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Fig. 5. Effect of Ex-4 on systemic and cardiac lipid
levels and inflammatory cytokines. Effect of Ex-4 on
plasma cholesterol (A) and triglyceride (B) levels. Ex-4
decreased both total cholesterol and triglyceride levels
in KK and DIO groups. C: effect of Ex-4 on cardiac
steatosis. Changes in cardiac steatosis were detected
by ceramide staining (red). Both KK-v (left, top) and
DIO-v (left, middle) exhibited higher lipid accumula-
tion in the heart, which was reversed by Ex-4 treatment
(right, top and middle). Scale bar = 50 m (inset: 20
mm). Data were converted to densitometric value and
summarized as a relative ratio vs. CTL-v (D). **P <
0.01 vs. CTL-v (n = 7-10). E and F: lipid accumula-
tion observed in myocardium (E) and liver (F). In
myocardium, Oil-red-O staining revealed the lipid ac-
cumulation (arrow); however, its pattern was patchy
and the number of positive spots was much less than
the case observed in liver. Ex-4 reduced the Oil-red-
positive spots both in myocardium and liver as previ-
ously reported. G and H: screening for Ex-4-sensitive
inflammatory cytokine(s) using cytokine array. Repre-
sentative blots obtained by specimen of KK (G) and
DIO (H) were displayed. Data were summarized by
densitometry (white bar, vehicle control; and black
bar, Ex-4-treated group). Ex-4 partially but signifi-
cantly reduced intercellular adhesion molecule-1
(ICAM-1) and macrophage colony-stimulating factor
(M-CSF). Regarding tumor necrosis factor-a (TNF-«t),
it remained unchanged and likewise with other posi-
tively detected molecule: tissue inhibitor of metallo-
proteinase-1 (TIMP-1), complement 5/5a (C5/C5a),
and chemokine (C-X-C motif) ligand 1 (CXCL1). P/C,
positive control of each array. **P << 0.01 and *P <
0.05 vs. vehicle counterpart.

remodeling; however, it remains unclear whether therapeu- therapeutic target for diabetes but also for its pleiotropic
tic intervention for metabolic disorder may reverse these effects on cardiovascular disease, including heart failure
relevant cardiac remodeling. GLP-1, one of the incretine related to pacing-induced heart failure (22), myocardial
hormones, has been focused not only as an alternative infarction (23), and obesity (24).
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Fig. 6. Effect of Ex-4 treatment on cardiac
oxidative stress. A and B: impact of Ex-4 on
cardiac oxidative stress level detected by
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B

DIO-ex4

fluorescence dye dihydroethidium (DHE;
red spots). Ex-4 reduced cardiac oxidative
stress both in KK (A) and DIO (B). The
DHE-positive area was quantified as a per-
centage in each total HPF (magnification,
X200) area. *P < 0.05 (n = 7-10). Scale
bar = 50 um. C and D: changes in oxidative
stress-related molecules. Representative im-
munoblots displayed as a pair of reactive
oxygen species-related molecules (candi-
dates, top) as follows: NADPH oxidases
(Nox: Nox2, Nox4), GPX glutathione perox-
ide (GPX), thioredoxine (TRX), and super-
oxide dismutase-1 (SOD). Each band was
measured by densitometry and summarized
in each graph represented below the repre-
sentative images. White bar, vehicle-treated
type 2 diabetes mellitus (T2DM) mice; black
bar: Ex-4 treated. **P < 0.01; *P < 0.05
(n = 7-10).
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Primary findings of the present study are as follows:
1) GLP-1R agonist Ex-4 ameliorates cardiac remodeling and
dysfunction observed in T2DM independently of etiology
with concomitant amelioration of systemic and cardiac in-
sulin resistance (Figs. 2-4); 2) Ex-4 reduced circulating
cholesterol levels (Fig. 5, A and B) and cardiac steatosis
(Fig. 5, C-E); 3) Ex-4 reduced circulating inflammatory
cytokines, in particular, ICAM-1 and M-CSF (Fig. 5, G and
H); 4) Ex-4 reduced cardiac oxidative stress by reversing the
levels of Nox-4 (KK and DIO) and antioxidant molecules
(exclusively to DIO) (Fig. 6).

Recently, Noyan-Ashraf et al. (24) have reported the same
trend regarding the impact of GLP-1-receptor analog on the
obesity-induced cardiac dysfunction under distinct experi-
mental conditions from those applied in the present study.
Liraglutide, the protease-resistant analog of GLP-1, amelio-
rates cardiac dysfunction via improving cardiac inflamma-
tion and corresponding ER stress response, leading to im-
proved cardiac dysfunction in animals on HFD by an AMP-
activated protein kinase-dependent mechanism. They concluded
that liraglutide had no effect on the of mitochondrial bio-
genesis and respiration by selected evaluation of those
marker protein levels (PGC-la, cytochrome ¢, and cyto-
chrome-c oxidase subunit IV); however, their study did not
demonstrate any change in mitochondrial remodeling as
well as inflammatory cytokine/ROS target screening. Grow-
ing evidence demonstrates that ROS links to inflammation,
and, in particular, mitochondria-derived ROS could provoke
the upregulation of inflammatory cytokines (21), suggesting
the underlying mechanisms of the GLP-1 axis-mediated
amelioration of cardiac function could be explained at least
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two pathway by amelioration of cardiac mitochondrial re-
modeling by reducing cardiac ROS and inflammation as
presented in the present study (Fig. 7) and by ER stress
demonstrated by Noyan-Ashraf et al. (24).
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Fig. 7. Suggested mechanisms underlying the reversal effects of glucagon-like
peptide-1 receptor activation on cardiac remodeling induced by type 2 diabe-
tes. Overnutrition triggers dyslipidemia leading to abnormal lipid loading,
which results in cardiac steatosis and insulin resistance presumably via inflam-
mation and oxidative stress. Enhanced insulin resistance and lipotoxicity
induced by cardiac steatosis promote enhanced oxidative stress that destroys
mitochondrial integrity. Glucagon-like peptide-1 receptor activation counter-
acts these overnutrition-mediated dyslipidemia, cardiac steatosis, and cardiac
insulin resistance.
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We demonstrated that Ex-4 ameliorated systemic and car-
diac insulin resistance (Fig. 2). Of note, cardiac insulin resis-
tance links to ROS-mediated mitochondrial dysfunction (6).
The Ex-4-mediated mitigation of impaired cardiac insulin
signaling may also contribute to the reverse remodeling of
diabetic myocardium. In addition, it is noteworthy that Nox-4
is presumably responsible for the Ex-4-mediated reduction of
ROS (Fig. 6, C and D). It is noteworthy that Nox-4 is essential
to insulin signal propagation (17) and cardiac remodeling (16,
18). Interestingly, Nox-4 signaling links to ICAM-1, which is
an inflammatory mediator that also increases in T2DM (9) and
selectively decreased by Ex-4 (Fig. 5, G and H) (27), suggest-
ing that the essential effects of Ex-4 may be mediated by
ICAM-1/Nox-4 axis. Exclusively in DIO group, we found
concomitant increase in antioxidant molecules, namely SOD-1
and GPx (Fig. 6D). It remains ambiguous why Ex-4 had no
effect on the antioxidant molecules in KK heart, which could
be speculated because of the difference in genetic background,
suggesting some caution regarding choosing model(s) when
analyze the oxidative stress in T2DM.

M-CSF was found to be another Ex-4-sensitive cytokine in
the present study (Fig. 5, G and H). M-CSF is a lineage-
specific cytokine that promotes the survival, proliferation, and
differentiation of mononuclear phagocytes (30), and, of note,
its receptor increased collagen deposition within the myocar-
dial infarct area (38), suggesting the M-CSF pathway might
contribute to the generation in cardiac fibrosis that occurred in
diabetic myocardium (Fig. 3, C and D), which could be another
mechanism underlying the GLP-1R agonism-mediated reverse
remodeling in diabetic myocardium. Future evaluation is de-
sirable.

