II. P
palll Tl



Circulation Journal
Official Journal of the Japanese Circulation Society
http: //www.j-circ.or.jp

REVIEW

Biochemical and Physiological Regulation of Cardiac
Myocyte Contraction by Cardiac-Specific
| Myosin Light Chain Kinase

Osamu Tsukamoto, MD, PhD; Masafumi Kitakaze, MD, PhD

Cardiac-specific myosin light chain kinase (cMLCK) is the kinase predominantly responsible for the maintenance of
the basal level of phosphorylation of cardiac myosin light chain 2 (ML.C2), which it phosphorylates at Ser-15. This
phosphorylation repels the myosin heads from the thick myosin filament and moves them toward the thin actin fila-
ment. Unlike smooth muscle cells, MLC2 phosphorylation in striated muscle cells appears to be a positive modula-
tor of Ca?* sensitivity that shifts the Ca2+-force relationship toward the left and increases the maximal force response
and thus does not initiate muscle contraction. Recent studies have revealed an increasing number of details of the
biochemical, physiological, and pathophysiological characteristics of cMLCK. The combination of recent techno-
logical advances and the discovery of a novel class of biologically active nonstandard peptides will hopefully translate
into the development of drugs for the treatment of heart diseases. (Circ J 2013; 77: 2218—-2225)
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tractile force. In 1954, Huxley and Hanson proposed

the “sliding filament theory”, which states that con-
tractile force is generated through slippage of the cross-bridg-
es between actin and myosin filaments! and that purified actin
and myosin are not sufficient for active movement. In 1962,
intracellular calcium ([Ca?*]i) was identified as acting a trigger
of muscle contraction.? Although force generation can be
achieved with only myosin and actin, additional proteins are
required for its regulation. In smooth muscle, an increase in
[Ca?*]i induces the binding of Ca?*/calmodulin to smooth mus-
cle-specific myosin light chain kinase (smMLCK), which leads
to the phosphorylation of cardiac myosin light chain 2 (MLC2)
in thick myosin filaments, activation of the ATPase of myo-
sin heads and initiation of muscle contraction.’ Thus, smooth
muscle cells use smMLCK as a [Ca?*]i sensor and initiator of
muscle contraction* (Figure 1). In contrast, troponin is spe-
cifically expressed in skeletal and cardiac muscle cells and
works as a sensing protein of [Ca®]i.5 In contrast to smooth
muscle cells, the initiation of striated muscle contraction is
regulated primarily by the troponin-tropomyosin complex in
thin actin filaments and not through MLC2 phosphorylation.
The binding of Ca?* to troponin C leads to relief of the inhibi-
tion of the binding of cross-bridges to thin actin filaments,
and this relief triggers striated muscle contraction (Figure 1).
However, endogenous expression of troponin proteins in
smooth muscle cells was reported recently,¢ although the phys-
iological role of the troponin complex in the regulation of

S. ctin and myosin are essential for the generation of con-

smooth muscle contraction still remains unknown.

Following the discovery of smMLCK and skeletal muscle
MLCK (skMLCK), a third MLCK, named cardiac MLCK
(¢cMLCK), was identified in 20077 and is expressed exclusively
in cardiac myocytes. However, what is the role of MLCK in
striated muscle cells? Because both skeletal and cardiac muscle
cells express specific MLCKSs (ie, skMLCK and cMLCK, re-
spectively), MLCKs might play specific physiological roles in
each cell type.

Intracellular Ca?+ Homeostasis in
Muscle Tissues

To set the stage for our discussion of MLCKG, it is necessary
to understand the intracellular Ca?* homeostasis in muscle tis-
sues, because Ca?* is a trigger of MLCK activation and the
responses to [Ca?]i differs among the 3 types of muscle cell:
smooth muscle, skeletal muscle, and cardiac muscle (Figure 1).
Local [Ca?*]i transients (Ca2* sparks), which arise from the
coordinated opening of a cluster of ryanodine-sensitive Ca?
release channels, are necessary for effective Ca?* signaling in
all 3 types of muscle cell, although the rates of Ca?* transients
and contraction vary considerably in the different muscle cells.
In general, however, these rates are slower in smooth muscle
cells than in either skeletal or cardiac muscle cells. Smooth
muscle cells gradually contract according to this slow increase
in the level of [CaZ+]i.8 In skeletal muscle cells, the activation
of the voltage-gated Ca?* channel in the transverse tubule mem-
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Intracellular calcium dynamics and muscle contraction. CaM, calmodulin; DAG, diacylglycerol; DHPR, dihydropyridine

receptor; ELC, essential myosin light chain; GPCR, G protein-coupled receptor; IP3, inositol trisphosphate; IP3R, IP3 receptor;
MLCK, myosin light chain kinase; NCX, sodium-calcium exchanger; PLC-b, phospholipase C beta; PI(4,5)P2, phosphatidylinositol
4,5-bisphosphate; PMCA, plasma membrane Ca2+-ATPase; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; SR, sarcoplasmic
reticulum; RLC, regulatory myosin light chain; RyR, ryanodine receptor; TnC, troponin C; Tnl, troponin I; TnT, troponin T; T-tube,

transverse tubules. For explanations, see text.

branes directly opens the ryanodine-sensitive Ca?* release re-
ceptor on the sarcoplasmic reticulum (SR), which results in a
rapid increase in [Ca?*]i. In cardiac muscle cells, electrostimu-
lation from the sinus node activates the voltage-dependent
cation channel and thus increases the [Ca2*]i level, which in-
duces a rapid and large release of Ca?* from the SR, known as
“Ca?*-induced Ca?* release”. Importantly, the duration of the
increased [Ca?*]i level in striated muscle cells is very short
because the released Ca?* is rapidly recaptured in the SR. In
cardiac myocytes, electrostimulation increases [Ca?*]i from
100nmoVl/L to a few hundred nmol/L (~1 ymol/L), which re-
turns to the basal level within 0.1s.

We now attempt to show why striated muscle cells do not
use ML.CK as a sensor of [Ca?*]i and an initiator of muscle
contraction. The slow kinase reactions of MLLCKs are not
suitable as a [Ca?*]i sensor in striated muscles,* in which
rapid and transient increase in the [Ca?*]i occurs. Instead,
using a non-enzyme signal from the binding of Ca?* to tro-
ponin, these cells contract promptly in response to the in-
creased [Ca®*]i. Thus, the increase in [Ca®*]i during muscle
contraction exhibits distinct molecular kinetics in the 3 types
of muscle, and these kinetics are related to the different
physiological mechanisms that regulate contraction in these
muscles.

Mechanism of MLCK Activation by
Ca?/Calmodulin Binding

An increase in [Ca**]i can enhance MLCK activity approxi-
mately 1,000-fold through binding to calmodulin. Ca?*/calmod-
ulin is the most important regulator of MLCKs. MLCK is
catalytically inactive in the absence of Ca?*/calmodulin be-
cause the autoinhibitory sequence of MLCK blocks the access
of the substrate to the catalytic core (Figure 2).” The binding
of Ca?*/calmodulin to the calmodulin-binding domain displac-
es the autoinhibitory sequence from the surface of the catalytic
core, which results in exposure of the catalytic site of the ki-
nase and thus provides access to the N-terminus of MLC2.%
MLCK is maximally activated by Ca?*/calmodulin at a molar
ratio of 1:1 with a dissociation constant of 1 nmol/L.10

Biochemistry of MLGKs

smMLCK

smMLCK is encoded by the single-copy MYLK1 gene, which
expresses 3 transcripts in a cell-specific manner related to al-
ternative initiation sites: non-muscle isoform (longer form),
smooth muscle isoform (shorter form), and telokin.'® Nor-
mally, smooth muscle expresses the shorter form of smMLCK.
The smooth muscle isoform contains 3 DFRxxL motifs, a
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Figure 2. Structural and functional elements in myosin light chain kinase (MLCK) proteins. C, cardiac; CaM, calmodulin; CD,
catalytic domain; Fn, fibronectin domain; Ig, immunoglobulin domain; RD, regulatory domain; sk, skeletal; sm, smooth muscle;.

proline-rich repeat, 3 immunoglobulin (Ig) modules, 1 fibro-
nectin (Fn) module, and 1 kinase domain with a catalytic core
and a regulatory segment. The 3 DFRxxL motifs at the N-ter-
minus of smMLCK, which are not present in either of the
striated muscle MLCKSs, bind to thin actin filaments!® through
an extension of the catalytic core toward the myosin thick fila-
ments for the phosphorylation of the smooth muscle MLC2 at
Ser-19 (Figure 2).2 smMLCK-induced Ser-19 phosphoryla-
tion activates myosin ATPase and initiates muscle contrac-
tion.? Interestingly, different kinases are also known to phos-
phorylate smMLC2. Rho-associated coiled-coil forming kinase
(ROCK) phosphorylates smMLC2 at Ser-19 to regulate the
assembly of stress fibers.!® Protein kinase C (PKC) phosphory-
lates Ser-1/Ser-2/Thr-9, which inhibits myosin ATPase activ-
ity.* In contrast, several protein kinases, including PKA, PKC,
CaMKII, and PAK, are reported to phosphorylate serine resi-
dues in the calmodulin-binding sequence in the regulatory
domain in vitro, which results in a 10-fold increase in Kcam.!3
On the other hand, the phosphorylation of smMLCXK at Thr-40
and Thr-43 by extracellular signal-regulated kinase (ERK)
increases Vmax without changing Kcam.!> ATP, which is the
other substrate of ML.CK, can bind to the MLLCK catalytic core
regardless of the positioning of the autoinhibitory sequence.!?
K for ATP is approximately 50-150 ymol/L..*? The concentra-
tions of smMLCK and its substrate, smMLC2, are approxi-
mately 4 ymol/L and 30-40 ymol/L, respectively.?

