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Patient identification
Patients hospitalized for HF with signs and symptoms of fluid overload
and a pre-existing history of chronic HF (NYHA [i-1V)

Inclusion criteria
1.Age 2 18 years

Exclusion criteria

3.8troke within the past 3 months
4.Cognitive dysfunction

6.Managed by visiting nursing

Eligibility Screening

1.End-stage HF defined as requiring mechanical support
or continues intravenous inotropic support
2.A serious life-threatening iliness with a life-expectancy of <6 months

5.Substance abuse or psychotic disorder

7.Long distance between patients’ home and hospital

Linformed consenﬂ

P

v
Randomizati
L andomiza IOL

Baseline assessment
-Clinical characteristics, eticlogy of HF, risk factor, comorbidity, severity, treatment
-Assessment of depression, anxiety, QOL, and physical activity using by questionnaire

Comprehensive discharge education

Structured education and counseling using booklet and materials
by cardiologist, nurse, dietitian, and pharmacist.

¥

Usual care group
Raoutine follow-up by cardiologist 1
or primary care physician

Home-based disease management group
. Home visit by nurse

2. Telephone follow-up by nurse

3. Routine follow-up by cardiologist

/

2
3. Readmission due to HF
4. QOL

Outcome assessments: 2, 6, and 12 months after discharge
1. Psychological status (depression and anxiety)
- Mortality (all-cause death, cardiac death, and sudden cardiac death)

Figure 1 Study protocol of J-HOMECARE. HF, heart failure; NYHA, New York Heart Association ; QOL, quality of life.

the hospital. The nurse visits the patient’s home to assess
how the patient is coping in the home environment, HF
status, general health status, adherence to medication,
lifestyle modification, daily activity, and social support
needs (Table 3). Home visits are made once per two weeks

Table 1 Questionnaires used in the J-HOMECARE study.

until 2 months after discharge. After the conclusion of home
visiting, the nurse conducts telephone follow-up once a
month until 6 months after discharge (Fig. 3). Nurses mon-
itor HF symptoms, patient’s general health status, and the
need of other health and social support (Table 4). The

Assessment schedule

Questionnaire

Depression
Anxiety

Quality of life
Physical activity

Baseline, 1, 3, 6, and 12 months
Baseline, 1, 3, 6, and 12 months
Baseline, 1, 3, 6, and 12 months
Baseline, 1, 3, 6, and 12 months

Hospital'Anxiety and Depression Scale
Hospital Anxiety and Depression Scale
Medical outcome study Short Form-8
Specific activity scale
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Table 2 Components and contents of the home-based disease management program during home visits.

Components Contents

Coping in the home environment

Advice on how to adapt patients’ current lifestyle to accommodate recommended changes

Assessment and support of mismatch between physical disability and home environment

HF status

Assessment of HF-related symptoms, daily weight, and vital signs

Consultation with cardiologist, if needed

General health status

Assessment of comorbidity, psychosocial response, and activity of daily living

Consultation with cardiologist or other health professional, if needed

Adherence to medication

Assessment of coping with regimen

Advice on effective coping strategy

Assessment of side effects

Support to caregiver’s optimal monitoring for patient’s adherence
Consultation with pharmacist or cardiologist, if needed

Lifestyle modification

Advice on sodium restriction, fluid restriction, alcohol restriction, and smoking cessation

Consultation with dietician or cardiologist

Daily activity

Social support needs

Assessment of work, daily, and leisure activity

Assessment of inadequate social support and sociat isolation

Consultation with social worker, if needed

HF, heart failure.
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Figure 2 Photos of patient education.booklet. (A) Booklet and
check list of body weight. (B) A page of the booklet.

nurse consults a multidisciplinary team during the interven-
tion period to optimize her advice for each patient. This
multidisciplinary team consists of a cardiologist, dietician,
pharmacist, and social worker. Other healthcare profession-
als are consulted, as required.

Patients in the control group receive usual care and
follow-up. After hospital discharge, patients assigned to the
usual care group continue to receive routine management by
the cardiologist. No extra follow-up by a HF nurse or multi-
disciplinary team is provided. Patients are treated according
to the current guidelines for HF management by standard
medications.