A study limitation of the present study is considered as
follows: we had no data regarding the molecular mechanism
how GLP-1 agonism may reverse cardiac steatosis. Excess
lipid accumulation to non-adipocyte cells arises in the setting
of dyslipidemia or lipid overload resulted from mismatch of
lipid supply and consumption (31). This pathological lipid
overload promotes lipotoxicity leading to pathological remod-
eling and dysfunction in local tissue. Indeed, the present study
(Fig. 5, A and B) and previous data (20) demonstrated that
GLP-1R activators mitigate dyslipidemia. When we consider
the case of hepatic steatosis, this excellent study has been
demonstrated that GLP-1 agonism markedly decreased hepatic
content of cholesterols and phospholipids, accompanied by
downregulation of hepatic lipogenesis-related genes and ApoB
synthesis (26). Furthermore, it is also considerable that Ex-4
may modulate “cardiac” peroxisome proliferator-activated re-
ceptor-y (PPAR-y) because Ex-4 increases hepatic PPAR-y
expression in rat (34). PPAR-y is primarily a regulator of lipid
storage and transport in adipocytes and macrophages, and it
elicits transdifferentiation of fibro- and myoblasts into adi-
pocytes (11), suggesting the Ex-4 may reverse cardiac steatosis
via modulating cardiac PPAR-vy axis. In addition to cardiomy-
ocyte, Goto et al. (8) recently demonstrated that capillary
endothelial PPAR-y in heart promotes fatty acid uptake by
heart in the postprandial state after long-term fasting. Taken
together, the role of GLP-1R/PPAR~y axis in cardiac steatosis
seems unignorable, and future study is awaited.

In summary, the present study comprehensively demon-
strated the advantage of therapeutic intervention for diabetic

'H303

myocardial remodeling by exploring the GLP-1 axis-mediated
molecular mechanisms.
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Sarcomere Gene Mutations Are Associated
With Increased Cardiovascular Events in
Left Ventricular Hypertrophy

Results From Multicenter Registration in Japan
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This study investigated the occurrence of cardiovascular events in patients with hypertensive heart disease (HHD) or
hypertrophic cardiomyopathy (HCM) with or without sarcomere gene mutations.

Objectives

Background Although HHD and HCM are associated with left ventricular hypertrophy (LVH), few data exist regarding the

difference in prognosis between them.

Methods We enrolled 256 patients with LVH (>13 mm) screened for sarcomere gene mutations. We divided them into 3
groups: the first had HHD without sarcomere gene mutations (group H), the second had sarcomere gene mutations
(group G), and the third had neither sarcomere gene mutations nor HHD (group NG). We compared the occurrence of

sudden cardiac death, ventricular tachycardia/fibrillation, admission for heart failure, and atrial fibrillation for 1 year.

Results Group G (n = 78, 36 men; mean age, 53.4 years) experienced more total cardiovascular events than group H

(n = 45, 32 men; mean age, 67.4 years) (p = 0.042) after adjustments for age and sex, although there was no

significant difference in total cardiovascular events between groups H and NG (n = 98, 66 men; mean age, 62.0
years). With Kaplan-Meier analysis, group G exhibited a significantly higher incidence of admission for heart failure

(p = 0.017) and atrial fibrillation (p = 0.045) than group H in those 50 years of age and older. Additionally, there

was a significant difference in total cardiovascular events between groups G and NG (p = 0.021).

Conclusions

These results demonstrate that HCM with sarcomere gene mutations can be associated with increased
cardiovascular events compared with HHD or HCM without sarcomere gene mutations.

(J Am Coll Cardiol HF

2013;1:459-66) © 2013 by the American College of Cardiology Foundation

Left ventricular hypertrophy (LVH) is an independent
predictor of the occurrence of cardiovascular events, even if
left ventricular function is not impaired (1-3). The major
causes of LVH include hypertrophic cardiomyopathy
(HCM) and hypertensive heart disease (HHD) (4).

HCM is a primary myocardial disease, mainly caused by
sarcomere gene mutations (5-9), that causes sudden cardiac
death in the young or heart failure in the middle aged
(3,10,11). Under these conditions, it is interesting to
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examine the differences in the prognosis of LVH between
HCM and HHD. Therefore, in this multicenter, prospective
trial, we investigated the difference in the occurrence of car-
diovascular events between LVH patients with HCM with
or without sarcomere gene mutations and with hypertension.
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Sarcomere Gene Mutations and Prognosis in LVH

Methods

Study population. The Ethics
Committee for Medical Research
at our institutions approved the
study protocol, and all patients
provided written informed con-
sent before participation. The
study population comprised pa-
tients with suspected LVH by
HHD = hypertensive heart routine clinical examinations at
disease 7 clinical institutions between
September 2008 and March
2010. The follow-up survey was
performed at the time of regis-
tration and after 1 year.

Clinical examinations. We
performed echocardiography in
all patients when the presence
of LVH was suspected by rou-
tine clinical examinations. When LVH was confirmed by
echocardiography, the patient was enrolled in this study. Plasma
B-type natriuretic peptide (BNP) levels were also measured.
The clinical diagnosis of HCM was based on the guidelines of
the American College of Cardiology Foundation/European
Society of Cardiology (12). The diagnosis of HHD was based
on a history of long-term hypertension (systolic blood pressure
[BP] >140 mm Hg and/or diastolic BP >90 mm Hg) and
the absence of other cardiac or systemic diseases.

All of the patients continued appropriate medical treat-
ment, such as beta-blockers, renin-angiotensin-aldosterone
system inhibitors, calcium antagonists, and antiarrhythmic
drugs. In addition, devices, such as a pacemaker and an

and Acrony'ms v

AF = atrial fibrillation

BNP = plasma B-type
natriuretic peptide

BP = blood pressure
ECG = electrocardiographic

HCM = hypertrophic
cardiomyopathy

iCD = implantable
cardioverter-defibrillator

LVH = left ventricular
hypertrophy

MR = mitral regurgitation
VF = ventricular fibrillation

VT = ventricular tachycardia
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implantable cardioverter-defibrillator, were also implanted if
needed.

Echocardiographic examinations. Standard techniques
were used for M-mode, 2-dimensional, and Doppler
measurements. The severity and distribution of LVH were
assessed by dividing the left ventricle into 5 regions: anterior,
posterior, septal, and lateral segments in the parasternal
short-axis view and the apical segment in the apical view.
Wall thickness in the parasternal short-axis view was
determined at the level of the mitral valve and the papillary
muscles in each of the 4 segments. Maximal left ventricular
wall thickness was defined as the greatest thickness within
the chamber. The definition of LVH was based on
a maximal left ventricular wall thickness >13 mm. Left
ventricular outflow obstruction at rest was identified by a
peak instantaneous left ventricular outflow tract pressure
gradient >30 mm Hg. Other echocardiographic parameters
were determined with methods recommended by the
American Society of Echocardiography (13).

Genetic screening tests. Mutational analyses were per-
formed using polymerase chain reaction and direct DNA
sequencing for mutations in all translated exons of the 9
most common sarcomeric HCM genes: MYBPC3-encoded
myosin binding protein C (MYBPC3), MYH7-encoded
myosin heavy chain (MYH7), MYL2- and MYL3-
encoded regulatory and essential myosin light chains (MYL2
and MYL3, respectively), TNNI3-encoded troponin I
(TINNI3), TNNT2-encoded cardiac troponin T (7NNT2),
TPM1-encoded-tropomyosin (7PM1), TTN-encoded titin
(T'TN), and ACTC-encoded cardiac actin (4CTCI).

Evaluation of cardiovascular events. We investigated
cardiovascular events such as sudden cardiac death,

[ 256 patients were registered in this study ]

y

r{ 16 patients were excluded due to insufficient data ]

[ 240 patients with available data at registration ]

[ HHD 47 patients ]

[ HCM:193 patiens |

Group G : 90 patients

Group NG : 103 patients

Group HH;; patients HCM with a sarcomere HCM without a sarcomere
gene mutation gene mutation
| | l
[ one year follow-up ]

")[ 2 patients were not followed ]

-){ 12 patients were not followed ]

')(5 patients were not fo]loweﬂ

followed

45 were completely
followed

)

78 were completely

followed

J |

98 were completely ]