skMLCK

skMLCK is encoded by the MYLK?2 gene and is predomi-
nantly expressed in skeletal muscle, although it was originally
cloned from cardiac muscle.'® skMLCK is reported to weakly
bind to myofilaments,!? likely because it lacks the actin bind-
ing domain that is found in smMLCK (Figure 2). skMLCK
phosphorylates skeletal muscle MLC2 (skMLC?2) at Ser-15.17
In contrast to ssmMLCK, which phosphorylates only smooth
muscle MLC?2 efficiently, skMLCK can phosphorylate other
MLC2s found in cardiac and smooth muscles that exhibit
similar catalytic properties.!” Previous physiological studies
have demonstrated that the extent of ML.C2 phosphorylation
in skeletal muscle increases from 0-10% to 40-60% depend-
ing on the frequency of muscle stimulation.!”

cMLCK

c¢cMLCK is encoded by the MYLK3 gene and expressed ex-
clusively in the heart, both the atria and ventricles.!® cMLCK
is structurally related to both skMLCK and smMLCK and
contains a conserved kinase domain at its C-terminus that
exhibits 58% identity with skMLCK ‘and 44% identity with
smMLCK.”!8 However, the N-terminus of cMLCK lacks ho-
mologies to known proteins, including other MLCKSs, which
indicates that cMLCK may play some specific functional roles
(Figure 2). Immunostaining of endogenous cMLCK in car-
diac myocytes has shown a diffuse positive staining pattern in
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Table. Biochemical Characteristics of Protein Kinases in the Heart
Kinase Gene Substrate Km (umol/L) (umol- r‘rlurr:L -mg-1) Vma/Km
Cardiac MLCK MYLKS MLC2v 4.3+1.5 0.26+0.06 0.06
Skeletal MLCK MYLK2 Skeletal MLC2 4.3+0.5 40+1.7 9.3
Smooth muscle MLCK MYLK1 Smooth muscle MLC2 8.3+1.4 28+5.8 3.5
ZIPK 4 DAPK3 MLC2v 15.2+2.0 0.89+0.05 0.06
Smooth muscle MLC2 1.8+0.3 0.42+0.03 0.23

MLCK, myosin light chain kinase; MLC2v, ventricular myosin regulatory chain-2; ZIPK, zipper-interacting protein kinase.
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Figure 3. Physiological and biochemical effects of cardiac myosin light chain 2 (MLC2) phosphorylation by cardiac myosin light
chain kinase (cMLCK) on cardiac muscle contraction. cMLCK-induced MLC2 phosphorylation enhances the contraction of car-
diac myocytes probably via a combination of increased Ca?+ sensitization, myosin Mg-ATPase activity, and sarcomere structural

organization. CaM, calmodulin. For explanations, see text.

the cytoplasm with a striated staining pattern in the cell pe-
riphery.!® Interestingly, the striated MLCK staining colocal-
ized with actin but not with its substrate.'® Chan et al reported
the independence of cMLCK activity from Ca?*/calmodulin,®
which was an unexpected result, because cMLCK also con-
tains both autoinhibitory and calmodulin-binding sequences,
similar to the other 2 types of MLCXKs, and binds to calmodu-
lin with high affinity in a Ca?*-dependent manner.”** There
are conflicting results concerning the Ca?*/calmodulin depen-
dency of cMLCK activity,” and thus requires further ex-
amination.

The Table demonstrates the estimated kinetic constants of
each MLCK determined by Lineweaver-Burk plots.1820-22
c¢cMLCK has a high affinity for its substrate, similar to sk-
MLCK and smMLCK. However, the catalytic efficiency of
c¢MLCK, which is indicated by the Vma/Km ratio, is lower than
that of skMLLCK and smMLCK. Thus, the maximal specific
kinase activity of cMLCK is much lower than that of sm-

MLCK and skMLCK. However, the low specific activity of
c¢cMLCK results in a slow turnover of phosphate in MLC2
(t1/2=250min), with an MLC2 basal phosphorylation of ap-
proximately 0.2-0.4mol of phosphate/mol of ML.C2 under
basal conditions,®-% which indicates that the kinase activity
of cMLCK may be a primary limiting factor of ML.C2 phos-
phorylation.??

Structural Changes of Myosin Head Induced by
MLG2 Phospherylation in Siriated Muscles

Muscle myosin is the molecular motor in the thick filament of

the sarcomere and is composed of 1 pair of myosin heavy
chains (MHC) and 2 pairs of myosin light chains (MLC): es-
sential ML.C and regulatory MLC (ie, MLC2) (Figure 1). Both
of the MLCs wrap around the neck region of the MHC. MLC2
is positioned at the S1-S2 junction of the MHC through its
binding to a 35-amino-acid IQ motif on the MHC.?” The MLC2
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contains a highly conserved serine that is phosphorylatable by
MLCK and plays an important role in the activation and mod-
ulation of myosin by fine-tuning the motion of the neck region
of the MHC.1 The MLC2 also contains a Ca?*/Mg?* binding
site at its N-terminus from Asp-37 to Asp-48, located in the
first helix-loop-helix motif, and the binding of divalent cation
alters the structural and contractile properties.?®? The neck
region of the myosin head has been proposed to act as a lever
arm. The phosphorylation of ML.C2 at Ser-15 results in the
addition of a negative charge to the N-terminal region of
MLC2, which induces the myosin head to swing out from a
position close to the thick filament’s backbone toward the actin
filament, and this structural change increases the rate through
which the myosin-actin interaction occurs and promotes force
generation at a given level of Ca?* (Figures 1,3).303! Interest-
ingly, several mutations around the phosphorylatable Ser-15
and the Ca?* binding site in MLC2 have been found in patients
with familial hypertrophic cardiomyopathy.32-34

" PKs and Protein Phosphatase Regulation of
MLG2 Phosphorylation in the Heart

There are 2 types of cardiac ML.C2: a ventricular myosin light
chain-2 (MLC2v) and an atrium-specific form (MLC2a).35 All
3 MLCKs are expressed in the heart. However, the amount of
skMLCK in the heart is too low to maintain cardiac MLC2
phosphorylation,3 and ablation of skMLCK has no effect on
MLC2 phosphorylation in cardiac muscle,3 which indicates
that skML.CK does not play a major role in MLC2v phos-
phorylation. The expression of smMLCK in the heart is also
10- to 20-fold lower than that of cMLCK,*$ and cardiac MLL.C2
is not a good substrate for smMLCK.3 smMLCK may phos-
phorylate non-muscle cytoplasmic myosin I-B and plays an
important role in the heart.” Thus, there are currently 2 can-
didate kinases for MLC2 phosphorylation in cardiac myo-
cytes: cMLLCK™8 and zipper-interacting PK (ZIPK).3® ZIPK
is a Ca?*-independent serine/threonine kinase that has been
implicated in apoptosis and is ubiquitously expressed, in-
cluding in adult and neonatal cardiac myocytes.? In permea-
bilized smooth muscle cells, constitutively active ZIPK initi-
ates contraction through the phosphorylation of smooth muscle
MLC2.4 Cardiac ML.C2 was also identified as a biochemically
favorable substrate for ZIPK through an unbiased substrate
search with purified ZIPK on heart homogenates and was phos-
phorylated at Ser-15 in vivo and in vitro by ZIPK.38 In fact,
Vmax for cardiac ML.C2 is 2-fold greater than that obtained for
smooth muscle MLC2 (887+47 and 415449 nmol - min™ - mg-!,
respectively), whereas the Km of cardiac MLC?2 is higher than
that of smooth muscle MLC2 (15.042.0 and 1.8+0.3 ymol/L,
respectively).®® However, ZIPK is considered not to be in-
volved in the basal phosphorylation of cardiac ML.C2 in vivo,#
although knockdown of ZIPK in cardiac myocytes by siRNA
decreased the extent of cardiac regulatory ML.C phosphoryla-
tion by 34%.38 The physiological role of ZIPK-induced cardiac
ML.C2 phosphorylation remains unknown.