Endpoints

The primary end point is the change in psychological status
including depression and anxiety. We assess the change in
the prevalence of depression and anxiety and the change
in the score of the Hospital Anxiety and Depression Scale
(HADS) from baseline to 12 months after discharge [16]. A
change in the QOL score is assessed by the Short Form-8.
Patients’ QOL, psychological status, and physical activity are
assessed in the outpatient clinic or by mail at 2, 6, and 12
months after discharge (Table 1).

The secondary endpoint is the time to the first event
(all-cause death, cardiac death, sudden cardiac death, or
hospitalization for HF). Hospitalization for HF is defined as
an unplanned overnight stay in a hospital (different dates
for admission and discharge) due to progression of HF or
directly related to HF. Data are collected by chart reviews
or interview to the patient.

Statistical analysis and sample size

All analyses are conducted according to the intention-to-
treat principle. Data from all randomized patients will be
analyzed according to the treatment assignment. Baseline
characteristics will be compared between the 2 treatment
arms to assess covariate balance, and any imbalances will
be adjusted in multivariate models. To meet the primary
objective of the study, the primary endpoint, the change
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Table 3  Check list of patient status during home visit.

Vital Sign Blood pressure wend ——mmHg
Heart rate _./min
Breaths per minute _-./min

Heart failure symptoms Dyspnea/Shortness of breath Yes/No
Paroxysmal nocturnal dyspnea Yes/No
Orthopnea Yes/No
Cough/Sputum Yes/No
Fatigue Yes/No
Oliguria/Nocturia Yes/No
Coldness of limbs Yes/No
Palpitation Yes/No
Edema Yes/No
Anorexia Yes/No
Insomnia Yes/No

Body weight Self-measurement of body weight Yes/No
Body weight -/kg
Body weight change from baseline _./kg

Life style modification Adherence to sodium or fluid restriction Yes/No'
Excessive activity Yes/No'
Physical or mental stress Yes/No'
Infection prevention Yes/No'
Alcohol restriction Yes/No’
Smoking cessation Yes/No'

Adherence to medical regimen Poor Yes' /No
If yes, name and number of missed drugs

Social support Need for additional specialized care Yes'/No
Need for other social resources Yes'/No

Report to primary physician Need for additional education or support Yes'/No
Appointment of next clinic visit Yes/No
Need for immediate emergency room/clinic visit Yes/No

" Require additional education or support for patient or families/caregivers.

in psychological status between baseline to 12 months
after discharge, will be evaluated using the paired t-test,
and multivariate modeling will be analyzed using logis-
tic regression. To assess the secondary endpoint, event
rates of death and readmission over time will be summa-
rized using Kaplan—Meier survival curves, and differences in
these curves by the intervention will be analyzed using the
Mantel—Haenszel (log-rank) test. In addition, a Cox propor-
tional hazard model will be fitted for a multivariate analysis.
A p-value below 0.05 will be considered as statistically sig-
nificant and the incidence curves will be considered to be
confirmed as different.

The sample size is based on the assumption that the dis-
ease management program will produce a 30% reduction in
the primary outcome, relative to the control usual care arm,
from the results of previous similar trials for patients with
MI or HF [17,18]. Previous nurse-led, behavioral interven-
tion studies improved scores for depression and anxiety by
a range of 30—40% [17,18]. It was calculated that 156 sub-
jects (78 in each group) will be required to detect a 30%
reduction in events {power of 80%, alpha of 0.05) in the
disease management group, and dropouts and losses were
estimated to be approximately 20% over the duration of the
trial.

Discussion

J-HOMECARE is designed to determine the efficacy of disease
management on psychosocial status in HF patients. Depres-
sion is known to obstruct active participation in lifestyle
modification and symptom recognition required for taking
appropriate action in case of worsening symptoms [19].
Moreover, depression and anxiety increase risks of mortal-
ity and readmission in patients with HF [8,20]. However,
psychosocial problems are both underestimated and under-
treated in HF patients [21,22]. Nurse-led intervention in
MI patients has been reported to reduce psychological dis-
tress [23], whereas no previous studies have evaluated their
effectiveness in disease management programs for psycho-
logical disorders in HF. If this study proves their effectiveness
for psychological disorders, they could play an important
role in improving psychosomatic symptoms, and could even-
tually improve clinical outcomes.

The significance of J-HOMECARE conducted in Japan is
also designed to determine the clinical value of a disease
management program across the country and healthcare
system. With a rapidly growing aging population in devel-
oped countries, this trial will be able to explain how these
management programs can be effective for universal strate-

121



170

M. Tsuchihashi-Makaya et al.

Table 4  Components and contents of the home-based disease management program in telephone follow-up.