[ Study Enroliment and Flow of Patients

HCM = hypertrophic cardiomyopathy; HHD = hypertensive heart disease.
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LEER Registration of Al Patients
] Ali Patients Group H All HCM Group G Group NG
Variable (N = 221) (n = 45) (n = 176) (n = 78) {n=98)
Clinical characteristics
Age, yrs 60.1 & 17.0 67.4 +13.4 582 + 17.4* 53.4 & 20.01 62.0 &+ 13.9%
Male 134 (60.6) 32 (71.4) 102 (58.0) 36 (46.2)1 66 (67.3)%
Blood pressure, mm Hg
Systolic 122.7 + 18.6 135.4 + 18.7 119.4 + 17.1% 114.8 + 16.9¢ 123.0 + 16.515
Diastolic 712 + 116 7614 + 135 70.0 + 10.8% 68.6 + 11.67 71.0 + 10.0
Mean 88.0 + 13.6 94.8 + 13.6 86.4 4+ 11.2* 84.0 + 11.9 88.3 + 10.315
Hypettension 61 (27.6) 45 (100.0) 16 (9.0)* 6 (7.7); 10 (10.2)
Chronic AF 34 (15.4) 4 (8.9) 30 (17.0) 8 (10.3) 22 (22.4);
IcD 25 (11.3) 1(2.2) 19 (10.8) 9 (11.5) 10 (10.2)
BNP, pg/mi 274.0 £ 356.5 161.9 + 2335 285.4 + 340.8% 288.0 + 428.3} 283.4 - 259.6}
Echocardiography
LAD, mm 442 + 7.7 451 + 6.4 44.0 + 8.0 43.0 + 8.6 448 + 75
VST, mm 16.0 £ 5.0 151 + 3.9 16.2 + 5.3 16.2 + 5.7 16.3 £ 4.9
PLVWT, mm 10.8 + 1.9 11.3 £ 1.6 10.6 + 1.9% 101 + 1.7¢ 111 + 2.0%
MLVWT, mm 176 £ 4.7 16.0 + 3.8 18.0 + 4.9 172 +£ 55 18.6 - 4.3}
LVEDD, mm 46.7 + 6.4 482 + 53 46.3 + 6.6% 46.2 + 7.01 46.4 + 6.4
LVESD, mm 293 + 74 301 + 5.0 29.0 £ 79 299 + 8.6 28.3 £ 7.4%
LVEF, % 65.7 +12.3 65.6 = 9.8 65.7 + 12.9 64.3 +13.9 66.8 & 12.0
LVOTPG >30 mm Hg 18 (8.1) 0 (0) 18 (10.2)* 5 (6.4) 43 (13.3)f
Presence of MR 169 (76.5) 25 (55.6) 144 (81.8)* 58 (74.4)1 86 (87.8)1%
Disease-causing gene
MYBPC3 34 (43.6)
TNNI3 23 (29.5)
MYH7 15 (19.2)
TNNT2 6 (7.7)
Medication at registration
Beta-blocker 101 (45.7) 20 (44.4) 81 (46.0) 31 (39.7) 50 (51.0)
Calcium antagonist 68 (30.8) 25 (55.6) 43 (24.4)* 20 (25.8)7 23 (23.5)}
RAAS inhibitor 91 (41.2) 27 (60.0) 64 (36.4)* 32 (41.0) 32 (32N}
Diuretic 48 (21.7) 12 (26.7) 36 (20.5) 19 (24.4) 17 (17.3)
Alpha-blocker 2 (0.9) 2 (4.4) 0 (0)* 0 (0) 0(0)
Vitamin K antagonist 50 (22.6) 10 (22.2) 40 (22.7) 11 (14.1) 29 (29.6)
Amiodarone 47 (7.7) 0 (0) 47 (9.7)* 9 (41.5)f 8(8.2)

Values are mean == SD or n (%). *p < 0.05, HHD vs. all HCM. 1p < 0.05, group H vs. group G. {p < 0.05, group H vs. group NG. §p < 0.05, group G vs.

group NG.

AF = atrial fibrillation; BNP = plasma B-type natriuretic peptide; ICD = implantable cardioverter-defibrillator; IVST = interventricular septum thickness;
LAD = left atrial dimenslon; LVEDD = left ventricular end-diastolic dimension; LVESD = left ventricular end-systolic dimension; LVEF = left ventricular

ejection fraction; LVOTPG = left ventricular outflow tract pressure gradient; MR = mitral r

n; MLVWT = | left ventricular wall thickness;

PLVWT = posterior left ricular wall thick ; RAAS = renin-angi

system. Group G = hypertrophic cardiomyopathy with sarcomere

gene mutations; Group H = hypertensive heart disease; Group NG = hypertrophic cardiomyopathy without sarcomere gene mutations.

ventricular tachycardia (VT)/ventricular fibrillation (VF),
admission for heart failure, and atrial fibrillation (AF) in all
of the patients through a direct interview and with electro-
cardiography performed in the outpatient clinic or a tele-
phone interview.

Documentation of AF was based on electrocardiographic
(ECG) recordings obtained during provisional or routine
medical examinations. Documentation of VI or VI was
based on the occurrence of sudden cardiac death, records of
VT/VF from an automated external defibrillator, or the use of
an implantable cardioverter-defibrillator on Holter or
continuous ECG monitoring. Nonsustained VT was defined
as a minimum of 3 consecutive ventricular beats with a rate of

>120 beats/min. The definition of admission caused by heart
failure was that hospitalization was needed because of
subjective or objective symptoms of heart failure.

Statistical analysis. Data are presented as the mean £ SD
for continuous variables. Variables between the 2 groups
were compared using the Mann-Whitney U test. Categor-
ical frequencies were compared using the Fisher exact test,
where appropriate. Survival estimates were calculated using
Cox proportional hazards regression analysis or the Kaplan-
Meier method, and their relationship was determined using
the log-rank test for trend. A p value <0.05 was considered
statistically significant. Data were analyzed using SPSS
Statistics version 19.0 (SPSS Inc., Chicago, Illinois).
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Figure 2

mutations. Cl = confidence interval.

(A) All hypertrophic cardiomyopathy (blue line) and group H (green line). (B) Groups G (blue line) and H {green line). (C) Groups NG (blue line) and H (green line). Group G =
hypertrophic cardiomyopathy with sarcomere gene mutations; Group H = hypertensive heart disease; Group NG = hypertrophic cardiomyopathy without sarcomere gene

Cox Proportional Hazards Regression Analysis

Results

Over a period of 3 years, a total of 256 patients with LVH
were enrolled. Sixteen patients were excluded because their
data were insufficient at registration. Of the remaining 240
patients, 47 patients received a diagnosis of HHD and 193
patients HCM. Moreover, of the 193 patients with a diag-
nosis of HCM, 90 with a sarcomere gene mutation were
registered in group G and 103 without a sarcomere gene
mutation were registered in group NG (Fig. 1). Unfortu-
nately, 2 patients in group H, 12 in group G, and 5 in group
NG were excluded from the analysis because they changed
their clinic after registration, interrupted their treatment,
decided not to attend the follow-up of their own volition, or
withdrew their consent. Therefore, no further information
was obtained for these lost patients. Finally, a follow-up
survey was completed in 45 patients in group H (32 men;
mean age, 67.4 years), 78 in group G (36 men; mean age,
53.4 years), and 98 in group NG (66 men; mean age,
62.0 years) (Fig. 1).

First, we examined the difference in the prognosis of
patients in group H and those with HCM (groups G and
NG). The baseline characteristics of the 45 group H and
176 HCM patients are shown in Table 1. There were
significant differences in age, BP, BNP levels, posterior wall
thickness, maximal wall thickness, left ventricular end-
diastolic dimension, left ventricular outflow tract pressure
gradient, and presence of mitral regurgitation (MR) between
both groups. It is important to note that, under these
conditions, the imbalances of several potential confounders

listed in Table 1 could mask differences between the groups
as well as cause spurious associations. Even after adjusting
for age and sex, there was no significant difference in total
cardiovascular events between both groups with Cox
proportional hazards regression analysis (hazard ratio: 1.023;
95% confidence interval: 0.994 to 1.053; p = 0.117)
(Fig. 2A).

Next, we compared groups G and NG with group H. The
bascline characteristics of groups G and NG are shown in
Table 1. There were significant differences in age, sex, BP,
BNP levels, posterior left ventricular wall thickness, left
ventricular end-diastolic dimension, and the presence of
MR between groups G and H, and significant differences in
age, BP, BNP levels, maximal left ventricular wall thick-
ness, left ventricular end-systolic dimension, left ventricular
outflow tract pressure gradient, and presence of MR
between groups NG and H. Six patients in group G and 10
in group NG also had high BP; however, these patients had
no cardiovascular events, suggesting that this may have no
impact on the present results. An ICD had been implan-
ted in 1 patient in group H, 9 in group G, and 10 in group
NG. Holter monitoring had been performed on 4 patients
in group H, 23 in group G, and 30 in group NG. Under
these conditions, for the identification of VI/VF, 6 patients
were confirmed by Holter monitoring and 1 by checking
their ICD, whereas 4 patients received shocks from an
automated external defibrillator or ICD.