It is now well established that cMLCK is the predominant
cardiac MLC2 kinase responsible for basal phosphorylation in
vivo, because the ablation of cMLCK almost completely abol-
ishes the phosphorylation of MLC2v.7182541 Ding et al demon-
strated that a partial reduction in the amount of cMLCK pro-
tein in cMLCK hetero knockout mice (¢cMLCK*"%) resulted
in a partial reduction in ML.C2 phosphorylation in both ven-
tricular and atrial muscles, and this reduction in MLC2 phos-
phorylation was proportional to the cML.CK expression level.#
In addition, the overexpression of cMLCK increases MLC2v

phosphorylation in a dose-dependent manner and, conversely,
knockdown of cMLCK by RNAi decreases MCL2v phos-
phorylation in vitro.!® Scruggs et al identified 3 distinct charge
variants of endogenous MLC2v in vivo in the mouse: unphos-
phorylated, singly phosphorylated, and doubly phosphorylated
at Ser-14/Ser-15.42 In contrast, Ser-14 in murine MLC2v is
replaced by Asn in human MLC2. However, human MLC2
also has 3 distinct charge variants in vivo: unphosphorylated,
singly phosphorylated at Ser-15, and deamidated Asn-14/
phosphorylated Ser-15.4% Interestingly, the deamination of Asn
to Asp can create a negative charge similar to that obtained
through phosphorylation.? In addition, there is a spatial gradi-
ent of MLC2v phosphorylation through the ventricular wall:
relatively low in the inner layer and high in the outer layer.1643
This gradient, which may be caused by reduced activity of the
phosphatase in the outer layer,*+** may be important for nor-
malizing wall stress and contributes to efficient contraction of
the whole heart.1

The level of MLC2v phosphorylation is maintained rela-
tively constant by the appropriate balance between phosphor-
ylation by cMLCK and dephosphorylation by phosphatase in
the physiologically constant beating heart. The dephosphory-
lation of ML.C2v is mediated mainly by catalytic subunit of
type 1 phosphatase (PP1c-0) in concert with myosin phospha-
tase target subunit 2 (MYPT2).46 In contrast, MLC2 phos-
phorylation by ML.CK is transient in both smooth and skeletal
muscle cells, although they have different MLC2 phosphory-
lation dynamics.'® MLC2 phosphorylation is rapidly dephos-
phorylated by robust myosin light chain phosphatase activity
in smooth muscle cells, whereas MLC2 phosphorylation is
prolonged and slowly dephosphorylated by the low myosin
light chain phosphatase activity in skeletal muscle cells.

Physiological Regulators of cMLCK
Expression and Activity

The expression of cMLCK is highly regulated by the cardiac
homeobox protein Nkx2-5 in neonatal cardiac myocytes.!8
cMLCK mRNA increases during development to adult stages
and persists in the aged heart, whereas its protein level de-
creases in the aged heart, which suggests an alternation in
post-transcriptional regulation.!® Exercise has been reported to
increase cMLCK expression and MLC2v phosphorylation.?
Catalytic activity may be regulated by phosphorylation through
upstream kinases.¥” cMLCK has several potential phosphory-
lation sites for other kinases, such as PKA and PKC,8 al-
though more studies are required to clarify the details of this
mechanism.

Hypertrophic agonists, such as «1- or f1-adrenergic stimu-
lation18434% and angiotensin II, induce ML.C2v phosphorylation
through MLCK activation in both cultured cardiac myocytes
and the adult heart in vivo.2* Other neurohumoral stimulators,
such as endothelin®® and prostanoid F receptors,5! have also
been reported to increase MLC2 phosphorylation and induce a
prominent increase in the contractile force in the heart. Neu-
regulin, which activates ErbB receptor tyrosine kinase, has
been reported to enhance the expression of cMLCK with a
concomitant increase in MLC2v phosphorylation and improved
cardiac performance after myocardial infarction in rats.>*

Role of MLC2 Phosphorylation in Sarcomere
Organization and Heart Development

The transfection of cardiac myocytes with skMLCK has re-
sulted in the phosphorylation of MLC2v and led to a highly
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organized sarcomeric pattern without induction of other hy-
pertrophic phenotypes, such as the induction of fetal genes and
an increase in cell size.?* Furthermore, the dominant-negative
kinase-inactive form of MLCK completely prevents sarco-
mere organization in response to angiotensin II,** which sug-
gests that ML.CK activation is necessary and sufficient to in-
duce sarcomere organization (Figure 3). Consistent with these
findings, the adenovirus-mediated overexpression of cMLCK
in cardiac myocytes promotes sarcomere organization charac-
terized by straight, thick, striated actin bundles,'® whereas re-
establishment of the phenylephrine-induced sarcomere struc-
ture is inhibited by pretreatment with RNAi against cML.CK.”
Interestingly, the reduced cMLCK expression induced by the
antisense morpholino causes severely impaired heart develop-
ment in zebrafish and histological analysis showed that the
structure of the sarcomere was poorly developed compared
with control zebrafish.” However, studies with transgenic and
knockout mice have shown that MLC2v phosphorylation is
not critical for cardiogenesis in the mammalian system, 841,53
although it is necessary for the optimal contractile perfor-
mance of the heart.

Physiological Role of MLG2
Phosphorylation in the Heart

The degree of MLC2 phosphorylation is known to play a criti-
cal role in the determination of the Ca?*-sensitive cross-bridge
transition in skeletal muscle.* In permeable cardiac muscle
fibers, MLC2 phosphorylation induced by MLCK increases
the Ca?+ sensitivity, which manifests as a leftward shift in
the force-Ca?* relationship, and MLC2 dephosphorylation by
phosphatase decreases the Ca?* sensitivity (ie, dephosphoryla-
tion resulted in Ca?* desensitization).55% MLC2 phosphoryla-
tion by MLCK is also associated with enhanced Ca?*-stimu-
lated myosin Mg-ATPase activity in rat cardiac myofibrils
(Figure 3).5 In the rat heart, MLC2v phosphorylation increas-
es in response to an increase in the beat frequency and/or left
ventricular pressure by exercise or inotropic agents, which may
help augment the peak left ventricular pressure.5% At the cel-
lular level, adenovirus-mediated overexpression of cMLCK
potentiates the amplitude of the contraction of cardiac myo-
cytes and the kinetics of contraction and relaxation without
changing the [Ca?*]i transients.'s

Several studies have also addressed the role of MLC2 phos-
phorylation in the heart using genetically modified mice.
Huang et al®® generated transgenic mice expressing skMLCK
specifically in cardiac myocytes (TG-skMLCK). These TG-
skMLCK mice demonstrated marked increases in the phos-
phorylation of both cardiac ML.C2 and cytoplasmic non-mus-
cle MLC2 in the heart without significant cardiac hypertrophy
or structural abnormalities up to 6 months of age, which in-
dicates that increased cardiac MLC2 phosphorylation per se
does not cause cardiac hypertrophy.® Interestingly, the hyper-
trophic cardiac response to exercise and isoproterenol treat-
ment was attenuated in TG-skMLCK mice,* which supports
the hypothesis that the phosphorylation of cardiac MLC2 may
inhibit physiological and pathophysiological hypertrophic re-
sponses through enhanced contractile performance and effi-
ciency. Sanbe et al%3 created transgenic mice (TG-MLC2v(P-))
in which 3 potentially phosphorylatable serines (Ser-14/Ser-
15/Ser-19) in the MLC2v (ventricular regulatory myosin light
chain) were mutated to alanine. After ML.CK treatment, the
isolated ventricular fibers from the non-transgenic control
mice showed increased Mg-ATPase activity and Ca?* sensitiv-
ity, as indicated by a leftward shift in the force-Ca?* curve,

whereas the fibers from the TG-MLC2v(P-) mice did not ex-
hibit these increases.> This suppressed performance of muscle
fibers with nonphosphorable MLC2v is consistent with the
demonstrated effects of ML.C2 phosphorylation in skeletal
muscle.® Scruggs et al*8 examined the role of regulatory myo-
sin light chain 2 phosphorylation in the ejection of the hearts
of TG-MLC2v(P-) mice by measuring the systolic mechan-
ics under basal conditions and in response to adrenergic stim-
ulation. The TG-MLC2v(P-) mice demonstrated depressed
contractility, decreased maximal left ventricular power de-
velopment, and a decrease in the time-to-peak elastance dur-
ing ejection under basal conditions.*® Interestingly, the TG-
MLC2v(P-) mice exhibited a blunting of the positive inotropic
response to S1-adrenergic stimulation.*® Because cMLCK has
multiple PKA consensus sequences in its unique N-terminus
region,” and ff1-adrenergic stimulation increased MLC2v Ser-
15 phosphorylation in hearts of non-transgenic control mice?®,
there might be a possible relationship between f31-adrenergic
signaling and MLC2v phosphorylation. The TG-MLC2v(P-)
mice developed cardiac hypertrophy at 3—4 months of age,
most likely because of a compensatory hypertrophic growth
response to diminished contractile performance.>® cMLCK-
knockout mice (cMLCKmon) also demonstrated the critical
role of cMLCK in normal physiological cardiac function, with
decreased cardiac performance and the induction of cardiac
hypertrophy at 4-5 months of age.*! In contrast, transgenic
mice overexpressing MYPT?2 specifically in cardiac myocytes
demonstrated enhanced expression of MYPT2 with a con-
comitant increase in the level of endogenous PP1c-§, which
resulted in a reduction of the level of in vivo MLC2v phos-
phorylation in the heart associated with a decrease in the
myofilament response to Ca?* and a decreased left ventricular
contractility.®! These findings are consistent with the evidence
obtained from TG-MLC2v(P-) mice and cMLCK-knockout
mice as mentioned earlier.