Components Contents

HF status

Assessment of HF-related symptoms, daily weight

Consultation with cardiologist, if needed

General health status

Assessment of comorbidity, psychosocial response, and activity of daily living

Consultation with cardiologist or other health professional, if needed

Adherence to medication

Assessment of coping with regimen
Assessment of side effects

Support to caregiver’s optimal monitoring for patient’s adherence
Consultation with pharmacist or cardiologist, if needed

Lifestyle modification

Advice on sodium restriction, fluid restriction, alcohol restriction, and smoking cessation

Consultation with dietician or cardiologist, if needed

Social support needs

Assessment of inadequate social support and social isolation

Consultation with social worker, if needed

HF, heart failure.

gies for HF, regardless of the differences in ethnicity and
healthcare systems.

In J-HOMECARE, visiting nurses provide advice and
counseling regarding coping in the home environment,
healthcare and social support, and future healthcaré needs
for 3 months after discharge. Based on previous studies, the
elements of disease management programs for HF consist of
4 categories: (1) symptom monitoring; (2) therapeutic mod-
ification; (3) patient education; and (4) patient adherence
[24,25]. Ina growing aging population, elderly patients living
with HF have complex problems, such as living alone, having
an elderly caregiver, or having a mismatch between disabil -
ity in the instrumental activities of daily living (IADL) and life
circumstances. These problems interfere with their adher-
ence to and maintenance of optimized medical treatment
[26]. Therefore, the comprehensive advice and support of
J-HOMECARE may play an important role in enhancing the
various elements of disease management programs.

In conclusion, J-HOMECARE is a multicenter, randomized
trial analyzing the impact of home-based disease man-
agement programs on the psychological status as well as
prognosis and QOL of HF patients in Japan. It is the first trial
carried out in Japan to analyze the effect of disease man-
agement on clinical outcomes for Japanese patients and is

expected to prove its effectiveness in disease management
irrespective of the national health service system. Moreover,
our intervention has both multidisciplinary and compre-
hensive features including continuing support to manage
patients’ complex problems and enhance their self-care
and adherence. Results from this trial will help healthcare
providers to determine the effective components of an HF
management program.
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Lower aerobic capacity was associated with
abnormal intramuscular energetics in patients

with metabolic syndrome

Takashi Yokota!, Shintaro Kinugawa!, Koichi Okita2, Kagami Hirabayashi!, Tadashi Suga!, Masaaki Hattori3,
Yoshinao Nakagawa®*, Noriko Oyama-Manabe’, Hiroki Shirato® and Hiroyuki Tsutsuil

Lower aerobic capacity is a strong and independent predictor of cardiovascular morbidity and mortality in patients with
metabolic syndrome (MetS). However, the mechanisms are not fully elucidated. We tested the hypothesis that skeletal muscle
dysfunction could contribute to the lower aerobic capacity in MetS patients. The incremental exercise tests with cycle ergometer
were petformed in 12 male patients with MetS with no habitual exercise and 11 age-, sex- and activity-matched control subjects
. to assess the aerobic capacity. We performed 31phosphorus-magnetic resonance spectroscopy (MRS) to assess the high-energy
phosphate metabolism in skeletal muscle during aerobic exercise. Proton-MRS was also performed to measure intramyocellular
lipid (IMCL) content. Peak oxygen uptake (peak VOz; 34.1+6.2 vs. 41.4 £8.4mlkg~ ! min—1, P<0.05) and anaerobic threshold
(AT; 18.0£2.4 vs. 23.1 +3.7 mlkg— 1 min-1, P< 0.01) adjusted by fean body mass were lower in MetS patients than control
subjects. Phosphocreatine (PCr) loss during exercise was 1.5-fold greater in MetS, suggesting reduced intramuscular oxidative
capacity. PCr loss was inversely correlated with peak VO, (r=-0.64) and AT (r=—0.60), respectively. IMCL content was
threefold higher in MetS and was inversely correlated with peak VO, (r=-0.47) and AT (r=—0.52), respectively. Moreover,
there was a positive correlation between IMCL content and PCr Joss (r=0.64). These results suggested that lean-body aerobic
capacity in MetS patients was lower compared with activity-matched healthy subjects, which might be due to the reduced

intramuscular fatty acid oxidative metabolism.

