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Summary. Heart disease is an integral part of Friedreich
ataxia (FA). In addition to cardiomyocyte hypertrophy,
fiber necrosis, and inflammatory infiltration, sections
show fibrosis and disorganized capillaries. We examined
the left ventricular wall (LVW) of 41 homozygous and 2
compound heterozygous FA patients aged 10-87 and 21
controls aged 2-69. Immunohistochemistry with an
antibody to CD34 allowed quantitative counts of
capillary profiles for a comparison with cardiomyocyte
counts in the same field. Capillary counts
(meanzstandard deviation [SD]) in normal controls were
1926+341/mm?, while mean cardiomyocyte counts were
2003+686/mm?. The median ratio of capillaries to
cardiomyocytes was 1.0 (interquartile range [IQR]: 0.9-
1.2). In FA, the number of cardiomyocytes/mm? was
significantly less (704+361; p<0.001), and the median
ratio of capillaries to heart fibers was 2.0 (IQR:1.4-2.4).
There was a significant correlation of the expanded
guanine-adenine-adenine trinucleotides (shorter allele,
GAAT1) with a younger age of onset, shorter disease
duration, and lower cardiomyocyte counts. The ratio of
capillaries to heart fibers was higher in patients with
long GAA1 repeat expansions (e.g., 3.31 in GAA1 of
1200). Double-label immunofluorescence for CD34 and
the fibroblast marker S100A4 revealed co-expression in
endothelial cells, supporting endothelial-to-
mesenchymal transition in the pathogenesis of cardiac
fibrosis in FA. We propose that the pathogenesis of FA
heart disease includes primary fibrosis.
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Introduction

In his detailed clinical and pathological descriptions,
Friedreich (1863, 1877) revealed that he was aware of
heart disease but attributed cardiomyopathy to typhoid,
presumably high fever toward the end of his patients’
lives. Eighty-three years later, Russell (1946) recognized
Friedreich cardiomyopathy as an integral part of the
primarily neurological disease and described the lesion
as myocarditis. More recent clinical reviews of
Friedreich ataxia (FA) (Harding, 1981; Diirr et al., 1996;
Weidemann et al., 2013; Corben et al., 2014) concluded
that heart disease is very common and a frequent cause
of death. Tsou et al. (2011), reported cardiomyopathy
(defined as heart failure and arrhythmia) in 59% of all
fatal outcomes. In a retrospective analysis of 30 autopsy
cases of FA, Koeppen (2011) reported cardiac
hypertrophy in 25 (83.3%).

The pathological phenotype of FA heart disease
includes cardiomegaly, concentric hypertrophy, fiber
necrosis, endomysial fibrosis, and focal inflammation.
The enlargement of the heart is due to hypertrophy of
individual heart fibers and fibrosis (Koeppen et al.,
2015). The intercalated discs of the myocardium
undergo widening, fragmentation, and chaotic
disorganization (Koeppen et al., 2016). An intriguing
observation is the presence of tiny iron-reactive granules
in some cardiomyocytes (Lamarche et al., 1980; Michael
et al., 2006), but there is no true cardiac iron overload in
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the hearts of FA patients (Lamarche et al., 1980; Michael
et al., 2000). Invariably, the cardiac lesion is more severe
in the wall of the left ventricle, including the ventricular
septum, but right ventricular wall, atria, and the cardiac
conduction system are also affected. FA heart disease
lends itself to the formation of mural thrombi, and
embolism to brain, kidneys, and the large arteries of the
extremities is common. Fibrosis of the heart is not solely
due to scarring at sites of heart fiber necrosis. A
mechanism that has not been studied before is
endothelial-to-mesenchymal transition (endoMT), by
which endothelial cells contribute to cardiac fibrosis.
EndoMT can be detected by double-label immuno-
fluorescence of CD34, a marker of endothelial cells, and
S100AA4, a fibroblast-specific marker.