Surprisingly, Warren et al recently reported an inverse rela-
tionship between cMLCK expression and systolic pressure:
cMLCK expression is higher in the right ventricular myocar-
dium than the left ventricular myocardium.? Because the
cMLCK expression in the left ventricle was markedly down-
regulated as a result of pressure overload, those authors spec-
ulated that increased mechanical stress reduces the net expres-
sion of cMLCK.%

cMLCK in Heart Diseases

cMLCK was first identified through the integrated cDNA ex-
pression analysis of failing human myocardium, which showed
that the cMLCK mRNA expression levels correlated well with
the pulmonary arterial pressure of patients with heart failure.”
Decreased phosphorylation of MLC2 was also reported in
some patients with heart failure.523 In animal models of myo-
cardial infarction, the expression level of cMLCK in the heart
has been found to be reduced.’$5? In addition, pressure over-
load also led to a marked reduction in cMLCK and phosphory-
lated MLC2v in the heart 1 week after thoracic aortic constric-
tion surgery.® Interestingly, the reduction in the cMLCK
protein level in pressure-overloaded hearts was mediated by
upregulation of the ubiquitin-proteasome degradation system.?
The specific overexpression of cMLCK in cardiac myocytes
attenuated the phenotype of the pressure overload-induced
heart failure,? and this finding suggests a protective role of
cMLCK against cardiac stress.

Induced pluripotent stem cell-derived cardiac myocytes
(iPSC-CMs) are expected to become a new cell therapy for

Circulation Journal  Vol.77, September 2013
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heart diseases and iPSC-CMs express cardiac-specific proteins
similar to neonatal cardiac myocytes.** However, so far there
are no reports of investigations into cMLCK and MLC?2 phos-
phorylation in iPSC-CMs.

New Approach to Finding Potential
Inhibitors or Activators of Kinases

Recently, Suga et al developed a new technology to discover
“natural product-like” nonstandard peptides against various
therapeutic targets, and this technology, which is known as the
RaPID (Random non-strand Peptides Integrated Discovery)
system, comprises a FIT (Flexible in vivo Translation) system
coupled with an mRNA display.®® Using this system, Suga et
al successfully isolated anti-E6AP macrocyclic N-methyl-pep-
tides, one of which had high affinity (Ka=0.60nmol/L.) against
a target EGAP and strongly suppressed its polyubiquitination
ability against p53.% Because the targets of the RaPID system
are not limited, this technology can be applied to the discovery
of kinase activators or inhibitors.

GConclusion

We are now attempting to find a new potential activator or
inhibitor of cMLCK, which will hopefully either provide new
insights to cMLCK or be successfully applied in the clinical
setting.
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The diagnostic performance of cardiac magnetic resonance (CMR) has not been compared with that of other imaging

Aims
modalities. Therefore, this study investigated the diagnostic capabilities of CMR and endomyocardial biopsy (EMB) in
patients with heart failure (HF). ' ‘

Methods We studied 136 patients with cardiomyopathy who underwent both CMR and EMB. independent diagnoses were

and results made according to the results of (i) CMR alone; (ii) EMB alone; (iii) clinical data plus echocardiogram; (iv) clinical
data, echocardiogram, plus CMR; and (v) clinical data, echocardiogram, plus EMB. These diagnoses were then com-
pared with the final diagnosis (gold standard) that was made using the complete clinical data, including EMB and CMR.
The sensitivities of the diagnosis strategies of (i—v) relative to the final diagnosis were 67, 79, 86, 97, and 100%,
respectively. CMR alone demonstrated better sensitivity for cardiac sarcoidosis and greater specificity for dilated car-
diomyopathy than EMB alone. CMR also tended to show better sensitivity for hypertensive heart disease. There was
no difference between the diagnostic capability of CMR and EMB for hypertrophic cardiomyopathy (HCM). However,
CMR showed excellent sensitivity (100%) for apical and obstructive HCM, whereas EMB displayed better sensitivity
for dilated HCM. Moreover, combined diagnosis with clinical data, echocardiogram, plus CMR achieved superior

agreement with the final diagnosis in comparison with EMB alone.

Conclusion Non-invasive CMR demonstrated excellent diagnostic capability for patients with HF and was as effective as or su-
perior to EMB. In particular, the use of CMR in combination with clinical data unrelated to EMB may provide excellent
diagnostic accuracy for HF.

Keywords Heart failure ¢ CMR e Endomyocardial biopsy e Diagnosis e Aetiology e Cardiomyopathy

Introduction are currently increasing. Accordingly, accurate diagnosis of the

underlying aetiology of HF is important for appropriate mana-

Heart failure (HF) is a common clinical syndrome caused by
various cardiovascular diseases.’ Despite the discovery, develop-
ment, and adoption of novel therapies for HF, the mortality and
morbidity resulting from this condition have remained high and

gement and treatment. In addition to conventional clinical
methods, gadolinium-enhanced cardiac magnetic resonance
(CMR) and endomyocardial biopsy (EMB) are useful diagnostic
modalities for identifying the aetiology of HF. EMB is considered
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to be the gold standard for diagnosing myocarditis as well as
certain infiltrative cardiac diseases, such as amyloidosis, sarcoidosis,
and haemochromatosis. In contrast, CMR is also required to iden-
tify patients with cardiomyopathy accurately, according to the
Consensus Panel Report2 CMR is a non-invasive, accurate, and re-
producible imaging technique that can be used to evaluate cardiac
morphology and function, and provide valuable information for
tissue characterization. In addition, several studies have suggested
that CMR techniques using late-gadolinium enhancement (LGE)
are useful for diagnosing various types of cardiomyopathies.
Indeed, both CMR and EMB have demonstrated good performance
in patients with troponin-positive acute chest pain but without cor-
onary artery disease.® However, there have been no reports dir-
ectly comparing the diagnostic utility of CMR and EMB in
patients with HF.

Therefore, we compared the diagnostic capability of CMR and
EMB in HF patients and also assessed the diagnostic performance
of the combined use of CMR and all clinical data in comparison
with EMB alone.

Methods

Selection of patients

A total of 1034 consecutive patients with HF of unknown aetiology
were evaluated between January 2007 and July 2009. Patients who
were admitted to our institution for the management of HF, who
had LV hypertrophy and/or LV dysfunction, and who had received
EMB and LGE CMR were included in this study. Patients were
excluded if they had one or more of the following conditions:

substantial valvular or ischaemic heart disease; congenital heart
disease; constrictive pericarditis; idiopathic restrictive cardiomyopathy;
an ambiguous final diagnosis; dilated cardiomyopathy (DCM) with an
LVEF > 55%; poor-quality CMR; or an inadequate myocardial biopsy.
Of the patients examined, 25 were given an ambiguous final diagnosis
for the following reasons: 17 patients did not receive sufficient detailed
investigations to reach the final diagnosis; 3 patients were suspected as
having arrhythmogenic right ventricular cardiomyopathy (ARVC) but
they did not fulfil the Task Force Criteria;* 3 patients were suspected
as having dilated hypertrophic cardiomyopathy (HCM) but hyper-
trophic stage was not detected; and 2 patients were diagnosed as LV
non-compaction and we excluded these patients because EMB. -
cannot diagnose this condition. As a result, we enrolled 136 patients
in this study (Figure 1).

For all patients, a careful medical history was collected and physical
examinations, laboratory tests, echocardiography, coronary angiog-
raphy, and right heart catheterization were performed. EMB and
CMR were also performed in all patients to evaluate evidence of HF.
We identified the aetiology of HF using all possible diagnostic
approaches in addition to EMB and CMR.

This study was approved by our Institutional Research Ethics Com-
mittee. The Committee decided that informed consent from the 136
subjects was not required according to the Japanese Clinical Research
Guidelines because this was a retrospective, observational study.
Instead, we made a public announcement as per the request of the
Ethics Committee.

Aectiology of cardiomyopathy

According to the clinical data, echocardiogram, CMR, and EMB, six
diagnoses were made for each patient, including (i) CMR diagnosis;
(i) EMB diagnosis; (iii) the combined diagnosis with clinical data

1,034 patients with heart failure of unknowa etiology f

| 46 CAD patients

were excluded

7

180 patients 96 patients 179 patients 533 patients
performed performed performed performed
both CMR and EMB | | CMR -alene EMB -alone | |neither of both
44 patients were excluded
3 substantial valvular disease
1 congenital heart disease
3 constrictive pericarditis
1 idiopathic restrictive cardiomyopathy
2 cardiomyopathy due to endocrine disorder
25 ambiguous Final diagnesis
5 DCM with an LV ejection fraction of more than 55%
2 poor quality CMR
2 failure of myocardial biopsy
136 patients enrolled

Figure | Study profile. Flow chart of the 1034 consecutive patients with heart failure of unknown aetiology admitted to our institution. The
chart shows the immediate exclusion of cardiomyopathy due to significant coronary artery disease (CAD) and the further management of these
patients. CMR, cardiac magnetic resonance; DCM, dilated cardiomyopathy; EMB, endomyocardial biopsy.
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plus echocardiogram; (iv) the combined diagnosis with clinical data,
echocardiogram, plus CMR; (v) the combined diagnosis with clinical
data, echocardiogram, plus EMB; and (vi) the final diagnosis. The
CMR and EMB diagnoses (i and ii) were established according to the
results of CMR or EMB alone, and the investigators were blinded to
all of the other data. Clinical data were defined as any method that
could be used to diagnose HF other than echocardiography, CMR,
or EMB, such as the collection of a patient’s medical history, laboratory
tests, scintigraphy, and coronary angiography. The final diagnosis (vi)
was made prior to patient discharge by an expert team of cardiologists
using all of the available data, including the results of EMB, CMR, and
other diagnostic modalities. In addition, an expert team of cardiolo-
gists, who were not specialists in either CMR or EMB but could inter-
pret these studies, was recruited. The final diagnoses were based on
the recommendations of the 2008 European Society of Cardiology
(ESC) report for the classification of cardiomyopa’chies,5 In patients
with several causes of HF, the most significant cause was associated
with the diagnosis.