Hypertension Research (2011) 34, 1029-1034; doi:10.1038/hr.2011.78; published online 14 July 2011

Keywords: energy metabolism; exercise; metabolic syndrome; muscles

INTRODUCTION
The drastic increase in the number of obese patients with insulin
resistance has become a medical and public health crisis in indus-
trialized countries. Metabolic syndrome (MetS) characterized by
insulin resistance and obesity contributes to the enhanced risk
of developing atherosclerotic cardiovascular disease and type 2
diabetes. 2

Lower aerobic capacity is an independent predictor of all-cause
mortality in patients with insulin resistance and type 2 diabetes.?
Moreover, aerobic capacity is more powerful predictor of mortality
than other established risk factors of cardiovascular diseases. There-
fore, improving the aerobic capacity is of great importance in MetS
patients. In general, the aerobic capacity is adjusted by body weight
and tends to be low in obese subject such as MetS patients because of
weight gain primarily due to increased fat mass. However, it has not
been fully clarified whether lean-body aerobic capacity is impaired in
patients with MetS.

The determinants of aerobic capacity are multifactorial, but aerobic
capacity is generally believed to be impaired in the presence of
abnormalities in skeletal muscle energy metabolism,” and energy
metabolism largely depends on mitochondrial function. Indeed, it
has been shown that mitochondrial ATP production in skeletal muscle
is impaired in insulin-resistant offspring of patients with type 2
diabetes,” which raises the possibility that mitochondrial oxidative
phosphorylation in skeletal muscle might be impaired in MetS.
However, it has not been determined whether lower aerobic capacity
Is associated with skeletal muscle dysfunction in these patients.

Insulin resistance is characterized not only by abnormal glucose
metabolism but also by abnormal fatty acid metabolism, which leads
to the ectopic fat accumulation.® It has been reported that intramyo-
cellular lipid (IMCL) content is inversely correlated with insulin
sensitivity in humans.” IMCL content is determined by the balance
between the uptake of free fatty acid into skeletal muscle cells and fatty
acid B-oxidation within the mitochondria.!® Thus, abnormal fatty acid
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metabolism within the mitochondria can reduce the production of
energy from fatty acid, which in turn might impair aerobic capacity in
MetS. However, the significance of IMCL in the skeletal muscle energy
metabolism and aerobic capacity in MetS is not fully elucidated.

Therefore, the purpose of this study was to determine (1) whether
lean-body aerobic capacity, skeletal muscle energy metabolism and
IMCL content are abnormal in MetS patients, and (2) whether these
abnormalities are related to each other.

METHODS

Subjects

A total of 12 sedentary Japanese male patients with MetS, diagnosed by physical
checkups at Hokkaido University Hospital or neighboring hospitals on the basis
of International Diabetes Federation criteria, were studied. All subjects under-
went a physical examination and assessment of medical history. They also
underwent electrocardiograms and cardiac ultrasounds. Patients with cardio-
vascular disease, peripheral artery disease, pulmonary disease, stroke and
orthopedic disease who had difficulty performing exercise testing were
excluded. Patients receiving insulin or antidiabetic drugs were also excluded.
Six patients were treated with antihypertensive drugs, including calcium
antagonists in four patients, B-blockers in three patients, angiotensin receptor
blockers in three patients and dinretics in one patient. One. hypercholester-
olemic patient was taking atorvastatin. A total of 11 age-, sex- and activity-
matched healthy subjects were also studied as control subjects. The protocol was
approved by the Medical Ethics Committee of Hakkaido University Hospital,
and written informed consent was obtained from all participating subjects.

Clinical and anthropometric measurements

Body weight, height, waist circumference, blood pressure and heart rate were
measured, and body mass index (body weight/(height)?, kgm=2) was calcu-
lated. Whole-body fat mass and lean body mass (LBM) were measured by an
air displacement plethysmograph (the BOD POD Body Composition System;
Life Measurement Instruments, Concord, CA, USA).

Daily physical activity
To monitor the level of physical activity during daily life, movement-related
calorie consumption and steps were measured for 1 week using a pedometer
equipped with an accelerometer (Lifecorder Plus, Suzuken, Nagoya, Japan),
as described previously.!!

Blood biochemistry

Peripheral blood samples were collected after 10h of fasting. Blood glucose,
plasma insulin, glycohemoglobin Alc, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, triglyceride and free fatty acid were
measured. The homeostasis assessment model of insulin resistance was also
calculated.!?