Materials and methods

The Institutional Review Board of the Veterans
Affairs Medical Center in Albany, NY, USA has
approved the research that is described in this article. The
autopsy specimens were obtained by a nationwide tissue
donation program. Forty-three hearts were harvested
from 41 FA patients with pathogenic homozygous
guanine-adenine-adenine (GAA) trinucleotide repeat
expansions and 2 patients with compound heterozygous
mutations. Ages ranged from 10-87 years (mean+
standard deviation [SD], 39+20). Disease duration was 4-
68 years (28+15). In the homozygous patients, the GAA
trinucleotide repeat expansion on the shorter allele
(GAA1) ranged from 120 to 1200 (647+202). The longer
allele (GAA2) was 170 to 1200 repeats (820+£219). The
two compound heterozygous patients had inherited their
GAA expansions from their mothers (744 and 825,
respectively). The other allele in both patients derived
from their fathers and consisted of non-identical deletions
in exon V of the frataxin gene (Becker et al., 2017).

Nine normal control hearts came from National
Disease Research Interchange, Philadelphia, PA, and
twelve from the autopsy practice of Albany Medical
College, Albany, NY. In 6 of the 43 FA autopsy cases,
prosectors did not record the fresh heart weights. In the
remaining 37 cases, heart weights ranged from 279 to
662 g (413+89). The ages of the normal controls ranged
from 2-69 years (median, 51 years, interquartile range
[IQR] 26.5-60.5). On a non-parametric Mann-Whiney
test, FA and control ages were not significantly different
(p=0.255). Heart weights in the normal controls ranged
from 60 to 525 g (315+123; significantly lower than FA
by t-test, p=0.0033, and Mann-Whitney test, p=0.003).
Detailed clinical information was available for all FA
patients and controls. The diagnosis of FA
cardiomyopathy was based on the pathological
phenotype that included cardiomyocyte hypertrophy,
fibrosis, and iron-reactive perinuclear granules in heart
fibers. Based on the microscopic findings, 36 of 43 FA
patients had cardiomyopathy (83.7%). Forty FA heart
specimens displayed concentric hypertrophy. Only one
case revealed dilatation of the right ventricle. Seven

patients did not have cardiomyopathy as defined above.
Heart failure and arrhythmia were recorded on hospital
charts as primary or contributing causes of death in 26
FA patients (60.5%). Other causes of death were
pneumonia (2), lung cancer (1), renal failure (1),
myoglobinuria with renal failure (1), stroke (3),
myocardial infarction (1), and chronic obstructive lung
disease (1). Malnutrition and cachexia were the cause of
death in 7 FA patients. These 7 deaths were attributed to
the neurological disability of the patients. Ten FA
patients had diabetes mellitus (23%). The causes of
death in the 21 control patients were renal failure (1),
liver failure (1), cancer of pancreas (1), breast (2), lung
(1), colon (1), and esophagus (1), leukemia (3),
disseminated Kaposi sarcoma (1), glioblastoma
multiforme (1), purulent meningitis (1), septic shock (1),
peritonitis (1), pulmonary embolism (2), aspiration
pneumonia (1), abdominal trauma (1), and
craniocerebral trauma (1).

Immunohistochemistry and double-label immuno-
fluorescence

To visualize capillaries, 6 pm-thick paraffin sections
of the left ventricular wall (LVW) of the heart were
rehydrated and oxidized in methanol containing 3%
hydrogen peroxide. Antigen retrieval consisted of the
application of diluted “DIVA” (1:10) for 30 min at 95°C
and gradual cooling to room temperature (RT). DIVA is
a proprietary preparation of Biocare Medical (Pacheco,
CA, USA; cat. No. DV2004MX). The next step was
“suppression” of non-specific antibody binding by
incubation at RT in 10% normal horse serum (by volume
[vol]) and 0.5% bovine serum albumin (BSA) (by
weight/vol) in phosphate-buffered saline (PBS).
Capillaries were visualized by immunohistochemistry
with mouse monoclonal anti-CD34 (0.8 ug protein/ml;
Santa Cruz Biotechnology, Dallas, TX, USA; cat. No.
sc-74499) in PBS containing 1% normal horse serum
and 0.5% BSA (overnight at 4°C). After removal of the
antibody by repeated washing with PBS, the sections
were incubated for 2 hours (h) at RT in biotinylated goat
anti-mouse IgG (1 ug/ml; Vector Laboratories,
Burlingame, CA; cat. No. BA-9200). The sections were
then incubated for 1h at RT in horseradish-peroxidase-
labeled streptavidin (1 pg/ml; Sigma-Aldrich, St. Louis,
MO, USA; cat. No. S5512). Reaction product was
generated with a solution of diaminobenzidine (0.7
mg/ml) and urea-hydrogen peroxide (2 mg/ml) (Sigma;
cat. No. D4168). Slides were counterstained with diluted
brazilin (1:10; Anatech, Battle Creek, MI, USA; cat. No.
861), dehydrated through a series of ethanol and xylene,
and cover-slipped by standard methods.