In group G, we identified 34 MYBPC3 mutations, 23
TNNI3 mutations, 15 MYH7 mutations, and 6 TNNT2
mutations (Table 1). The sarcomere gene mutation sites are
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Clinical Characteristics, Echocardiographic Data, Disease-Causing Gene, and Medication
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All Patients Group G Group H
Variable (N = 86) (n = 45) (n=41)
Clinical characteristics
Age, yrs 69.0 £ 9.8 67.8 + 10.5 705 + 8.8
Male 53 (61.6) 24 (53.3) 29 (70.7)
Blood pressure, mm Hg
Systolic 127.6 £ 19.4 120.3 + 16.8 135.5 + 19.0%
Diastolic 723 £ 122 70.0 & 12,0 74.8 + 122
Mean 90.7 + 13.0 86.7 £11.9 95.0 + 12.9%
Hypertension 46 (53.5) 5(11.1) 41 (100.0)*
Chronic AF 11 (12.8) 7 (15.6) 4 (9.8)
ICD 6 (7.0) 5(11.1) 1(2.4)
BNP, pg/ml 213.8 + 2479 258.6 + 251.5 171.3 + 240.0*
Echocardiography
LAD, mm 463 + 6.5 476 £ 6.4 45.0 £ 6.3*
IVST, mm 155 + 4.6 15.8 + 5.2 154 £ 3.9
PLVWT, mm v 10.9 4 1.5 105 + 1.4 11.2 &+ 1.6%
MLVWT, mm 16.6 + 4.3 171 £ 4.8 16.4 + 3.8
LVEDD, mm 48.6 + 6.3 492 £ 7.2 47.9 + 5.2
LVESD, mm 318+ 74 33.3+9.0 30.2 + 4.6
LVEF, % 62.3 £+ 12.9 59.8 :+ 15.1 65.1 + 9.2
LVOTPG >30 mm Hg 3(3.5) 3 (6.7) 0 (0)
Presence of MR 61 (70.9) 38 (84.4) 23 (56.1)*
Disease-causing gene
MYBPC3 21 (46.7)
TNNI3 11 (24.4)
MYH7 9 (20.0)
TNNT2 4 (8.9)
Medication at registration
Beta-blocker 37 (43.0) 19 (42.2) 18 (43.9)
Calcium antagonist 35 (40.7) 13 (28.9) 22 (53.7)*
RAAS inhibitor 52 (60.5) 28 (62.2) 24 (58.5)
Diuretic 28 (32.6) 17 (37.8) 11 (26.8)
Alpha-blocker 2(2.3) 0(0) 2 (4.9)
Vitamin K antagonist 19 (22.1) 9 (20.0) 10 (24.4)
Amiodarone 6 (7.0} 6 (13.3) 0 (0)*

*Values are mean == SD or n (%). p < 0.05, group H vs. group G.
Abbreviations as in Table 1.

shown in Online Table 1. Most of these mutations have
been identified and described elsewhere (7,9,14-19). Some
novel mutations were presumed to be pathogenic by the
standard criteria of the absence of the mutation in large
numbers of normal controls, alteration of evolutionarily
conserved residues, and/or predicted impact on protein
structure. With respect to medication at registration, beta-
blockers and renin-angiotensin-aldosterone system inhibi-
tors were mainly used in these groups. Calcium antagonists
were used more frequently in group H than in groups G and
NG. Amiodarone was used in only 9 patients in group G
and 8 in group NG.

Interestingly, Cox proportional hazards regression anal-
ysis, which was performed after adjusting for age and sex,
demonstrated a significant difference in total cardiovascular
events between groups H and G (hazard ratio: 3.28; 95%
confidence interval: 1.042 to 10.322; p = 0.042) (Fig. 2B),
although there was no significant difference in total

cardiovascular events between groups H and NG (hazard
ratio: 1.227; 95% confidence interval: 0.351 to 4.292; p =
0.749) (Fig. 2C).

With respect to groups H and G, when both groups were
stratified in 10-year age groups and evaluated for the
occurrence of cardiovascular events, few events were
observed in patients younger than 50 years of age in both
groups. Accordingly, both groups were re-evaluated for the
occurrence of each cardiac event in a subgroup 50 years of
age and older. There were 45 patients in group G and 41 in
group H in this age group (Table 2). There were significant
differences in BP, BNP levels, left atrial dimensions,
posterior left ventricular wall thickness, and presence of
MR between both groups in this age range. The sarcomere
gene mutations sites of these patients in group G are shown
in Online Table 2. Under these conditions, group G had
significantly more admissions for heart failure (p = 0.017)
and more AF (p = 0.045) than group H, although there was
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no significant difference in VI/VF (p = 0.797) between
both groups (Fig. 3).

It is interesting to examine the relationship between
disease-causing mutations and cardiovascular events. There
were mutations in TNNVI3 in 2 patients, in MYBPC3 in 2,
in TNNT2 in 1, and in MYH7 in 1 of those admitted for
heart failure, and there were mutations in 7NNI3 in 1
patient, in MYBPC3 in 1, in TNNT2 in 1, and in MYH7
in 1 of those with AF. There was no significant relation-
ship between the kind of disease-causing gene and the
occurrence of cardiovascular events in this cohort. Addi-
tionally, when we divided group G according to the presence
or absence of an MYBPC3 mutation because of the high
prevalence of MYBPC3 in the present study, there was no
significant difference in cardiovascular events between the
subgroups.

It is intriguing to compare the occurrence of cardiovas-
cular events between groups G and NG. Cox proportional
hazards regression analysis, adjusting for age and sex,
demonstrated a significant difference in total cardiovascu-
lar events between groups G and NG (hazard ratio: 3.031;
95% confidence interval: 1.183 to 7.764; p = 0.021) (Online
Fig. 1). Also, there was a significant difference in AF (p =
0.036) between groups G and NG, although there was no
significant difference in admission for heart failure (p =
0.172) and VT/VF (p = 0.288) between groups G and NG.

Discussion

The present study demonstrates that there are significantly
more total cardiovascular events in 1 year in group G than

in groups H and NG after adjusting for age and sex,
although there was no significant difference in cardiovas-
cular events between group H and group G with NG or
between groups H and NG. This suggests that sarcomere
gene mutations are associated with increased cardiovascular
events in LVH, although HCM without sarcomere gene
mutations did not increase the risk compared with HHD
after 1 year. These results are consistent with previous
reports in which HCM with a sarcomere gene mutation
had an increased frequency of cardiovascular events over
time (9,20-22).

In the subgroup 50 years of age and older, there was
a higher occurrence of admission for heart failure and AF
in group G than in group H. There was no admission for
heart failure in group H, although BP was significantly
higher in this group, even with the use of antihypertensive
drugs. This suggests that if the target BP is achieved with
antihypertensive treatment, the development of heart
failure can be inhibited, thereby improving the survival rate
of patients with HHD (1,23-25). Conversely, HCM with
sarcomere gene mutation is a progressive disease; indeed,
Ho et al. (26) demonstrated the early occurrence of
myocardial fibrosis in HCM patients with sarcomere gene
mutations. The initial medical therapy for HCM is
negative inotropic agents, such as beta-blockers, verapamil,
and disopyramide (12,27-29), as was also observed in the
present study. However, these agents have not been shown
to suppress or induce the regression of cardiac hypertrophy
or myocardial fibrosis. Moreover, BNP levels were
significantly higher in group G than in group H, although
the left ventricular ejection fraction was not significantly

Downloaded From: http://heartfailure.onlinejacc.org/ by Masakazu Yamagishi on 03/18/2014

—165—



JACC: Heart Failure Vol. 4, No. 6, 2013
December 2013:459-66

different between both groups. This suggests that left
ventricular diastolic function was more highly impaired in
group G than in group H. In groups G and NG, there were no
significant differences in BNP levels and left ventricular
ejection fraction. This may explain why there was no signi-
ficant difference in admission for heart failure between
groups G and NG in the present study.

