left panels) demonstrate numerous clusters of small round mitochondria with
complete disruption of the normal mitochondrial linear registry that is normally in close
proximity to the sarcomeric myofibrils. In Patients 1 and 2 (Figure 2), white boxes
demarcate the perinuclear areas at 4,500X and accompanying 16,000X images to the right
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demonstrate large electron dense aggregates containing lipid droplets consistent with
lipofuscin. There are numerous lipid droplets throughout the myocardium. In Patient 3
(bottom panels), white box in the 4,500X image marks an interfibrillar area with
mitochondrial breakdown and areas of granulofilamentous protein aggregates within
autophagic vacuoles (Patient 3, right panel white arrow).

Desmin degradation in the LV of patients with isolated MR

The normal human LV has a striated registry of desmin staining in Z-discs and more intense
staining at intercalated discs (Figure 3A, arrow heads) with VDAC staining mitochondria
in a single linear registry between sarcomeres. MR hearts from two patients with LVEF >
60% (Figure 3B and C) demonstrate disrupted or near complete absence of desmin in some
cardiomyocytes. Other areas have intense desmin staining, especially in perinuclear areas,
which is consistent with desmin aggregates (white arrows in Figure 3B and C). There is a
50% decrease in desmin staining vs. normal hearts (p<0.0001) and a significant increase in
desmin aggregates vs. normal (p<0.0001) (Figure 3D). There are areas of increased VDAC
staining indicating focal mitochondrial clustering as seen in the TEM examples in Figure 2.
Figure 4 demonstrates TEM with desmin immunogold labeling in the MR heart of a patient
with LVEF of 65%. There is marked disruption and degradation of the mitochondrial
sarcomeric units (left panel). Box defines define areas of higher magnification (right panel)
of immunogold labeling for desmin (black dots) in the areas of myofibrillar degradation near
the interfibrillar disorganization of mitochondria.

Figure 5 A-C demonstrates the normal location of ap-crystallin in the Z-disc (B) forming a
striated pattern with desmin as seen in the merged image in Figure 5C. In MR, there is
translocation of ap-crystallin to the perinuclear regions (Figure 5 E and H) that co-stains
with desmin especially in the perinuclear area as seen in the merged images (Figure 5F and
1). This ap-crystallin translocation coincides with the extensive perinuclear granulomatous
debris and electron dense aggregates demonstrated in TEMs in Patients 1 and 2 in Figure 2.
This translocation of a, B-crystallin from the Z-disc to the perinuclear area in the MR heart
along with co-staining with desmin in merged images (Figure 5F and 1) is consistent with
its chaperone function of clearing desmin breakdown products. However, the extensive
accumulation of both desmin and ap-crystallin suggests a failure of clearance of
cytoskeletal breakdown products.

Evidence of Excessive Oxidative Stress in MR Cardiomyocytes

One of the major causes of desmin disruption/aggregates and mitochondrial disarray is
excessive oxidative stress. HNE is a very strong indicator of oxidative stress in particular
lipid peroxidation that is increased two-fold (p=0.011) in MR hearts. Figure 6 demonstrates
the significant increase in 4-HNE in three patients with LVEF > 60%. There is a strong
signal in the perinuclear region that coincides with VDAC staining in Figure 3 and in TEM
images of Patients 1 and 2. The co-localization of HNE and VDAC is consistent with lipid
peroxidation of the membrane rich mitochondria in the cardiomyocyte. The increase in HNE
is associated with a moderate increase in catalase especially in the perinuclear regions in the
same MR patients in Figure 7 (B-D) compared to the normal LV (Figure 6A). The increase
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in catalase has also been reported in heart failure patients in response to increased oxidative
stress (13).