Each diagnosis was assigned according to one of the following cat-
egories: DCM, HCM, hypertensive heart disease (HHD), ARVC, mus-
cular dystrophy, infiltrative myocardial disease (i.e. amyloidosis and
sarcoidosis), myocarditis, or other causes.

Cardiac magnetic resonance images and
analysis

Images were acquired using a 1.5 T scanner (Sonata, Siemens Medical
Solutions, Erlangen, Germany). The CMR protocol consisted of a
cardiac functional study, spin-echo imaging, and LGE imaging, as previ-
ously described.® For the cardiac functional study, three standard long-
axis slices and a stack of contiguous short-axis slices (slice thickness,
6 mm; slice gap, 4 mm) were acquired as ECG-gated steady-state
free-precession cine images with radial scans and breath-holding.
T2-weighted spin-echo images were acquired using half-Fourier acqui-
sition single shot turbo spin-echo (HASTE) before contrast injection
with an echo time of 82 ms and fat saturation in the same position
as the cine images. LGE images were acquired in the same positions
as the cine images at 2, 5, 10, and 20 min after iv. injection of
0.15 mmol/kg of gadolinium-diethyltriaminepentaacetic acid. The inver-
sion delay time was 300 ms.

The cine and LGE images were evaluated by several observers who
were blinded to the clinical data. The EF and volumes were measured
quantitatively for the left and right ventricles according to the end-
diastolic and end-systolic endocardial contours from a stack of short-axis
cine images using ARGUS software. The LV mass (LVM) was calculated
as the total myocardial volume multiplied by the specific gravity of the
myocardium (1.05 g/mL). The ventricular end-diastolic and end-systolic
volumes (EDV and ESV, respectively) and the LVM were standardized
according to the body surface area (m?). The presence, location, and
extent of LGE were determined using a standard 17 segment LV
model.” We classified the pattern of enhancement as subendocardial,
midwall (longitudinal stripes), subepicardial, or transmural, as well as
patchy (focal enhancement not following the coronary vascular territor-
ies) or diffuse.

Endomyocardial biopsy and analysis

Biopsy specimens were taken from the endocardium at the right inter-
ventricular septum using Technowood disposable biopsy forceps
(TONOKURA KA KOGYO CO,, LTD, Tokyo, Japan) via the right in-
ternal jugular vein or right femoral vein, as described elsewhere®
Three to five specimens were obtained from each patient. No compli-
cations related to EMB were observed. Biopsy specimens were

immediately fixed in 15% formalin for 24 h, embedded in paraffin,
and cut into 4 pm thick sections. The sections were stained with
haematoxylin and eosin and Masson’s trichrome. Some of the EMB
specimens were frozen for polymerase chain reaction (PCR) analysis
for the detection of enterovirus when myocarditis was suspected.
Congo red staining was added when amyloidosis was suspected. Immu-
nohistochemistry was performed in ARVC, myocarditis, amyloidosis,
dystrophic cardiomyopathy, and some cases of HCM, as appropriate.

While EMB analysis at final diagnosis was made as above using all of
the other data, EMB diagnosis was evaluated using only haematoxylin
and eosin and Masson’s trichrome stains by several cardiac pathologists
who were not aware of the clinical features of the patients in this study.

Diagnosis of cardiomyopathy by cardiac
magnetic resonance or endomyocardial
biopsy
The diagnosis of cardiomyopathy by CMR and EMB was based on well-
established and widely accepted definitions.”'® A CMR diagnosis was
made according to the dimensions, regional and global wall motion,
wall thickness, and the presence and pattern of LGE,""™"* whereas
an EMB diagnosis was made according to the report for classification
of cardiomyopathies.4'5‘15'16

A histological diagnosis of DCM was performed by examining the
following criteria: interstitial fibrosis, replacement fibrosis, inflamma-
tory cell infiltrates, cellular hypertrophy, and myocardial cell degener-
ation."” Histopathological criteria for HCM included severe myocyte
hypertrophy, myocyte disarray > 10%, plexiform fibrosis, and
nuclear hypertrophy. The diagnosis of HHD was made according to
the presence of moderate myocyte hypertrophy,'® interstitial fibrosis,
and the lack of myocyte disarray. The presence of non-caseating
epithelioid granulomas with giant cells was considered indicative of
cardiac sarcoidosis (CS)."® The diagnosis of myocarditis was based
on the Dallas criteria modified by the japanese Circulation Society
Guidelines."” Based on this modified version of the Dallas criteria,
the immunohistochemistry was used to characterize the inflammatory
infiltrates. The cut-off for mononuclear cell infiltrates was an inflamma-
tory infiltrate count of at least 5/high power field. We confirmed the
diagnoses of cardiac amyloidosis by electron microscopy and per-
formed immunohistochemistry for amyloid typing. The histology diag-
nosis for ARVC was made according to the Task Force Criteria.*

The characteristics of DCM for CMR included dilation and impaired
contraction of one or both ventricles and an LVEF <55%.%° Moreover,
the wall thickness is normal or decreased. HCM is characterized by
hypertrophy of the left ventricle and occasionally the right ventricle,
normal or reduced LV volume, and normal LV contraction or hyper-
contraction. Apical HCM was regarded as hypertrophy of the apex,
and hypertrophic obstructive cardiomyopathy (HOCM) was regarded
as an obstruction to the LV outflow tract. We defined dilated HCM as
an LVEF < 50%%"%2 and evidence of wall thickening prior to the study.
Generally, dilated HCM is characterized by a relative wall thickness
with a dilated LV cavity. LV hypertrophy is common in HHD, and add-
itional common findings include a relative wall thickness with or
without a dilated LV cavity. The use of CMR for CS can demonstrate
certain characteristic features, such as septal thinning, ventricular dila-
tation, segmental systolic dysfunction, global systolic dysfunction, or
ventricular aneurysm. We referred to the typical LGE pattern for diag-
nosis of DCM, HCM, HHD, and CS. The typical LGE pattern regarded
a DCM LGE pattern as patchy or longitudinal midwall enhancement, a
HCM LGE pattern as patchy and located at the LY—RV junction, a CS
LGE pattern as a non-ischaemic pattern with enhancement of the
midwall or epicardium at various sites, especially the anteroseptal
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and inferolateral walls, and a HHD LGE pattern as similar to the DCM
LGE pattern based upon a previous report.' Myocarditis was diag-
nosed when subepicardial and midwall areas demonstrated an
increased signal in the T2-weighted image or when the lateral and
inferolateral walls demonstrated an LGE distribution in the epicardium
toward the mid myocardial wall. ARVC is characterized by regional or
global dysfunction, dilatation, and focal aneurysm of the right ventricle
noted in the 2010 guideline,* whereas amyloidosis is characterized by
concentric hypertrophy with normal or reduced contractility, a thick-
ened interatrial septum, bi-atrial dilation, and a circumferential pattern
of LGE, preferentially involving the subendocardium but occasionally
demonstrating a patchy transmural pattern. Dystrophic cardiomyop-
athy in LGE preserves the subendocardium and is more frequently
located in the LV lateral wall.

Statistical analysis

Continuous  variables were expressed as the mean + standard
deviation (SD), whereas categorical variables were expressed as
numbers and percentages. Comparisons between groups were per-
formed using a two-sample t-test for normally distributed continuous
variables and the Wilcoxon test for variables that did not demonstrate
a normal distribution. For categorical variables, we used the x* test and
Fisher’s exact test, as appropriate. For each type of cardiomyopathy,
the sensitivity, specificity, diagnostic accuracy, positive predictive
value (PPV), negative predictive value (NPV), and 95% confidence
interval (Cl) for the CMR diagnosis, EMB diagnosis, and combined diag-
nosis with clinical data, echocardiogram, plus CMR were calculated in
comparison with the final diagnosis, which served as the gold standard.
The PPV and NPV were computed using the following formulae:
PPV = true positive/(true positive + false positive); and NPV = true
negative/(true negative + false negative). Diagnostic accuracy was cal-
culated using the following formulae: diagnostic accuracy = (true
positive 4 true negative)/total. A comparison of the diagnostic
methods was performed using McNemar’s test. The analyses were
performed using JMP version 7 statistical software. All of the presented
95% Cl are two.