It is important to note the impact of amiodarone on the

occurrence of arrhythmias. With regard to AF, only 1 of 6
patients 50 years of age and older in group G taking
amiodarone had AF. Therefore, amiodarone had little
effect. The higher prevalence of MR and larger atrial
dimensions in patients 50 years of age and older in group
G than in group H might contribute to the higher
occurrence of AF in group G, as described in a previous
report (30).
Study limitations. First, the ratio of sarcomere gene
mutations in this study was somewhat different from that
generally reported, despite the multicenter nature of the
present study (5,31). This mutation bias might affect the
frequency of cardiovascular events. However, this bias
could have little impact on the present results because
there was no significant difference in the occurrence of
cardiovascular events among the different sarcomere gene
mutation carriers in the present cohort. Second, some cases
of nonsustained VT could have been missed because
Holter or continuous ECG monitoring was not performed
in all patients. However, this disadvantage could be
minimized by careful interview regarding the occurrence of
arrhythmias. Third, there is no standard protocol for the
use of therapeutic medicines, and each doctor’s judgment
was entrusted. However, they administered the therapeutic
medications according to major guidelines (12,32,33).
Actually, there was no major difference in the medications
used among the participating facilities. Finally, LVH
progresses slowly, and a long-term follow-up study is
required. However, there was a significant difference in
cardiovascular events even after a 1 year follow-up, sug-
gesting the clinical significance of gene mutations in LVH
patients.

Conclusions

~ The present study demonstrates that HCIM with sarcomere
gene mutations can be associated with increased cardiovas-
cular events compared with HHD and HCM without
sarcomere gene mutations. We suggest that the elucidation
of the cause of LVH, particularly the identification of
sarcomere gene mutations, is important for the determina-
tion of the prognosis in LVH patients.
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Abstract

Background: Heart failure is associated with changes in cardiac energy metabolism. Glucose metabolism in particular is
thought to be important in the pathogenesis of heart failure. We examined the effects of persistent overexpression of
phosphoglycerate mutase 2 (Pgam2), a glycolytic enzyme, on cardiac energy metabolism and function.

Methods and Results: Transgenic mice constitutively overexpressing Pgam2 in a heart-specific manner were generated,
and cardiac energy metabolism and function were analyzed. Cardiac function at rest was normal. The uptake of analogs of
glucose or fatty acids and the phosphocreatine/BATP ratio at rest were normal. A comprehensive metabolomic analysis
revealed an increase in the levels of a few metabolites immediately upstream and downstream of Pgam2 in the glycolytic
pathway, whereas the levels of metabolites in the initial few steps of glycolysis and lactate remained unchanged. The levels
of metabolites in the tricarboxylic acid (TCA) cycle were altered. The capacity for respiration by isolated mitochondria in vitro
was decreased, and that for the generation of reactive oxygen species (ROS) in vitro was increased. Impaired cardiac
function was observed in response to dobutamine. Mice developed systolic dysfunction upon pressure overload.

Conclusions: Constitutive overexpression of Pgam2 modified energy metabolism and reduced stress resistance of heart in
mice.
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Introduction utilization, which is likely to increase glucose metabolism, has

. ) . . ) been shown to ameliorate cardiac dysfunction in patients with

Heart failure is becoming a serious health care Problem. Itisa heart failure [4]. A previous study showed that a B-adrenergic

typical age-related disease, and the number of patients with heart receptor blocker shifted substrate utilization from fatty acids to
failure continues to increase [1]. Moreover, it is the most frequent glucose [5].

cause of rehospitalization in all cases of disease [2]. However, even How substrate utilization is altered in patients with heart failure

with the best treatment, the annual rate of mortality from heart remains controversial. Previous studies reported that fatty acid
failure is st_i]l as high as 10%. Tllus, t‘he development of new utilization in patients with heart failure was increased [6,7] or
treatments is a mgjor cha.llenge.m C?rd“’log}’ [ The develop— decreased [8]. Glucose utilization in patients with heart failure has
ment and progression Of hea}-t failure is assaciated with cha.nges m been reported to increase [8,9] as well as decrease [6,7]. Fatty acid
cardiac energy metabo!ism, mclgding altered substrate gﬁhzation, utilization was shown to be unchanged [10] or decreased [11] in
abnormal mltochond{‘lal function, and a decrease in energy animal models of heart failure, while glucose utilization increased
transfer due to creatine shuttle dysfunction [3]. Among these in animals with cardiac hypertrophy [12] or heart failure [11]. We

change§ ’ modulatmg substrate ut?hza'tlog 2ppears to be a reported previously that the uptake of an analog of fatty acids was
promising therapeutic target. Partial inhibition of fatty acid
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decreased and that of glucose was increased in a rat model of heart
failure {13].

Cardiac-specific overexpression of glucose transporter 1
(GLUT1) was shown to result in increased glucose uptake,
glycolysis, and decreased fatty acid oxidation, and also prevents
systolic dysfunction and left ventricular dilatation in mice
subjected to pressure overload induced by ascending aortic
constriction [14]. Pyruvate dehydrogenase kinase (PDK) inacti-
vates pyruvate dehydrogenase, the rate-limiting enzyme of
glycolysis. Cardiac-specific overexpression of pyruvate dehydroge-
nase kinase 4 (PDK4) in transgenic mice has been shown to
decrease glucose oxidation and increase fatty acid catabolism, and
predispose animals to heart failure [15]. The potential advantage
to Increasing glucose utilization is that utilizing glucose as an
energy source stoichiometrically requires less oxygen than that of
fatty acids to produce the same amount of adenosine triphosphate
(ATP) [16].

The phosphoglycerate mutase (Pgam) protein is an important
enzyme in the glycolytic pathway and catalyzes the transfer of
phosphate groups from 3-phosphoglycerate to 2-phosphoglycer-
ate. This enzyme functions as a dimer and has been highly
conserved throughout evolution. Mammals express two isoforms,
one of which is brain-specific (Pgam1) while the other is muscle-
specific (Pgam?2) [17]. The overexpression of Pgam2 using a
retroviral vector in primary mouse embryonic fibroblasts (MEFs)
was shown to enhance glycolysis [18]. In humans, a deficiency in
phosphoglycerate mutase caused glycogen storage disease type X,
characterized by exercise intolerance and cramps [19]. Tissue
Pgaml protein levels were increased and associated with poor
clinical outcome in patients with lung cancer [20]. Moreover,
inhibiting the Pgaml protein was shown to attenuate tumor
growth [21]. A small-molecule inhibitor of the Pgam1 protein has
been developed [22].

Heart tissue has the second highest level of Pgam activity, next
to skeletal muscle [23]. Pgam?2 protein expression increased
approximately 5-fold in a canine model of tachycardia-induced
heart failure [24]. These results indicate that Pgam?2 may be
involved in the development of heart failure. To examine the role
of Pgam?2 in the heart, we generated transgenic mice constitutively
overexpressing Pgam?2 in a heart-specific manner and analyzed
cardiac energy metabolism and function.

Materials and Methods

1. Animals.

Transgenic lines overexpressing murine Pgam?2 in a heart-
specific manner were generated on a C57BL/6] (C57BL6)
background using the murine o-myosin heavy chain (0-MHC)
promoter [25], and were designated Pgam2 mice. The expression
of the o-MHC promoter markedly increases several days after
birth and remains high throughout the lifetime of these mice [26].
Transgenic mice and non-transgenic (NTg) littermates as controls
were maintained on a 12-h light/dark cycle, fed a normal
laboratory diet ad Gbitum, sacrificed by decapitation under ether
anesthesia at 3 months of age, and analyzed. Hearts were resected
immediately, washed in cold phosphate-buffered saline (PBS),
divided into 3 parts, snap-frozen in liquid nitrogen, and stored at -
80°C. Ventricular tissues were used for western blotting,
enzymatic activity assays, metabolomic analysis, measuring
mitochondrial oxygen consumption and hydrogen peroxide
(H,0O,) generation, and histological analysis. This investigation
conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996). All animal care, experi-
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ments, and methods were approved by the Animal Care and Use
Committees of Kyoto University Graduate School of Medicine.

2. Western blotting.

Total protein was extracted from frozen hearts, resolved,
electrophoresed, and electrotransferred to a nitrocellulose mem-
brane as described previously [27]. The antibodies used for
western blotting were those against Pgaml (1:1000, Abcam,
Cambridge, UK; Ab2220), Myc (9E10) (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA; sc-40), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (1:2000; Chemicon Inter-
national, Temecula, CA, USA; 6C5).