To address the question of generalizability of the biopsy findings to a more contemporary
patient population, we include six recently studied patients in 2015-2016 under the funding
of an NIH PPG (PO1HL051952 - 21A1) (Supplementary Table 2). These are consecutive
patients referred to Dr. Davies for surgical opinion with degenerative mitral regurgitation
over a period of 5 months. All patients signed informed consent and had degenerative MR
documented by echocardiography/Doppler examination and at the time of surgery. Inclusion
and exclusion criteria were the same as in the main patient population and all patients had
Carpentier 11 mitral valve disease and were within Class | echocardiographic guidelines
(Supplementary Table 2). Representative TEMs in two patients demonstrate numerous
electron dense particles with mitochondrial clustering and sarcomere breakdown
(Supplementary Figure 1). In these same patients, there is significant degradation of desmin
and accumulation of aggregates (Supplementary Figure 2, p=0.0043) with intense HNE
staining.

Discussion

Our studies demonstrate breakdown of desmin and mitochondrial/sarcomeric disruption in
cardiomyocytes of patients with well-preserved LV systolic function. These findings along
with a decrease in LV function post-mitral surgery suggest that despite a significant decrease
in LVED volume and normalization of LVED mass/volume ratio, disruption of the
cardiomyocyte cytoskeletal-mitochondrial architecture may preclude an improvement in LV
systolic function. Importantly, these results provide a potential mechanism for recent
findings that a substantial subset of patients have unfavorable outcome despite adherence to
guideline triggers and LVEF>60% prior to surgery.

In the current study we utilize immunofluorescence microscopy, TEM, and immuno-TEM to
characterize the severe desmin cytoskeletal disruption in the MR hearts. It is of interest that
TEM findings in our MR patients are similar to cardiac findings in patients with mutations
of the desmin gene (14,15) or its main chaperone a.p-crystallin (16), as well as other
cytoskeletal cardiomyopathies (17). Desmin is the predominant intermediate filament
protein expressed in the heart, interacts with other structural proteins at the Z-disc, and
extends from the subsarcolemmal membrane to nucleus (18). This continuous 3-dimensional
cytoskeletal network maintains the close spatial relationship between the sarcomere
contractile apparatus and the mitochondria and provides cellular integrity and
mechanochemical signaling necessary for sarcomere growth and force transmission (18).
Currently, 49 mutations have been identified in desmin gene that alter desmin filament
assembly process (19) and result in disorganization of the desmin network and accumulation
of desmin-containing aggregates. Transgenic mice with a missense mutation (R120G) of
ap-crystallin recapitulate the human cardiomyopathic phenotypes, with desmin disruption
and formation of perinuclear ap-crystallin aggregates and progression to a dilated
cardiomyopathy by 5-7 months of age (20). Disorganization of desmin and mitochondria
functional complexes with myofibrils and sarcoplasmic reticulum are present prior to the
onset of cardiac and skeletal muscle failure in these animal models (17,21).
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While desmin disintegration is common in various forms of genetic cardiomyopathies
caused by mutations in structural proteins, our findings are unique in that the MR hearts
exhibiting chronic oxidative stress have desmin breakdown and the compensatory
chaperone- (a, p-crystallin) mediated protection fails to prevent progressive degradation and
accumulation of desmin. In MR hearts, the extensive desmin breakdown and small clusters
of mitochondria are accompanied by re-localization of a, p-crystallin from the Z disc to the
perinuclear area where it accumulates along with electron dense aggregates and intense HNE
staining. 4-HNE is a highly reactive a,p-unsaturated aldehyde generated by reactive oxygen
species reacting with polyunsaturated fatty acids in biological membranes, in particular the
inner membrane of mitochondria (22). It is of interest that the intense HNE staining is seen
in the interfibrillar and perinuclear areas of abundant damaged mitochondria of the MR heart
and its concentration in LV tissue has been related to severity of LV dysfunction in patients
with heart failure (22). ap-crystallin is the most abundant small heat shock protein in the
heart (23) and serves as a chaperone for desmin and other proteins by preventing them from
aggregating under stress conditions. In the MR hearts, the dense perinuclear staining
suggests a failure to clear desmin fragments and other oxidatively modified proteins as
suggested by the lipofuscin-like electron dense particles.