For the visualization of cardiac fibroblasts, rabbit
polyclonal anti-S100A4 (1 ug protein/ml; Invitrogen,
Rockford, IL, USA; cat. No. PA5-16586) replaced anti-
CD34, and the secondary antibody was biotinylated goat
anti-rabbit IgG (1 pg/ml; Vector Laboratories; cat. No.
BA-1000). Other immunohistochemical steps were
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identical to those for CD34. Slides stained for S100A4
were not counterstained.

To assess endoMT, CD34 and S100A4 were
visualized on the same slide by double-label
immunofluorescence with the respective antibodies.
Slide preparation was similar to immunohistochemistry,
including antigen retrieval by DIVA, but oxidation in
hydrogen peroxide-methanol was omitted. The principal
steps were described in a previous publication from this
laboratory (Koeppen et al., 2017). Fluorescence of one
member of the pair was enhanced by insertion of an
amplifying step, as follows: After overnight incubation
with the primary antibody, sections intended for the
display of CD34 were incubated for 2h at RT in
biotinylated anti-mouse IgG. For comparable
enhancement of SI00A4 fluorescence, the amplification
was by biotinylated anti-rabbit IgG. Only one of the
antigen-antibody reactions was amplified. After washing
in PBS, the sections were overlaid with Alexa Fluor 488-
labeled streptavidin (Jackson ImmunoResearch, West
Grove, PA, USA; cat. No. 016-540-084; 0.45 ug/ml) (for
CD34) or Cy3-labeled donkey anti-rabbit IgG (Jackson
ImmunoResearch; cat. No. 711-165-152; 0.375 pg/ml)
(for S100A4). After 4h, the sections were washed in
PBS and cover-slipped under 50% ultrapure glycerol in
PBS. Sections were viewed in a Zeiss LSM 880 laser
confocal scanning microscope. Images were collected
through the band passes of 507-544 nm for Alexa Fluor
488 (CD34) and 568-631 nm for Cy3 (S100A4).

Quantitative analysis

Sections stained for CD34 and counterstained with
brazilin were examined in a Zeiss Axiophot microscope

equipped with a digital camera and an AxioVision SE64
program. Fields of 0.15 mm? were selected to display
transversely cut cardiomyocytes. The program allowed
counting of heart fibers and capillaries. When capillaries
were connected by lateral branches, only one vessel was
counted. Capillary profiles were labeled by black crosses
to prevent accidental duplicate recording.
Cardiomyocytes were counted and marked by green
crosses (Fig. 2). Counts of 5 non-overla, prmg fields were
averaged and expressed as counts/mm=. This procedure
yielded the numerical abundance of capillaries and
cardiomyocytes per unit area in identical fields from
which the ratios of capillaries/cardiomyocytes were
calculated. Additional analytical steps were the
correlation of capillary and cardiomyocyte counts, and
the capillary/cardiomyocyte ratios, with the ages of the
patients, and a three-dimensional scatter plot of the ratio
vs.age and GAAI trinucleotide repeats (homozygous FA
patients only). Statistical comparisons were made using
subject mean value as one experimental unit. Means and
SD are reported with statistical inference by Student’s
independent sample t-test. Correlations were examined
using multiple linear regression. Minitab 18 (State
College, PA, USA) statistical software was used with
significance accepted at the 0.05 level.