3. Measuring Pgam and phosphofructokinase (PFK)
activity.

The assay of phosphoglycerate mutase activity, measured via
activity-based nicotinamide adenine dinucleotide (NADH)-con-
suming spectrophotometry, was performed as described [18].
Fifteen pg of tissue lysate was incubated with NADH (0.2 mmol/
L; Sigma, St. Louis, MO, USA; N7410), adenosine diphosphate
(ADP) (1.5 mmol/L, Sigma, A4386), 2,3-diphosphoglycerate
(10 umol/L, Sigma, D9134), lactate dehydrogenase (200 milli-
units, Sigma, L1254), pyruvate kinase (170 milliunits, Sigma,
P7768), and enolase (35 milliunits, Sigma, E0379) at 37°C for 10
minutes for the Pgam assay. The reaction was started by adding 3-
phosphoglyceric acid (3-PGA) (1 mmol/L final concentration,
Sigma, P8877) as a substrate to the assay mixture. The reduced
form (NADH) and not the oxidized form (NAD®) absorbs
ultraviolet rays at 340 nm, and absorbance at 340 nm was
previously shown to be proportional to the concentration of
NADH; therefore, we monitored the decrease in absorbance of the
above reaction mixture at 340 nm under incubation at 37°C: over
a time period of 12 minutes in a Spectra max M2° plate reader
(Molecular Devices, Menlo Park, CA, USA). Phosphofructokinase
(PFK) activity was measured using the Phosphofructokinase-
Activity Colorimetric Assay Kit (BioVision, Milpitas, CA, USA;
K776-100), according to the manufacturer’s instructions. Briefly,
PFK converts fructose-6-phosphate (F6P) and ATP to fructose-
diphosphate and ADP. ADP is then converted to adenosine
monophosphate (AMP) and NADH in the presence of the
substrate and enzyme mix. NADH reduces a colorless probe to
a colored product that exhibits strong absorbance at 450 nm. We
measured absorbance at 450 nm to analyze the amount of NADH
produced, which reflected PFK activity levels.

4. Cardiac echocardiography.

Cardiac echocardiography was performed as described previ-
ously, using an intraperitoneal injection of 2-2-2 tribromoethanol
(240 mg/kg, Wako Pure Chemical, Kyoto, Japan) as an anesthetic
[27,28].

5. Myocardial uptake of glucose and fatty acids.

Myocardial uptake of glucose and fatty acids was analyzed using
the analogs '*F-fluorodeoxyglucose (‘*FDG) and '*I-labeled 15-
(p-iodophenyl)-9-R,S-methylpentadecanoic acid (‘*°I-9MPA), re-
spectively, as previously described [13]. The amount of radioiso-
tope incorporated was presented as a standard uptake value
(SUV). SUV: tissue concentration (MBq/g)/(injected dose (MBq)/
body weight (g)).

6. In situ *'P magnetic resonance spectroscopy (MRS).

Myocardial energy reserve was measured by i sii *' P magnetic
resonance spectroscopy (MRS) using a Bruker Biospec 70/20 USR
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system (Bruker Biospin, Ettlingen, Germany) with a 20-mm-
diameter "H/*'P surface coil as described [29]. Isoflurane (2%)
was used for anesthesia. The phosphocreatine (PCr)/BATP ratio
was calculated by dividing PCr resonance by that of B-ATP and
was used as an index of cardiac energy reserve.

7. Metabolomic Analysis of Pgam2 mice.

The ventricular heart tissue of Pgam?2 mice and their NTg
littermates at 3 months of age (n =5 in each group) was subjected
to metabolomic analysis as described [13]. Capillary electropho-
resis time-of-flight mass spectrometry (CE-TOFMS) was used for
metabolomic analysis [30]. We measured the levels of metabolites
in glycolysis and the tricarboxylic acid (TCA) cycle, and amino
acids and their derivatives.

8. Quantitative real-time polymerase chain reaction
(PCR).

Preparing RNA and quantitative real-time PCR were per-
formed as described previously [28]. The level of each mRINA was
normalized with 18S ribosomal mRINA as an endogenous control.
The genes and primer sequences analyzed are listed in Table S1.

9. Measurement of oxygen consumption using isolated
mitochondria. '

Mitochondria were isolated from the heart as described
previously [31]. Mitochondria obtained by this method were
likely to be in the subsarcolemmal fraction [31]. Oxygen
consumption by isolated mitochondria was measured using a
Clark oxygen electrode cuvette (Yellow Springs Instruments,
Yellow Springs, OH, USA), as described [32]. Briefly, substrates
and inhibitors corresponding to individual segments of the electron
transport pathway were added in turn to samples in the oxygen

- electrodes in the following final concentrations (5 mM malate +
5 mM pyruvate, 100 nM rotenone, 5 mM succinate, 1 mM
adenosine  diphosphate, 50 nM antimycin A, 04 mM
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) + 1 mM
ascorbate, and 5 mM potassium cyanide).

10. Measuring mitochondrial H,O, generation using
isolated mitochondria.

Mitochondria were isolated using a Qproteome Mitochondria
Isolation Kit (Qiagen, Valencia, CA, USA), and mitochondrial
H,0, release was measured in the presence of horseradish
peroxidase using an Amplex Red Hydrogen Peroxide/Peroxidase
Assay kit (Molecular Probes, Carlsbad, CA, USA) as described
[32]. The substrates used were 2.5 mM malate + 2.5 mM
pyruvate or 5 mM succinate. Measurements were performed with
96-well plates under incubation at 37°C. Fluorometric measure-
ments were performed with excitation at 544 nm and emission at
590 nm.

11. Transmission electron microscopy.

Cardiac tissue from the left ventricle was quickly cut into 1 mm
cubes, immersion-fixed with 2.5% glutaraldehyde in 0.1 mol/L
phosphate buffer (pH 7.4) overnight at 4°C, and fixed in 1%
buffered osmium tetroxide. Specimens were subsequently dehy-
drated through a graded ethanol series and embedded in epoxy
resin. Ultrathin slices (90 nm) were double-stained with uranyl
acetate and lead citrate, and observed under an electron
microscope (H-800, Hitachi, Tokyo, Japan). Morphometrical
analyses were performed as described [33].
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12. Measuring thiobarbituric acid reactive substrates
(TBARS).

TBARS levels in left ventricular tissue were measured according
to the manufacturer’s instructions (Alexis Biochemicals, Lausen,
Switzerland).

13. Cardiac hemodynamics in vivo assessed by cardiac
catheterization under dobutamine infusion.

Left ventricular functional reserve was analyzed by cardiac
catheterization under dobutamine infusion as reported previously.
Isoflurane (2%) was used for anesthesia [28]. LV pressure signals
of 10 to 20 beats were averaged and analyzed with PowerLab
software (Chart 5, AD Instruments, Dunedin, New Zealand).

14. Surgical procedures for transverse aortic constriction
(TAQ).

Transverse aortic constriction (TAC) or a sham operation was
performed on 12-week-old male NTg and Pgam2 mice as
described previously [34]. Briefly, a 7-0 silk string ligature was
tied around a 26-gauge needle and the needle was then removed
to constrict the transverse aorta. Mice were sacrificed and
analyzed 14 days after aortic constriction.

15. Measuring myocardial fibrosis.

Hearts were fixed in 4% paraformaldehyde (PFA), embedded in
paraffin, and sectioned (10 um) for histological evaluation. Sirius
Red staining was performed and images were captured and
digitized using an image analyzing light microscopy system
(KEYENCE BioZero BZ-8000). To quantify the area of myocar-
dial interstitial fibrosis, the red pixel content of the digitized photos
was measured relative to the total tissue area using Adobe
Photoshop 7.0.1 software (Adobe Systems, San Jose, CA, USA).

16. Statistical analysis.

Values are expressed as the mean = SEM for each experimen-
tal group. ANOVA was used for comparisons between multiple
groups. The Student’s ¢ test was used for comparisons between 2
groups. In all tests, a value of p<<0.05 was considered significant.