Desmin cleavage and the formation of desmin amyloid-like oligomers has recently been
reported in failing human hearts and in hearts of dogs with dyssynchronous heart failure
(24). We have reported desmin breakdown and increased cardiomyocyte oxidative stress in
rats with the primary volume overload of aortocaval fistula and in isolated cardiomyocytes
subjected to cyclical stretch (25). Other studies have recently shown a similar disruption and
patchy loss of desmin in left ventricles of patients with ischemic cardiomyopathy that is
related to the extent of LV dysfunction and poor prognosis (26,27). The relation of desmin
breakdown to long-term survival and to severity of LV dysfunction in human heart failure
provides compelling evidence for a non-genetic cause of desmin degradation in the
pathophysiology of LV functional deterioration in human heart failure and our MR patients.

Although excessive oxidative stress is a major factor, the mechanism of desmin breakdown
in the pathophysiology of MR or heart failure is multifactorial. In addition to cardiomyocyte
HNE, we find an increase in catalase, which is a hydrogen peroxide scavenging enzyme that
is increased in response to increased oxidative stress in failing human hearts (13). These
markers of increased oxidative stress are consistent with our previous report of increased
xanthine oxidase in patients with isolated MR and LVEF > 60% (9). Human isolated MR has
also been associated with upregulation of TNF-alpha expression (28) and increased
adrenergic drive (29,30), which are related to severity of LV dilatation and systolic
dysfunction. Desmin is a major substrate for the intracellular calcium dependent protease
calpain, which is activated during the high intracellular Ca2* levels, achieved during
ischemia/reperfusion (31,32) but also with increased TNF-alpha and excessive B-adrenergic
signaling and oxidative stress (32). It is of interest that B;-adrenergic receptor blockade
improves cardiomyocyte and LV function and reverses myofibrillar degradation in dogs with
isolated experimental MR (33,34), improves LV diastolic and systolic function over two
years in patients with isolated MR (2), and decreases oxidative stress and HNE production in
LVs of patients with heart failure (22). These findings support a link of incessant adrenergic
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drive and cardiomyocyte oxidative stress to protease activation and cytoskeletal breakdown
in the adverse LV remodeling of the MR heart.

In the patient with isolated MR, the 10 unit decrease in LVEF post-mitral valve surgery has
in part been attributed to a LV volumetric adjustment brought about by a decrease in preload
combined with correction of ejection into the low pressure left atrium. In our MR patients,
circumferential and longitudinal shortening strains decrease below normal after mitral valve
repair, despite normalization of the LVED mass/volume ratio, an index of wall stress. We
have previously reported persistence of decreased LV shortening strains at one year,
suggesting that the decrease in LV systolic function may be due to persistent cytoskeletal-
myofibrillar-mitochondrial damage (18). Indeed, the recent studies demonstrating an
increased incidence of heart failure and mortality in MR patients with Class | echo
characteristics also suggest more severe myocardial damage as a mechanism of this
outcome.

It is now well appreciated that even with strict adherence to guideline recommendations,
there is a decrease in LVEF and an unacceptable incidence of heart failure after surgical
repair. The severe disruption of desmin and excessive cardiomyocyte oxidative stress in our
patients with well preserved LV systolic function now provide a novel mechanistic insight
into the adverse LV spherical remodeling and a potential explanation for improved outcome
with surgery before traditional guideline triggers. Considering the extensive mitochondrial
disarray and the more chronic autophagic vacuoles and electron dense aggregates, we feel
this is not a result of diastolic arrest. This contention is supported by work in the dog
demonstrating preserved mitochondrial structure and sarcomeric integrity in LV
endomyocardium of dogs undergoing warm or cold cardioplegia by Kamoli et al (35).
However, we cannot rule out the possibility of normalization of ultrastructural derangement
after repair or that the desmin changes are unrelated to the natural history of the ventricle.
The major point of the current investigation is that severe ultrastructural damage is already
present at the time of surgery in patients by the time symptoms have developed or guidelines
have been achieved. Using a three-dimensional analysis of cine-MR in patients with
degenerative MR, we (10) have demonstrated that LVES dimension belies the extensive LV
spherical remodeling distal to the base of the heart, thus militating for an LVES volume
rather than LVES dimension indication for surgical intervention. Further studies are needed
to establish prospectively the value of LVES volume/sphericity and novel circulating
biomarkers in predicting LV function following MV repair.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LVED mass/volume, LVED sphericity index and LV circumferential and longitudinal
shortening strains in MR patients pre- and six month post-mitral valve (MV) repair with color
coded strain maps in MR subject pre- and post-mitral valve repair