Results

Figure 1 shows distribution and extent of cardiac
fibrosis in FA cardiomyopathy (Fig. 1D) and the
disorganization of capillaries (Fig. 1E,F). On
longitudinal sections of normal LVW, capillaries run
alongside cardiomyocytes over some distance, and
anastomotic connections between the vessels are

Normal
F, 51

FA:

F, 47, GAAl
613; GAA2
613
Duration: 37
years

Fig. 1. Fibrosis and capillaries in FA card|omyopathy A-C. 51-year-old normal female control. D-F. 47-year-old woman with FA. GAA1=613;
GAA2=613. Stains: A and D, trichrome; B, C, E, and F, CD34 immunohistochemistry. The myocardium in FA (D) shows extensive fibrosis that is both
focal and diffuse. The capillaries in FA are hyperplastic and disorganized (E, F) compared to the regular parallel alignment along cardiomyocytes in the
control case (B, C). In FA, heart fibers are hypertrophic (E, F). Scale bars: 20 ym; thin bars E, F, 50 ym.
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uncommon (Fig. 1B). In contrast, capillaries of the LVW
in FA appear disorganized, and anastomoses are frequent
(Fig. 1E,F). Figure 2 illustrates how capillaries and
cardiomyocytes were counted in identical microscopic
fields. We did not consider blood vessels that were
recognizable as arterioles.

At first glance, capillary profiles in FA
cardiomyopathy appear more abundant than normal, but
a systematic analysis reveals numerical reduction of
capillary profiles per one mm? (Fig. 3) (p<0.001; t-test).
While anti-CD34 gave the most robust Vlsuahzatlon of
capillary walls, immunohistochemistry with antibodies
to CD31 or vascular endothelial growth factor, and lectin
affinity histochemistry with biotinylated Ricinus
communis agglutinin generated a similar result, namely,
of numerically reduced capillary profiles/mm? in FA (not
illustrated).

Longitudinal and cross sections of LVW in FA also

confirmed the known cardiomyocyte hypertrophy in FA
(Fig. 1E,F) (Koeppen et al., 2015), and this process
reduced the number of fibers that could be
accommodated in the standard microscopic field of 0.15
mm?. Figure 4 shows the distribution of cardiomyocytes
in FA and control LVW, revealing the lower count of
heart fibers/mm? in FA (p<0.001; t-test). The ratio of
capillary to cardiomyocytes counts, however, rises
steeply in FA (p<0.001; t- test) In normal LVW, it is near
1 (Fig. 5). In other words, in control hearts, the number
of capillaries/mm? equals that of cardiomyocytes, but in
FA, capillaries outnumber heart fibers. The correlation of
cardiomyocyte counts/mm? with the age of the patients
shows only limited change in FA (Fig. 6) whereas
normal young persons have a much larger number of
heart fibers/mm?2. The well-known effect of short
pathogenic GAAT1 trinucleotide repeats on the
neurological FA phenotype is also apparent in the

Fig. 2. Quantitative counts of capillaries and cardiomyocytes in LVW of a normal control. Capillary endothelium was stained with anti-CD34. The
counter stain, brazilin, was used to identify heart fibers. Capillaries were marked by black crosses (B), cardiomyocytes by green crosses (C). The
microscopic field measured 0.15 mm2. After averaging the counts in five non-overlapping fields of identical size, the mean number of capillaries/mm?2
was 1540, the mean number of cardiomyocytes, 1253, yielding a capillary-to-cardiomyocyte ratio of 1.23. Scale bars: 50 ym.

FA N

FA
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Frequency
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N 41
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StDev 3405
N 21

Fig. 3. Capillary deficit in FA. Histograms display the
distribution of capillary counts/mm?2 in FA patients (FA,
left) and normal controls (N, right) with overlaid fitted
normal curves. In FA, the distribution of mean capillary
counts in 41 homozygous FA patients clusters around
1200/mm2. Mean+SD of all measurements in FA is
2500 1209+297, which is significantly less (p<0.001; t-test)
than the normal values of 1926+341.
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analysis of the microvascular pathology of the heart
(Fig. 7). In patients with long GAA1 repeats and FA
onset at a young age, the ratio of capillaries to
cardiomyocytes is very high. In a patient with short
GAAI1 trinucleotide repeats, e.g. 200 (right lower arrow
in Fig. 7), death occurred at age 76, and the ratio of
capillaries to heart fibers was in the normal range (near
1) (Fig. 7).

Figure 8A-C display the immunohistochemical
results with anti-S100A4. In Fig. 8A, a capillary of the
LVW of an FA patient is fully ensheathed by fibroblasts.
In two other patients with FA, processes of fibroblast lie
near blood vessels (Fig. 8B,C). Strongly S100A4-
reactive fibroblasts in normal endomysium are

uncommon (not illustrated). Figure 8D-F illustrate the
co-expression of CD34 and S100A4 by double-label
immunofluorescence of LVW in an FA patient.