Results

Study population and patient
characteristics

A total of 136 patients were studied (Supplementary material,
Table $1). The mean age of these patients was 52 + 17 years
(range 16—81 years): 83 of the patients were male, and 18 patients
suffered from AF. EMB and CMR with LGE were performed in all
patients, and none of the 136 patients was diagnosed with signifi-
cant coronary artery disease. The most common diagnosis was
DCM (54 patients, 40%), which was followed by HCM (36 patients,
26%). The remaining 46 patients were diagnosed with a secondary
cardiomyopathy or HHD. The HCM patients included 4 cases of
apical hypertrophy, 11 cases of HOCM, and 15 cases of HCM in
the dilated phase.

The CMR results revealed asymmetric septal hypertrophy
(septal/free wall thickness ratio > 1.3) in 25 patients (18%), most
of whom had ejither HCM (84%) or HHD (12%) detailed in the
Supplementary material, Table ST.

The median patient follow-up period was 655 days (range 243—
1143 days), and no diagnoses were changed during this time.

Comparison between cardiac magnetic
resonance, endomyocardial biopsy, and
the combined diagnosis

The sensitivity of EMB, CMR, and the combined diagnosis with clin-
ical data plus echocardiogram, with clinical data, echocardiogram,
plus CMR, and with clinical data, echocardiogram, plus EMB was
67,79, 86,97, and 100% relative to the final diagnosis, respectively.
Table 1 shows the diagnostic performance of CMR, EMB, and the
combined diagnosis with clinical data, echocardiogram, plus
CMR. The use of CMR demonstrated a diagnostic capability com-
parable with EMB for all causes of HF. The highest level of sensitiv-
ity of EMB was for DCM (89%) followed by HCM (75%) and HHD
(36%) (Table 2), whereas the greatest sensitivity of CMR was
observed for DCM (83%) followed by HCM (81%) and CS
(76%). Furthermore, to explore the relative merits of CMR vs.
EMB, we investigated indications of EMB noted in the 2007 guide-
lines.”® EMB demonstrated a better diagnostic yield for DCM and
dilated HCM, whereas CMR demonstrated better diagnostic per-
formance for cases of CS and HHD even when the indication
for EMB was a class |. The diagnostic analysis is listed in Table 3.
We gave six patients with dilated HCM an incorrect diagnosis of
CS and also gave five patients with HHD an incorrect diagnosis
of DCM using CMR. In contrast, we tended to misdiagnose CS
and HHD as DCM and HCM as HHD when using EMB. Specifically,
the six patients with HCM who were misdiagnosed for HHD by
EMB included three patients with HOCM diagnoses, two with
apical HCM diagnoses, and one with a diagnosis of dilated HCM.
Table 2 shows the sensitivity and specificity for the use of EMB,
CMR, and the combined diagnosis with clinical data, echo-
cardiogram, plus CMR. Overall, CMR demonstrated increased
specificity for DCM compared with EMB, and CMR also tended
to be more sensitive for the diagnosis of CS and HHD. In contrast,
EMB demonstrated lower sensitivity than CMR for most diagnoses,
with the exception of DCM.

We also examined the diagnostic accuracy of CMR, EMB, and
the combined diagnosis with clinical data, echocardiogram, plus
CMR (Table 2). The sensitivity of the combined diagnosis with clin-
ical data, echocardiogram, plus CMR was greater than that of EMB
for the detection of HCM, CS, and HHD. The agreement of both
CMR and EMB with a final diagnosis of DCM, HCM, CS, and HHD
was noted to be 72, 58, 23, and 21%, respectively (Figure 2). Con-
versely, both CMR and EMB misdiagnosed 6, 3, 12, and 21% of
patients with DCM, HCM, CS, and HHD, respectively. Importantly,
all of the patients who received accurate diagnoses with EMB alone
were also correctly diagnosed using the combined diagnosis with
clinical data, echocardiogram, plus CMR.

Characteristics and details of cardiac
magnetic resonance

We analysed the frequency of the use of the typical LGE pattern
only in cases in which we diagnosed DCM, HCM, CS, and HHD.
The CMR results revealed a DCM LGE pattern, HCM LGE
pattern, CS LGE pattern, or HHD LGE pattern in 78, 53, 82, and
79% of the patients with DCM, HCM, CS, and HHD, respectively
(Figure 3). In addition, the patients with typical LGE patterns were
more likely to receive an accurate diagnosis. LGE in the papillary
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Table | Agreement of endomyocardial biopsy, cardiac magnetic resonance, or combined diagnosis with clinical data,
echocardiogram, plus cardiac magnetic resonance with final diagnosis in 136 patients based on endomyocardial biopsy

indication
Final diagnoses, n Number
EMB indication (class) I [a/llb I
DCM, 54 30 24 26 (87)
HCM, 36 11 25 7 (64)
Dilated HCM, 15 9 6 7 (78)
Obstructive HCM, 11 0 " 0 (0)
Apical HCM, 4 0 4 0 (0)
Sarcoidosis, 17 8 9 2 (25)
HHD, 14 5 9 2 (40)
Others
ARVC, 5 1 4 0 (0)
Myocarditis, 4 4 0 3 (75)
Amyloidosis, 3 0 3 0 (0)
Dystrophic cardiomyopathy, 3 1 2 0 (0)
Total 60 76 40 (67)

EMB diagnosis, n (%)

CMR diagnosis, n (%) Combined

diagnosis, n (%)

ITa/TIb I ITa/TTb

22 (92) 24 (80) 21 (88) 51 (94)

20 (80) 6 (55) 23 (92) 35 (97)
5 (83) 4 (44) 5 (83) 15 (100)
9 (82) 0 (0) 11 (100) 11 (100)
2 (50) 0 (0) 4 (100) 4 (100)
4 (44) 6 (75) 7 (79) 17 (100)
3(33) 5 (100) 4 (44) 14 (100)
0 (0) 1(100) 4 (100) 5 (100)
0 (0) 1 (25) 0 (0) 4 (100)
2 (67) 0(0) 3 (100) 3 (100)
0 (0) 1 (100) 2 (100) 3 (100)

51 (67) 44 (73) 64 (84) 132 (97)

ARVC, arrhythmogenic right ventricular cardiomyopathy; CMR, cardiac magnetic resonance; DCM, dilated cardiomyopathy; EMB; endomyocardial biopsy HCM, hypertrophic

cardiomyopathy; HHD, hypertensive heart disease.

muscle was frequently found in patients with HCM or sarcoidosis,
while it was rarely or never seen in patients with DCM or HHD.

Discussion

This was the first study to compare the diagnostic performance of
EMB and CMR in patients with HF. Non-invasive CMR, especially
when combined with clinical data and echocardiogram, may
provide an excellent diagnostic capacity for identifying the under-
lying aetiology in patients with HF, equal to or better than invasive
EMB. Moreover, CMR is a powerful modality which in combination
with clinical data including echocardiogram is sufficient for defining
the pathophysiology of HF.

Although it is important to compare the diagnostic potential of
EMB and CMR across a large number of patients with HF, compar-
isons using a large population have not been possible because it is
extremely difficult to perform both EMB and CMR with LGE in suf-
ficient patients. Our findings revealed that both the invasive EMB
technique and the non-invasive CMR technique demonstrated
good diagnostic performance (67% vs. 79%), whereas the use of
CMR in combination with clinical data including echocardiogram
unrelated to the EMB findings demonstrated excellent diagnostic
performance (97%). Importantly, CMR alone could not surpass
the diagnostic accuracy of EMB, which underscores the importance
of EMB. However, the combined diagnosis was more accurate,
which suggests that the use of CMR in combination with clinical
data plus echocardiogram is the most reliable, non-invasive
method for the diagnosis of HF in a routine clinical setting. Thus,
we concluded that CMR is equal to or possibly superior to the
use of EMB for the diagnosis of the underlying aetiology of HF,

especially in patients with sarcoidosis, HHD, others, and those
with a class Il indication for EMB.

These results suggest that CMR should be used more often than
EMB for the initial diagnosis of HF. In addition, the cost of EMB is
approximately three times greater than that of delayed enhance-
ment CMR, and most patients can receive CMR at a clinic but
would require a hospital stay to undergo EMB and perform EMB
with right heart catheterization (which also contributes to the
high cost of EMB). Indeed, the 2009 American College of Cardi-
ology (ACC)/American Heart Association (AHA) chronic HF
guidelines proposed that EMB should not be performed for the
routine evaluation of patients with HF,2* as EMB is often associated
with sampling errors and complications. Therefore, although we do
not deny the usefulness of EMB for the diagnosis of the underlying
aetiology of HF, we suggest that CMR should be used more fre-
quently for this type of diagnosis.