Box and whisker plots demonstrate that LVED sphericity index (LVED length/LVED inner
diameter) pre- and post-surgery were significantly different from normal controls (p <0.0001
and p=0.001 respectively) but did improve post-surgery. LVED mass to volume ratio pre-
surgery was significantly different from normal controls (p=0.0042) but did improve and did
not differ from normal post-surgery (p=0.0013). LV longitudinal systolic shortening strains
were not different from normal controls before surgery, but were decreased following MV
repair vs before surgery (p=0.0013) and relative to normal control subjects (p=0.0020). The
color-coded strain map demonstrates the significant global decrease in circumferential and
longitudinal strains in a representative MR patient post mitral valve repair.
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Figure 2. Transmission electron microscopy of LV from 3 patients with MR and LVEF > 60%
In Patients 1-3, 4,500X LV images (left panels) demonstrate extensive myofibrillar

breakdown amid mitochondrial (mt) clustering of various small sizes. There is extensive
granulofilamentous protein aggregates (right panels, black arrows) representing cytoskeletal
and myofibrillar degeneration. In Patients 1 and 2, white boxes (left panels) outline the
16,000X images (right panels) of perinuclear areas with electron dense bodies consistent
with lipofuscin also containing lipid droplets (LD) in interfibrillar areas and in electron
dense bodies (white arrow Patient 2). Patient 3 demonstrates extensive granulo-filamentous
protein aggregates (light gray) in areas of myofibrillar and cytoskeletal degeneration being
engulfed by autophagic vacuole (right panel, black arrow in 16,000X image in right panel).
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Figure 3. Immunohistochemistry of desmin and VDAC in normal human heart (A) and in
patients with MR and LVEF > 60%

Normal LV (A) demonstrates a regular pattern of desmin (green, arrowheads) along Z-lines
in between intercalated discs (arrowheads). Co-immunostaining with VDAC (red) show that
mitochondria are in linear register in the interfibrillar areas and grouped in perinuclear
(DAPI, blue) locations. MR hearts (B and C) demonstrate loss of desmin interspersed with
areas of intense desmin staining that co-stains with VDAC (arrows, B and C), especially in
the perinuclear areas (arrows). Box-and-whisker plots with the data points superimposed (D)
shows the quantitation of desmin loss and aggregate as percent of area of cardiomyocytes.
Desmin loss as per cent of cardiomyocytes: Grade 1: 100% loss; Grade 2: 75% loss, 25%
intact; Grade 3: 50% loss, 50% intact; Grade 4: 25% loss, 75% intact; and Grade 5: 100%
intact. N=22 patients. Desmin staining vs. normal hearts (p<0.0001)

Desmin aggregates as percent of cardiomyocytes: Grade 1: no aggregates; Grade 2: 25%
aggregates; Grade 3: 50% aggregates; Grade 4: 75%; Grade 5 100% aggregates. N=22
patients. Desmin aggregates vs. normal (p<0.0001)
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Figure 4. Transmission electron microscopy immunogold labeling for desmin in MR heart
TEM of MR heart of patient with LVEF of 65% demonstrates marked disruption and

degradation of the mitochondrial sarcomeric units (left panel) and higher magnification
(black box, right panel) of immunogold labeling demonstrates desmin (black dots) in areas
of sarcomere/mitchondrial breakdown. Note the desmin in the areas of myofibrillar
degradation near the interfibrillar disorganization of mitochondria.
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Figure 5. Immunohistochemistry for desmin (green) and ap-crystallin (red) in MR and normal
heart
In the normal heart (A) desmin (green) and a., p-crystallin (red, B) are co-localized to the Z-

disc as seen in merged image (C). In MR hearts of patients with LVEF 68% (D-F) and LVEF
62% (G-I) there is extensive desmin loss along with areas of aggregation most prominent in
the perinuclear region (DAPI, blue). ap-crystallin in MR hearts (D-F and G-I) relocates to
the perinuclear region (arrows) with desmin aggregates as seen in merged images (F and I).
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Figure 6. Immunohistochemistry for desmin (green) and 4-hydroxy-2-nonenal (HNE, red) in
normal and MR hearts