Results

1. Generation of transgenic mice constitutively
overexpressing Pgam2 in the heart.

Transgenic mice overexpressing murine Pgam2 in a heart-
specific manner were generated using the a-MHC promoter on a
C57BL6 background. Five independently derived founders were
produced from 43 screened mice. The progenies of 4 of the 5
founders expressed the transgene product as determined by PCR.
The progeny of 3 of the 4 founders expressed the transgene
product as determined by western blot analysis. The Pgaml
antibody detected both mouse PGAM1 and PGAM2 at a similar
sensitivity (Figure S1). Migration of the transgene product, the
Pgam?2 protein with a Myc-tag, was slower than that of the
endogenous Pgam protein on a sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) gel (Figure 1A). Two of the
3 lines of Pgam2 mice (line 22 (L22) and line 38 (L38)) expressed
different total Pgam protein levels in the heart (9.7-fold and 12.6-
fold, in which measurements included endogenous Pgam relative
to levels in non-transgenic (NTg) mice, respectively). To confirm
the accentuation of phosphoglycerate mutase enzymatic activity in
Pgam2-transgenic mice, the half-time of absorbance at 340 nm to
the completion of the reaction, which represented the amount of
NADH consumed, was calculated in Pgam?2 (I.38) mice. The half-
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time of NADH was 53% shorter in Pgam2 (L38) mice than in NTg
mice (*p<<0.05 versus NTg; n=4 each; Figure 1B). First, we
analyzed 122 and L38. Both transgenic lines survived normally
over a follow-up period of 1 year. Both lines showed normal
cardiac function, determined by echocardiography at rest
(Table 1), and normal heart weights (Table 2). Thereafter, Pgam2
(L38), which showed the highest expression levels of the Pgam
protein, was subjected to further analysis, and was designated as
Pgam2 mice unless otherwise specified.

2. Myocardial uptake of "®FDG or '**I-<9MPA was normal
in Pgam2 mice.

To examine changes in substrate utilization in Pgam2 hearts, we
examined the myocardial uptake of glucose and fatty acids using
their analogs '®FDG and '*1-9MPA, respectively. The uptake of
"¥FDG and '**I-9MPA in Pgam2 mice was similar to that in NTg
control mice (Figure 2A, Table 52).

Overexpression of Pgam2 Perturbs Heart Metabolism

3. Myocardial energy reserve assessed by in situ 3'P
magnetic resonance spectroscopy (MRS) was normal in
Pgam?2 mice.

The energy reserve of the heart was analyzed by measuring
high-energy phosphates using in sitz °'P magnetic resonance
spectroscopy (MRS) [3]. The phosphocreatine (PCr)/BATP ratio,
identified as a marker of myocardial energy reserve, was reported
to be a prognostic indicator of heart failure [35]. The mean
cardiac PCr/BATP ratio of NTg mice at rest was 2.0, which was
consistent with a previous report [36]. The mean cardiac PCr/
BATP ratio of Pgam?2 mice at rest was not different from that of
NTg mice (Figure 2B).

4. Metabolomic profile of Pgam2 mice.

To examine the effect of the persistent overexpression of Pgam?2
on myocardial energy metabolism, we performed a comprehensive
metabolomic analysis. The results of the quantification of
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Figure 1. Generation of transgenic mice overexpressing Pgam2 in a heart-specific manner. (A) Transgenic mice overexpressing Pgam2 in
a heart-specific manner were generated using the o-MHC promoter on a C57/BL6 background. The Pgam1 antibody (Abcam; Ab2220) detected both
mouse PGAM1 and PGAM2 at similar sensitivities (Figure $1). Migration of the transgene product, the Pgam2 protein with a Myc-tag, was slower than
that of the endogenous Pgam protein on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel. Two of the 3 lines of Pgam2
mice (line 22 (L22) and line 38 (L38)) expressed different total Pgam protein levels in the heart (9.7-fold and 12.6-fold, when measurements included
endogenous Pgam relative to levels in non-transgenic (NTg) mice, respectively). (B) The enzymatic activity of phosphoglycerate mutase was analyzed
via an NADH-consuming spectrophotometric assay. The vertical axis indicated differences in optical density (0.D.) at 340 nm from the value of the
negative control without heart tissue lysate. The half-time of AO.D. at 340 nm was 53% lower in Pgam2 mice than in NTg mice (n=4 for each group).
doi:10.1371/journal.pone.0072173.g001
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Table 1. Echocardiographic analysis of Pgam2 mice.

Overexpression of Pgam2 Perturbs Heart Metabolism

NTg Pgam2 (L22) Pgam2 (L38)

(n=10) (n=10) (n=10)
Heart rate (bpm) 545 + 13 533 * 14 541 * 9
LV diastolic diameter (mm) 362 * 005 3.89 0.04 344 + 004
LV systolic diameter (mm) 195 + 005 221 +* 002 200 + 007
Fractional shortening (96) 447 * 07 432 + 29 41.9 + 19
Posterior wall thickness (mm) 067 * 006 0.53 * 001 067 +* 007

doi:10.1371/journal.pone.0072173.t001

metabolites related to glycolysis and the TCA cycle, and amino
acids and their derivatives, are listed in Table S3. Pgam?2
overexpression significantly changed the metabolome of heart
tissue (Figure 3 and Table S3). First, the levels of metabolites just
upstream and downstreamn of Pgam were significantly changed,
with 3-phosphoglycerate (3PG), 2-phosphoglycerate (2PG), and
phosphoenolpyruvate (PEP) levels increasing, and 2,3-diphospho-
glycerate (2,3-DPG) level decreasing. The levels of metabolites in
the initial steps of the glycolytic pathway, such as glucose-6-
phosphate (G6P), fructose-6-phosphate (F6P), and fructose-1,6-
bisphosphate (F1,6BP), remained unchanged. Lactate, an end
product of the glycolytic pathway, also did not change. Second,
Pgam? overexpression altered the levels of metabolites in the TCA
cycle. The levels of metabolites in the first half of the TCA cycle
were slightly higher, whereas acetyl-CoA and cis-aconitate were
significantly higher. The levels of metabolites in the latter half of
the cycle were slightly lower, whereas fumarate was significantly
lower. Third, the levels of several amino acids and their derivatives
were changed. For example, serine, betaine, the reduced-form
glutathione (GSH), and aspartate decreased, while histidine,
carnosine, and anserine increased.

5. Overexpression of Pgam2 suppressed the expression
of genes related to glycolysis, and inhibited
phosphofructokinase activity.

The overexpression of Pgam2 did not change the uptake of the
glucose analogs, G6P and lactate, which indicated that the
glycolytic flux may not be increased. Thus, we hypothesized that
the persistent overexpression of Pgam2 may modify other enzymes
in the glycolytic pathway. First, we examined the effect of Pgam?2
overexpression on the gene expression of other rate-limiting
glycolytic enzymes by quantitative real-time PCR. The gene
expression levels of hexokinase 2, phosphofructokinase 1 (Pfkl), 6-

Table 2. Pathological analysis of Pgam2 mice.

Values are expressed as the mean * SEM. NTg: non-transgenic mice; Pgam2: phosphoglycerate mutase 2 transgenic mice; bpm: beats per minute; LV: left ventricular.

phosphofructo-2-kinase/fructose-2,6-biphosphatase 1 (Ptkfbl),
and  6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2
(Pkfb?2), the rate-limiting enzymes in glycolysis, were decreased
(Figure 4A). The gene expression levels of hypoxia-inducible factor
1 o subunit (Hif-lo), a key transcription factor and positively
regulates glycolytic enzymes [37], were decreased in Pgam2 mice.
Since the increase in 3-phosphoglycerate, 2-phosphoglycerate, or
phosphoenolpyruvate each resulted in the inhibition of phospho-
fructokinase [38], we measured the enzymatic activity of
phosphofructokinase (PFK) using heart tissue lysates. The activity
of PFK was significantly decreased in Pgam2 mice (Figure 4B).
Thus, Pgam?2 overexpression decreased the expression of genes
related to glycolysis and PFK activity.

6. Overexpression of Pgam2 decreased the capacity for
respiration and increased that for the generation of
reactive oxygen species in vitro.

Since the levels of metabolites in the TCA cycle were changed
and the function of the TCA cycle is closely linked to that of
mitochondria, we examined the capacity for respiration and
generation of reactive oxygen species (ROS) in mitochondria
isolated from heart tissue. Oxygen consumption by isolated
mitochondria measured i vitro was lower in Pgam2 mice
(Figure 5A). The amount of HyO, generated from isolated
mitochondria measured i sitro was increased (Figure 5B). Thus,
the regulation of respiration and ROS generation in mitochondria
were impaired in Pgam? mice.