Discussion
Abnormal myocardial capillaries in FA

The static anatomical observations on capillaries in
the LVW of FA patients (Fig. 2) do not allow direct
conclusions about the effect of the disease on blood
flow. Fig. 1E,F suggest that capillaries in FA are
hyperplastic, but the reduced number of vessels/mm? is
likely due to hypertrophy of cardiomyocytes that

FA N
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15+
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Mean Cardiomyocyte Count (per square mm)

T

3200 cardiomyocytes that could be accommodated by the

Mean 7044
StDev 361.0
N 41
N
Mean 2003 ¥+
StDev 685.5
N 21

Fig. 4. Reduced number of cardiomyocytes in FA. Histograms
display the distribution of cardiomyocytes/mm? in FA patents
(FA, left) and normal controls (N, right) with overlaid fitted
normal curves. The numerical distribution of heart fibers
displays a distinct shift to the left in FA. The mean+SD is
704+361/mm?2. The normal controls show more fibers/mm?
(p<0.001; t-test) with mean+SD being 2003+686. The shift to
the left is due to fiber hypertrophy and the accumulation of
connective tissue, reducing the number of cross-sectioned

microscopic field.
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Mean 1959 %
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Mean 1.024 %
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N 21

Fig. 5. FA changes the capillary-to-cardiomyocyte ratio.
Histograms display the distribution of the capillary-to-
cardiomyocyte ratio in FA patients (FA, left) and normal
controls (N, right). The ratio of capillaries to cardiomyocytes in

06 12 18 24 30 0.6 1.2 1.8 24
Ratio of capillary count to myocyte count

3.0 FA (1.96+0.622) is statistically significantly higher in FA

(p<0.001; t-test) than in the normal controls (1.024+0.263).
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Fig. 6. Regression of cardiomyocytes as a function of age. The curve for
FA shows only modest changes in the heart fiber counts/mm? between
very young and old patient ages. In contrast, young normal persons (N)
have a much higher fiber density that declines with aging. A quadratic
term was used in the multiple linear regression to model the curvature.

3D Scatterplot of Ratio vs GAA1 vs age
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Fig. 7. Three-dimensional scatterplot of capillary-to-cardiomyocyte
ratios vs GAA1 vs age in 41 homozygous FA patients. The illustration
highlights the effect of the GAA1 trinucleotide repeat expansion on the
age of death and the capillary-to-cardiomyocyte ratio. A long expansion,
such as shown by the top red arrow correlates with short survival and a
high capillary/cardiomyocyte ratio. Short GAA1 expansions, such as
shown by the lower right arrow, correlate with long survival and a normal
capillary-to-cardiomyocytes ratio. The arrow to the left of the top arrow
shows a premature death in a patient with a high capillary-to-
cardiomyocyte ratio and a moderate GAA1 expansion.

Fig. 8. EndoMT in FA. A-C. Immunohistochemistry with anti-S100A4: female FA patient (A), 47, GAA1, 613, GAA2, 613; male (B, C), 46, GAA1, 599;
GAA2 599; Double-label immunofluorescence of CD34 (D-F) (D, Alexa Fluor 488, green) and S100A4 (E, Cy3, red). F. Merged images of D and E.
Male (D-F), 28, GAA1, 528, GAA2, 911. In (A), S100A4-reactive fibroblasts surround a capillary, and one fibroblast extends a process toward the
vessel (arrow) the vessel walls. (D-F) show the colocalization of CD34 and S100A4 in the endothelium of some capillaries (arrows).
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displaces the adjacent capillaries so that their total
number per unit area (mm-) is significantly lower than
normal (Fig. 3).

Capillary blood flow through the myocardium is a
complex process and involves arterial pressure in the
coronary arteries, hemodynamic pressure in the coronary
sinus, osmotic pressure in the circulating plasma,
osmotic and hydrostatic pressures in the interstitial space
of the heart, and lymphatic drainage (Dongaonkar et al.,
2010). It is of interest that during systole, the vigorous
contraction of cardiac muscle compresses myocardial
capillaries and temporarily interrupts flow. Therefore,
myocardial perfusion is generally measured during end
diastole, and a myocardial perfusion reserve index may
be determined by magnetic resonance imaging (MRI)
after signal enhancement with gadolinium and
adenosine-induced heart stress (Cerqueira et al., 2002;
Cook et al., 2009). Raman et al. (2011), observed
impaired myocardial perfusion reserve in 26 FA patients.
The location of the reduced end-diastolic signal in FA
was between endo- and epicardium, corresponding to the
cross sections of the LVW in this report.