Normal heart (A) has striated pattern of desmin (green) with very little HNE staining (red).
In MR hearts (B, C) there is extensive desmin loss along with increased HNE staining,
especially in the perinuclear areas (arrows) that is increased two-fold in MR hearts in bar
graph, measured as HNE intensity as percent area of cardiomyocyte as demonstrated in box
and whisker plot (D). HNE intensity in MR vs. normal p=0.012)
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Figure 7. Immunohistochemistry for desmin (green) and catalase (red) in normal and MR hearts
The normal heart (A) has the striated desmin with very little catalase staining except in some

interstitial cells (A, arrows). In three MR hearts (B-D) there is extensive desmin loss along
with increased catalase staining particularly in the perinuclear regions (D, arrows).
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Central Figure.
Breakdown of desmin (green) and aggregation in mitral regurgitation underpins decrease in

LV shortening strains below normal (purple to red on color strain map) post-surgery.
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Table 1

Demographics, Clinical Characteristics and MRI

Mean (Standard Deviation) or Count (%0)

vs post-MVR =0.0013

_ Normal
Demographic MR (n=22) (n=55) P-value
Gender (Male) 13 (59%) 24 (43%) 0.22
NYHA Class 1 6 (27%) 55 (100%)
Class 2 14 (64%) 0 (0%) NA
Class 3 2 (9%) 0 (0%)
Race (Caucasian) 19 (86%) 39 (71%) 0.15
Age (yrs) 57 (12) 45 (14) 0.0006
MR Pre-surgery 6 months post-MVR Normal Main
Clinical (n=22) (n=19) (n=55) Effect
P-value
BSA (m?) 1.87 (0.25) 1.84 (0.27) 1.89(0.24) | 0.2143
Heart Rate (BPM) 70 (11) 81 (18) 71(13) 0.0724
Systolic BP (mmHg) 126 (18) 123 (23) 119 (13) 0.1609
Diastolic BP (mmHg) 74 (7) 77 (10) 74 (10) 0.5190
6.01 (0.65) 5.38 (0.75) 5.02 (0.47)
LVEDD (cm) vs normal<0.0001 vs normal =0.0078 <0.0001
vs post-MVR<0.0001
4.17 (0.60) 4.17 (0.83) 3.52 (0.41)
LVESD (cm) vs normal<0.0001 vs normal <0.0001 0.0004
vs post-MVR ns
195 (50) 152 (45) 127 (27)
LVEDV (ml) vs normal<0.0001 vs normal =0.0012 0.0001
vs post-MVR =0.0002
67 (20) 74 (33) 45 (14)
LVESV (ml) vs normal<0.0001 vs normal<0.0001 0.0002
Vs post-MVR ns
65 (7) 52 (9) 65 (6)
LVEF (%) vs normal ns vs normal <0.0001 0.0002
Vs post-MVR <0.0001
13.4 (3.2) 10.8 (3.0) 15.6 (1.8)
LV circ short (%) vs normal=0.0145 vs normal <.0001 0.0002
vs post-MVR =0.001
12.3 (4.0) 8.3 (3.7) 12.3 (2.4)
LV long short (%) vs normal ns vs normal =0.002 0.0052
vs post-MVR =0.0013
15(0.2) 1.6 (0.2) 1.8(0.2)
LVED sphericity vs normal<0.0001 vs normal =0.001 0.0005
vs post-MVR=0.015
0.65 (0.1) 0.75(0.2) 0.75(0.2)
LVED mass/vol vs normal=0.0042 vs normal ns 0.0057
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