Diagnostic performance of cardiac
magnetic resonance and endomyocardial
biopsy

Although EMB provides suggestive findings in patients with DCM,
HHD, and dystrophic cardiomyopathy, these findings are non-
specific, and a definitive diagnosis cannot be made by EMB per
se. In contrast, cardiac amyloidosis, CS, HCM, and myocarditis
have specific histological characteristics and can be conclusively
diagnosed using EMB alone if myocardial biopsy specimens
contain these lesions (Figure 4). In our study, an accurate and con-
clusive diagnosis of such conditions could be reached using EMB
alone in 38 out of 60 patients (Table 1), and we tended to misdiag-
nose CS and HHD as DCM, and HCM as HHD by EMB (Table 3).
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Table 2 Sensitivity, specificity, positive predictive value, negative predictive value, accuracy of cardiac magnetic
resonance diagnosis, and combined diagnoses with clinical data, echocardiogram, plus cardiac magnetic resonance vs.

endomyocardial biopsy diagnosis

A. Cardiac magnetic resonance vs. endomyocardial biopsy

n Sensitivity rTPF  95% Cl n
CMR EMB
DCM 54 83% 89% 107 0.89-1.28 82
HCM 36 81% 75% 093 0.69-1.26 100
cs 17 76% 35% 046 0.20-1.07 119
HHD 14 64% 36%  0.56 0.22-143 122

n PPV PPV 95% Cl n
CMR EMB
DCM 54 88% 66%  0.75 0.60-0.93 82
HCM 36 94% 82%  0.87 0.71-1.08 100
cs 17 57% 100%  1.77 1.18-2.66 119
HHD 14 64% 33% 052 0.20-1.31 122

n Sensitivity rTPF  95% Cl n

DCM 54 94% 89%  0.94 0.82-1.08 82
HCM 36 97% 75% 077 0.61-0.97 100
cs 17 100% 35%  0.35 0.17-0.74 119
HHD 14 100% 36%  0.36 0.16-0.80 122

n PPV PPV  95% ClI n

DCM 54 100% 66%  0.65 0.52-0.81 82
HCM 36 97% 82%  0.84 0.69-1.02 100
cs 17 94% 100%  1.06 0.93-1.20 119
HHD 14 88% 33%  0.38 0.16-0.89 122

Specificity rFPF 95% Ci

CMR EMB
93% 69% 4.3 1.72-10.7
98% 94% 3 0.48-18.64
92% 100% 0 -
96% 92% 2 0.59-6.81

NPV rNPY  95% CI Accuracy

CMR EMB CMR EMB
89% 20% 1.01 0.89-1.15 89% 75%
93% 91% 0.98 0.89-1.07 23% 89%
96% 92% 0.95 0.88—1.02 90% 92%
96% 93% 0.97 0.90—-1.04 93% 86%

Specificity rFPF  95% ClI

100% 69% - -
99% 94% 6 0.54-67.19
99% 100% 0 -
98% 92% 5 0.88—-28.27

NPV rNPY  95% CI Accuracy
Combined EMB Combined EMB
96% 90% 0.94 0.85-1.03 98% 75%
99% 91% 0.92 0.86-0.99 99% 89%
100% 92% 0.92 0.86-0.97 99% 92%
100% 93% 0.93 0.87-0.98 929% 86%

Cl, confidence interval; CMR, cardiac magnetic resonance; CS, cardiac sarcoidosis; DCM, idiopathic dilated cardiomyopathy; EMB, endomyocardial biopsy; FPF, false positive
fraction; HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease; NPV, negative predictive value; PPV, positive predictive value; TPF, true positive fraction.
95% Cls were calculated according to the ratio of CMR diagnosis and combined diagnosis to EMB diagnosis. The bold values indicate a significant difference.

These misdiagnoses were attributed to non-specific changes in the
biopsy specimens or the inappropriate sampling of sites separate
from the lesions due to the patchy distribution of the
lesions."”#*~% However, there are merits in the classification
of infiltrating inflammatory cells by either immunohistochemistry
or a PCR method to guide treatment. The ESC 2012 guidelines
also stated that the use of EMB may be needed to confirm the diag-
nosis in patients with suspected myocarditis, sarcoidosis, and
amyloidosis.’

Cardiac magnetic resonance is a safe procedure, and images of
diagnostic quality can be obtained in > 98% of patients*® The
use of CMR also allowed us to obtain detailed images of not

only functional and morphological abnormalities but also tissue
pathology. In this study, EMB was superior to CMR for diagnoses
of DCM and dilated HCM, whereas CMR demonstrated an
improved diagnostic yield over EMB in cases of non-dilated
HCM, CS, HHD, and other rare diseases (with the exception of
myocarditis). Moreover, this tendency was the same independent
of the EMB indication. In contrast to previous studies demonstrat-
ing a high level of sensitivity and specificity within only a limited
study population, our study observed lower diagnostic agreement
between methods. Because CMR was used to differentiate
between a broad spectrum of diagnostic characteristics in HF
patients, which resembles the clinical setting, CMR alone could
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Table 3 Comparison of cardiac magnetic resonance diagnosis or endomyocardial biopsy diagnosis with final diagnosis

Final diagnosis CMR diagnosis DCM (n = 54) HCM (n = 36) CS (n=17) HHD (n = 14) Others (n = 15)
DCM, n (%) 45 (83) 0 1 5 (36) 0

HCM, n (%) 1 29 (81) 1 0 0

CS, n (%) 2 (4 6 (17) 13 (76) 0 2 (13)

HHD, n (%) 3(5) 1 0 2 (64) 0

Others, n (%) 3(5) 0 2 (12) 0 12 (80)

Final diagnosis EMB diagnosis DCM (n = 54) HCM (n = 36) CS (n = 17) HHD (n = 14) Others (n = 15)
DCM, n (%) 48 (89) 3(8) 10 (59) 7 (50) 6 (40)

HCM, n (%) 3 (6 27 (75) 0 2 (14) 1(7)

CS, n (%) 0 0 6 (35) 0 0

HHD, n (%) 24) 6 (17) 0 5 (36) 2 (13)

Others, n (%) 1 0 1 0 5 (33)

The bold values indicate diagnostic concordance between cardiac magnetic resonance diagnosis or endomyocardial biopsy diagnosié and final diagnosis.

(58%)

DCM HCM

Sarcoidosis HHD
(=36) ®=17) (n=14)

@ neither diagnosis is correct
BEMB alone is correct
“both diagnoses are correct
B2 CMR alone is correct

(n=54)

Figure 2 Diagnostic capabilities ‘of ‘endomyocardial - biopsy
(EMB), cardiac magnetic resonance (CMR), and the combined
diagnosis with CMR and EMB. DCM, idiopathic dilated cardiomy-
opathy; HCM, hypertrophic cardiomyopathy; CS, cardiac sarcoid-
osis; HHD, hypertensive heart disease. The ratio between EMB
and CMR for the diagnosis of DCM, HCM, CS, and HHD.

not assign a correct diagnosis for 28 patients (21%) (Table 1). The
use of CMR tended to misdiagnose HCM as CS, and HHD as
DCM. Additionally, six HCM patients who were misdiagnosed
with CS all had dilated HCM. A study by Hansen et al. suggested
that the use of CMR in CS patients demonstrates similar results
to those obtained in patients with HCM or idiopathic cardiomyop-
athy,? which is consistent with the present data (Table 3). In the
five cases where HHD was misdiagnosed, they were consistently
misdiagnosed as DCM due to the similarity of the images."
However, in HCM patients, CMR demonstrated excellent

diagnostic performance (100%) for apical HCM and HOCM,
which suggests that CMR has the ability to evaluate the heteroge-
neous appearance of HCM better than any other imaging modal-
ity,>®*' and this represents the main difference between CMR
and EMB. We could not refer to the diagnostic accuracy of CMR
in patients with myocarditis in our study because the number
with myocarditis was too small. On the other hand, Marvorogeni
et al importantly concluded that both CMR and PCR prove
useful for the detection of myocarditis, while CMR is important
to detect the development of HF32 Our data are consistent with
the previous study* showing that CMR and EMB have equivalent
ability to reach the diagnosis and judge the pathophysiology.

Although the merits and demerits of CMR differ from those of
EMB, its diagnostic capability was shown to be equivalent or even
superior to that of EMB.

Superiority of the combined diagnosis
The combined diagnosis with non-invasive clinical data provides a
sharp impact on an accurate diagnosis of HF.*? Likewise, the com-
bined diagnosis with clinical data, echocardiogram, plus CMR was
shown to be very effective in the current study. Out of 54 DCM
patients, 9 were misdiagnosed by CMR, but 6 of these 9 patients
were correctly diagnosed using the combined diagnostic technique.
Of 36 HCM patients, 7 were misdiagnosed by CMR, although 6 of
these 7 patients were correctly assessed using the combined diag-
nosis (Tables 2 and 3). Moreover, the other misdiagnosed patients
were also correctly assessed using the combined diagnosis.
Regarding the combined diagnosis with echocardiogram, the
present study suggests that even the use of only clinical character-
istics including echocardiogram can provide relatively high diagnos-
tic performance compared with that in a previous report,® since
our Department is specialized in diagnosing patients with non-
ischaemic HF. However, the addition of CMR and EMB on top
of the clinical information with echocardiogram increases the ac-
curacy to 97% and 100%, respectively. Our original conclusion
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Figure 3 Representative cardiac magnetic resonance (CMR) findings. (A) Dilated cardiomyopathy (DCM): midwall longitudinal thin late-
gadolinium enhancement (LGE) in the anteroseptum wall without wall thickening (arrowheads). (B) Hypertensive heart disease (HHD):
broad, ill-defined, and mild LGE in the midwall of the septum (arrowheads) with LV concentric hypertrophy. (C) Hypertrophic obstructive
cardiomyopathy (HOCM): LGE in the LV—RV junctions of the anteroseptum and inferoseptum (arrowheads). Note: left atrial dilatation, LV
asymmetric hypertrophy, papillary muscle hypertrophy, and LV outflow tract obstruction (arrow). (D) Dilated phase HCM: midwall patchy
LGE in the anteroseptum and inferoseptum (arrowheads) and epicardial LGE in the anterior and posterior regions (arrow). (E) Cardiac sar-
coidosis: subepicardial LGE of the anteroseptum with wall thinning and inferoseptum (arrowheads), subendocardial LGE of the lateral region