7. Overexpression of Pgam2 suppressed the expression

of genes related to mitochondria.
Since respiration and ROS generation were altered in isolated
mitochondria, we quantified the expression of genes related to

NTg Pgam2 (L22) Pgam2 (L38)

(n=10) (n=10) (n=10)
Body weight (BW, g) 25.2 + 06 256 = 08 244 + 04
Heart weight (HW, mg) 1236 + 34 121.3 * 29 1154 + 25
HW/BW (mg/g) 5.03 i 0.06 4.89 * 0.06 4.79 * 0.07
Lung weight (LW, mg) 151.2 * 28 150.7 * 25 154.0 * 3.8
LW/BW (mg/g) 6.22 = on 587 = 009 6.29 £ om

doi:10.1371/journal.pone.0072173.t002
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Figure 2. Myocardial substrate uptake and myocardial energy reserve were normal in Pgam2 mice. (A) Myocardial uptake of '*F-
deoxyglucose ('®FDG) and '2I-15-(p-iodophenyl)-9-R, S-methylpentadecanoic acid ('**-9MPA) did not differ from that in NTg mice (n=13 for NTg and
n=18 for Pgam2 mice). SUV: standard uptake value. SUV =tissue concentration (MBq/g)/(injected dose (MBq)/body weight (g)). (B) Cardiac energy

reserve was analyzed by measuring cardiac high-energy phosphates with in
(MR) imaging was used to define the region of interest to measure the 3'P

situ *'P magnetic resonance spectroscopy (MRS). 'H magnetic resonance
MR spectrum of the anterior wall of the left ventricle (lower left panel).

Representative in situ cardiac >'P MR spectra from NTg and Pgam2 mice are shown (upper panel). ppm: parts per million. The cardiac
phosphocreatine (PCr)/BATP ratio of Pgam2 mice at rest did not differ from that of NTg mice (NTg: n=10; Pgam2 mice: n=9; lower right panel).

doi:10.1371/journal.pone.0072173.g002

mitochondrial function. Peroxisome proliferator-activated recep-
tor y coactivator l-o (PGC-loa) is a master regulator of
mitochondrial function and biogenesis, and regulates the expres-
sion of peroxisome proliferator-activated receptor o (PPAR®) and
PPARS, estrogen-related receptor oo (ERR0), nuclear respiratory
factor-1 (NRF-1), and mitochondrial transcription factor A (Tfam).
The gene expression levels of PPARa decreased, accompanied by
a decrease in enzymes involved in fatty acid metabolism, such as
carnitine palmitoyltransferase-1b (CPT-1b) and isocitrate dehy-
drogenase (IDH30) (Figure 6A, 6B). The gene expression levels of
ERRa, PPARS, and Tfam also decreased (Figure 6A). The gene
expression levels of enzymes in the TCA cycle, such -as
oxoglutarate dehydrogenase (OgDh) and succinyl-CoA synthetase
(SCS), were decreased (Figure 6C), and this decrease may explain
the accumulation of TCA cycle metabolites, such as acetyl-CoA
and cis-aconitate. The expression levels of genes in the mitochon-
drial respiratory chain, such as mitochondrially encoded NADH
dehydrogenase 4 (ND4), alpha-subcomplex 9 of complex I (¢1-89),
succinate dehydrogenase b (SDHB), iron-sulfur protein (Fe-S),
cytochrome b (Cyt-b), cytochrome ¢ (Cyt-c), and mitochondrial
cytochrome ¢ oxidase subunit VIla 1 (Cox7al), were decreased.
The gene expression levels of uncoupling protein (UCP) 2, UCP3,
and manganese superoxide dismutase (MnSOD) were also
decreased (Figure 6D).

8. Mitochondrial morphology and a marker of ROS in vivo
were normal in Pgam2 mice.

A light microscopic examination revealed that no cardiomyo-
pathic changes, such as necrosis or fibrosis, were observed in

PLOS ONE | www.plosone.org

Pgam2 mice (data not shown). Electron-microscopic analysis
showed no apparent abnormalities. The size and number of
mitochondria did not differ between Pgam2 (H) mice and their
NTg littermates. Neither the degeneration nor collapse of
mitochondria was observed (Figure S2A). We then measured
TBARS levels, a marker of lipid peroxidation, in heart tissue.
TBARS levels were normal in the heart tissue of Pgam2 mice
(Figure S2B), which indicated that ROS generation was not
increased in viwo at the baseline.

9. Cardiac function in response to dobutamine was
impaired in Pgam2 mice.

As described, cardiac function at rest as assessed by echocar-
diography was normal in Pgam2 mice. However, the expression
levels of genes related to mitochondrial function were decreased
and the capacity of mitochondrial function assessed i vitro was
perturbed in Pgam?2 mice. Since the decrease in gene expression
levels related to mitochondrial function was previously shown to
be associated with the decrease in contractile reserve under
dobutamine infusion [39], we assessed cardiac function using
cardiac catheterization under graded doses of dobutamine
infusion. The change in maximum dP/dt, a marker of cardiac

systolic function, in response to dobutamine was blunted in Pgam2
mice (Figure 7A, 7B).

10. Pgam2 mice developed systolic dysfunction and

myocardial fibrosis in response to pressure overload.
To further examine the cardiac function of Pgam?2 mice under

stress conditions, we examined the effect of Pgam2 overexpression
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Figure 3. Metabolomic analysis revealed an alteration in the intermediates of glycolysis, the TCA cycle, and amino acids.
Comprehensive metabolomic analysis revealed that levels of the upstream metabolites of phosphoglycerate mutase remained unchanged, while
levels of the downstream metabolites, such as 2-phosphoglycerate and phosphoenolpyruvate, were increased. Lactate, the final metabolite of
glycolysis, also remained unchanged. While metabolites of the first half of the TCA cycle, such as acetyl-CoA and cis-aconitate, were increased, those
of the latter half, such as fumarate, were decreased (n=5 for each group). The expressions of some genes involved in glycolysis and the TCA cycle,
which are shown in Figure 4 or Figure 6, are also presented.

doi:10.1371/journal.pone.0072173.g003
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Figure 4. The expression of genes related to glycolysis and phosphofructokinase (PFK) enzymatic activity were modified. (A) The
expression of genes related to glycolysis was analyzed using quantitative real-time PCR. Hexokinase 2, 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 1 (Pfkfb1), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (Pfkfb2), and phosphofructokinase 1 (Pfk1) levels were decreased
in Pgam2 mice. The amount of target gene mRNA was normalized by 185 rRNA mRNA. Values are the mean + SEM. Gene expression levels in Pgam2
mice were compared with those of NTg mice. *p<<0.05 versus NTg mice (n=12 for each group). (B) Measuring PFK enzymatic activity. Pgam2
overexpression inhibited myocardial PFK activity. The vertical axis indicated the amount of NADH produced, which represented PFK activity (NTg:
n=6, Pgam2 mice: n=>5).

doi:10.1371/journal.pone.0072173.g004

on pressure overload. NTg or Pgam?2 mice were subjected to
transverse aortic constriction (TAC) or a sham operation at 3
months of age, and were analyzed 14 days after the operation.
Pgam protein levels in NTg mice with TAC were not different
from those in NTg mice with the sham operation (Figure 8 and
Table 3). Pgam protein levels in Pgam?2 mice with TAC were 6.9-
fold higher than those in NTg mice with TAC.

The systolic function of the heart, as assessed by fractional
shortening (FS), was normal in NTg mice and Pgam2 mice with
the sham operation. Upon TAC, NTg mice developed cardiac
hypertrophy with preserved systolic function. However, Pgam2
mice with TAC developed systolic dysfunction (Figure 9A). The
heart weight/body weight ratio (HW/BW) of Pgam? mice was
higher than that of NTg mice with TAC (Figure 9B). The lung
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Figure 5. Respiration was decreased and ROS production was increased in the isolated mitochondria of Pgam2 mice. (A) Oxygen
consumption in isolated mitochondria was measured using an oxygen electrode cuvette. Total oxygen consumption was lower in Pgam2 mice.
Values are the mean + SEM. *p<<0.05 versus NTg mice (NTg: n=3; Pgam2 mice: n=5). (B) Generation of H,0, by isolated mitochondria. Malate and
pyruvate, or succinate, were used as substrates. The generation of H,0, increased in Pgam2 mice both with malate + pyruvate and with succinate.
Values are the mean = SEM. *p<0.05 versus NTg mice (n=6 for each group). A.U.: arbitrary unit.

doi:10.1371/journal.pone.0072173.9005
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