Scarring or primary fibrosis in FA cardiomyopathy

In addition to hypertrophy, cardiomyocytes in FA
cardiomyopathy undergo frank necrosis and invasion by
macrophages. It is reasonable to attribute focal scarring
to proliferation of resident fibroblasts or precursors
recruited from the circulation. Russell (1946) called the
progressive fiber destruction in FA “piecemeal” and
thought that loss of contractile tissue was responsible for
hypertrophy of neighboring cardiomyocytes. She did not
specifically express an opinion on scarring vs diffuse
fibrosis. Beyond scarring at sites of heart fiber necrosis,
FA hearts are also affected by more diffuse fibrosis,
which may be due to endoMT.

The transition of cardiac endothelial cells to
mesenchymal cells is a critical step in the normal
formation of heart valves (Eisenberg and Markwald,
1995) and sealing of the foramen ovale (Elliott et al.,
2014). The molecular events underlying endoMT in
pathological cardiac fibrosis have been analyzed mostly
in rodents (Zeisberg et al., 2007; Goumans et al., 2008;
Piera-Velazquez et al., 2011; Wermuth et al., 2016) while
human hearts have not been systematically examined.
The critical cytokine in the initiation of endoMT is
transforming growth factor f1 (TGF-f31) (Zeisberg et al.,
2007) though downstream signaling to endoMT involves
multiple other proteins and genes (Goumans et al., 2008;
Widyantoro et al., 2010; Piera-Velazquez et al., 2011). In
the living animal, the induction of endoMT by TGF-f31
can be blocked by systemic administration of
recombinant human bone morphogenetic protein 7
(rhBMP-7). Piera-Velazquez et. al. (2011) reviewed
endoMT in experimental animals and estimated that 27-
35% of cardiac fibroblasts derive from endoMT.
Reliable animal models of cardiac fibrosis are the
induction of diabetes mellitus and aortic banding, or

induction of diabetes in spontaneously hypertensive rats.
It is unknown whether endoMT in human hearts is a
similar contributor to cardiac fibrosis in FA or other
diseases. The FA patients whose heart sections are
illustrated in Fig. 8 did not have diabetes mellitus, and it
remains unsettled whether the coexistence of FA and
diabetes mellitus is important in endoMT and cardiac
fibrosis.

Emerging therapy of fibrosis in FA cardiomyopathy

An effective therapy for heart disease in FA does not
exist. It is unlikely that systemic administration of
rhBMP-7 will become a practical treatment of cardiac
fibrosis in FA or other human fibrotic disorders. Drug
therapy with angiotensin II-receptor blockers (Tang et
al., 2013; Wu et al., 2016) reversed cardiac fibrosis in
diabetic rats and improved cardiac function on
echocardiography. The profibrotic properties of
angiotensin II have been known for some time (review
in Kurdi and Booz, 2011). While this research paper
does not provide conclusive evidence for the
reversibility of cardiac fibrosis in FA, angiotensin II-
receptor blockers may be promising in a clinical trial
with FA patients who have heart disease.

Limitations

A critical challenge in the interpretation of gross and
microscopic observations on FA heart tissues obtained at
autopsy is the correlation with the progression of the
disease during life. There is no doubt that FA heart
disease progresses, and autopsy studies may not be fit to
look back at the time between FA onset and death.
Tissue samples obtained from FA patients with a wide
spectrum of disease duration (4-68 years), however, may
provide clinicoanatomic correlations. An early death
equals rapid progression, and death at advanced age is
equivalent to a more benign disease course. While
S100A4 is a suitable marker for fibroblasts and is often
called the “fibroblast-specific protein” (review in
Schneider et al., 2008), visualization of other fibrosis-
related proteins, such as matrix metalloprotease 9, will
be needed to confirm, and perhaps quantify the
contribution of endoMT to the overall fibrotic state of
hearts in FA.
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