(thin arrow), and LGE in the papillary muscle (thick arrow).

that CMR provides a diagnostic capability comparable with EMB
seems to be true even with the clinical information including echo-
cardiogram. Furthermore, all of the patients who were correctly
diagnosed by EMB were correctly diagnosed using the combined
technique, which indicates that the combined method was superior
to the use of EMB in this study. Previous studies performed in
populations with only one clinically suspected disease reported
high diagnostic accuracy,'”"*** and our results indicate that CMR
would probably be available for a broad spectrum of HF patients,
particularly those with a class Il indication for EMB, for

differentiation between unknown aetiologies. Furthermore, the
knowledge of diseases that are prone to misdiagnosis would in-
crease the diagnostic performance for determining the aetiology
of HF in a routine clinical setting. Although CMR is a non-invasive
method, as is an echocardiogram, it is equal or superior to an
echocardiogram because it can provide specific tissue characteriza-
tion in addition to cardiac morphology and function. Accordingly,
we suggest that it would be better initially to perform CMR in
all patients, especially those with a class Il indication for EMB,
and diagnose the underlying aetiology of HF through the use of
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Flgure 4 Representatlve examples of hlstologxcal fmdlngs from endomyocard|al bxops;es (A) Dit ated cardlomyopathy (DCM): the photo-,
micrograph -demonstrates  replacement fibrosis (blue areas, black arrow) and moderate myocyte ‘hypertrophy (Masson trichrome  stain,

bar= 50 pm). (B) Hypertrophic cardiomyopathy (HCM): severe hypertrophy of myocytes, myocyte disarray, and bizarre nuclei are shown
(Masson trichrome stain, bar = 50 um). (C) Cardiac sarcondosrs ‘non-caseating epithelioid granulomas with giant cells (white arrow) are

shown (haematoxylin and eosin stain, bar = 30 pm). (D) Cardiac amyloidosis: amorphous amyloid deposits (blue-grey) in the perimyocytes

were consistent with amylotdoms in the interstitium of the myocardlum (Masson s trlchrome, bar = 50 pm).

CMR and other non-invasive modalities. Then, if the combined
diagnosis fails, EMB can be used as a second diagnostic modality.

Study limitations

This study had several limitations. First, all of the patients with HF
of unknown aetiology were not assigned to receive both EMB and
CMR; EMB was performed to reveal the underlying aetiology of
HF, according to the Scientific Statement,”® whereas CMR was
performed in all patients without contraindications for CMR. Sec-
ondly, we included patients admitted to the Department with HF,
and there were remarkably few patients in our Department who
had coronary artery disease. However, even if such patients had
been included, CMR would have probably been more useful to
diagnose prior myocardial infarction due to spontaneous recanali-
zation or coronary vasospasm than EMB. Thirdly, in the clinical
setting, there are always cases with an ambiguous diagnosis
despite a detailed investigation. We excluded these cases primarily
on the premise that we would achieve a more precise diagnostic
yield by avoiding these cases. Regarding EMB procedures, we
took 3—5 biopsy specimens for each patient in our study, in ac-
cordance with the appropriate guidetines.® Additionally, all
samples were taken from the right ventricle according to the
protocol of our facility. In most patients, we took five samples to
decrease sampling error, although the sampling number was
decreased to three specimens in patients with both a pre-existing
LBBB with a high risk for developing complete atrioventricular

block® and obvious idiopathic DCM. The collection of samples
from both ventricles may have increased the significance of the
findings, but we collected the minimum requirement to decrease
the procedural risk of EMB. Finally, this was also a retrospective
study from a single centre. Our findings must be carefully inter-
preted and should be replicated in a prospective, large, multicentre
investigation. Despite these limitations, our study has important
strengths, such as the inclusion of a sufficient number of patients
administered both EMB and CMR, a more precise final diagnosis
using all available data, and broad clinical applications.

Supplementary material

Supplementary material is available at European Journal of Heart
Failure online.
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Am J Physiol Heart Circ Physiol 304: H1361-H1369, 2013. First
published March 15, 2013; doi:10.1152/ajpheart.00454.2012.—Incre-
tin hormones, including glucagon-like peptide-1 (GLP-1), a target for
diabetes mellitus (DM) treatment, are associated with cardioprotec-
" tion. As dipeptidyl-peptidase IV (DPP-IV) inhibition increases plasma
GLP-1 levels in vivo, we investigated the cardioprotective effects of
the DPP-IV inhibitor vildagliptin in a murine heart failure (HF)
model. We induced transverse aortic constriction (TAC) in C57BL/6J
mice, simulating pressure-overloaded cardiac hypertrophy and HF.
TAC or sham-operated mice were treated with or without vildagliptin.
An intraperitoneal glucose tolerance test revealed that blood glucose
levels were higher in the TAC than in sham-operated mice, and these
levels improved with vildagliptin administration in both groups.
Vildagliptin increased plasma GLP-1 levels in the TAC mice and
ameliorated TAC-induced left ventricular enlargement and dysfunc-
tion. Vildagliptin palliated both myocardial apoptosis and fibrosis in
TAC mice, demonstrated by histological, gene and protein expression
analyses, and improved survival rate on day 28 (TAC with vildaglip-
tin, 67.5%; TAC without vildagliptin, 41.5%; P < 0.05). Vildagliptin
improved cardiac dysfunction and overall survival in the TAC mice,
both by improving impaired glucose tolerance and by increasing
GLP-1 levels. DPP-IV inhibitors represent a candidate treatment for
HF patients with or without DM.

heart failure; impaired glucose tolerance; dipeptidyl-peptidase IV
inhibitor

HEART FAILURE (HF) is a leading causes of death in humans
worldwide (1, 20, 37, 56), and is often linked to impaired
glucose tolerance or diabetes mellitus (DM) (21, 53). DM is a
major risk factor for cardiac dysfunction; Lind et al. (28)

reported that poor glycemic control among patients with type 1

DM led to a high incidence of cardiovascular events. The
energetic substrate utilization of cardiomyocytes under hyper-
glycemic conditions shifts from glucose to fatty acid oxidation,
leading to HF (38). In DM, oxidative stress also causes endo-
thelial dysfunction and decreases endothelial NO release, in-
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ducing microangiopathy (13, 31). Either glucose abnormalities
or diabetes commonly exists in patients with HF, but as
previously reported, patients with diabetes have no worse
outcome of HF (50). Our previous clinical study revealed that
~90% of patients with chronic HF had impaired glucose
tolerance (21).

Incretin hormones have recently been proposed as new
targets for DM treatment. Glucagon-like peptide-1 (GLP-1) is
an incretin hormone secreted from the lower intestines and
colon, which stimulates insulin secretion from pancreatic beta
cells. Its receptors are ubiquitously expressed, including in the
cardiovascular system (8). GLP-1 is thought to possess cardio-
protective properties because of the following three reasons:
1) GLP-1 receptors localize to cardiomyocytes and endothelial
cells (3, 57); 2) activation of GLP-1 receptors increases phos-
phoinositide 3 (PI3)-kinase, serine/threonine protein kinase
Akt (Akt), and extracellular signal-regulated kinase phosphor-
ylation, potentially mediating cardioprotection (6, 19); and
3) activation of GLP-1 receptors stimulates p38 mitogen-
activated protein (MAP) kinase and endothelial nitric oxide
synthase via protein kinase A activation, putatively affecting
cardioprotection (5, 59) and plasma glucose normalization
(16). As dipeptidyl-peptidase IV (DPP-IV) rapidly degrades
GLP-1, which has a biological half-life of approximately 1.5-5
min (11, 18), both GLP-1 analogs and DPP-IV inhibitors
have been developed as new drugs to treat type 2 DM.
GLP-1 analogs reportedly ameliorate not only DM but also
HF and myocardial ischemia (15, 33, 34, 48, 59), suggesting
that DPP-IV inhibitors function cardioprotectively. Indeed,
DPP-1V inhibitors are reportedly effective against myocar-
dial infarction in mice and pacing-induced heart failure in
pigs (14, 42, 59), suggesting that DPP-IV inhibitors may
also affect the survival rate. However, the effects of DPP-IV
inhibitors on the pathophysiology of pressure-overloaded
HF and survival after HF are unknown.

We aimed to clarify whether vildagliptin, a DPP-IV inhibi-
tor, improves the pathophysiology of HF and increases survival
rate in pressure-overloaded mice.

METHODS

All of the animal care procedures were performed according to the
American Physiological Society “Guiding Principles in the Care and
Use of Vertebrate Animals in Research and Training” and with the
approval of the ethical committee of Osaka University.
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