Aerobic capacity

All subjects exercised on an upright electromechanical ergometric bicycle
(Aerobike 75XLII, Combi Wellness, Tokyo, Japan) using a ramp protocol
(25Wmin™'). As an index of perceived effort, the rating of perceived exertion
was evaluated with the 10-point Borg scale immediately after the exercise was
finished. Respiratory gas analysis was performed with a breath-by-breath
apparatus (Aeromonitor AE-300S, Minato Medical Science, Osaka, Japan).
The anaerobic threshold (AT) was determined by the V-slope method as
described previously.!* AT could not be measured in one patient with MetS
because of technical difficulties. To eliminate the influence of the differences in
body composition between groups, the absolute values of peak oxygen uptake
(peak VO,) and AT were adjusted by LBM as well as body weight.

Skeletal muscle energy metabolism by 31phosphorus-nmgnetic
resonance spectroscopy

Muscle strength was initially determined by the one repefition maximum
(1-RM) measurement, which measured the maximum weight that could be
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lifted 5cm above ground, as described previously.!* The 1-RM was determined
by a successful plantar flexion without any assistance from other body parts
(for example, thigh). The 1-RM measurement was designed using increments
of 10 kg until 60-80% of the perceived maximum. Then, the load was gradually
increased by 1-5kg weight until the subject was not able to maintain proper
form or to completely lift the weight. The final acceptable weight was
determined as 1-RM. The calf flexor muscle cross-sectional area at the level
of the muscle belly was also measured using magnetic resonance imaging.

Measurements of 3!phosphorus-magnetic resonance spectroscopy (3!p-
MRS) in the calf flexor muscle were performed by a 1.5-T superconducting
magnet (Magnetom Vision VB33G, Siemens, Erlangen, Germany), as described
previously.!* A unilateral plantar flexion exercise with a constant load of 20%
1-RM was performed for 4min with 0.67 Hz on the original apparatus. The
spectra of high-energy phosphate metabolites were acquired at rest and every
30s during exercise at an echo time of 1 ms and repetition time of 2000 ms,
Phosphocreatine (PCr) was standardized as [PCr]/([PCr]+[Pi}), where [PCr)
indicates the concentration of PCr and [Pi] indicates the concentration of
inorganic phosphate (Pi). The maximal degree of PCr change (PCr loss) during
exercise was calculated as: PCr Ioss=(PCr,est—PCrPeak)/PCr,est. The intra-
muscular pH was calculated from changes in the chernical shifts of Pi relative
to PCr as described previously.!$

IMCL content by proton-MRS

IMCL content in the resting tibialis anterior muscle at the level of the muscle
belly of the calf was measured after the blood correction at fasting state using
proton-MRS, as described previously.16 Magnetic resonance images were
acquired using a clinical 1.5-T whole-body scanner system (Signa Horizon
LX, GE Medical Systems, Milwaukee, WI, USA), and a standard head coil
(28cm diameler) was used for detection. Transverse T)-weighed magnetic
resonance images (echo time/repetition time=8.5/400ms) were acquired to
determine the placenient of the proton-MRS voxels. The voxel volume was
10x10x10 mm?®. Localized proton spectra were obtained by a point-resolved
spectroscopy sequence with echo time/repetition time=30/3000ms and 64
averages with water suppression. Unsuppressed water spectra were also
acquired as an internal standard. Spectra were processed using the SAGE
software package (GE Medical Systems). Quantification of IMCL and extra-
myocellular lipid was carried out to compare the intensity of (CH,), at 1.3 and
1.5 p.p.m. resonance with the water resonance intensity at 4.7 p.p.m. IMCL and
extramyocellular lipid were quantified relative to muscle water as described
previously.16

Statistical analysis

Data are expressed as means + s.d. Student’s unpaired t-tests were performed to
compare means between patients with MetS and control subjects. Correlations
were examined by linear regression analysis using the least-square method.
Statistical significance was defined as P<0.05.

RESULTS

Characteristics of the study subjects

Age of control subjects and MetS patients were similar (Table 1). Body
weight, body mass index, percent fat and waist circumference were
significantly higher in patients with MetS compared with control
subjects; however, there was no significant difference in LBM between
groups. There was no significant difference in blood pressure between
groups; however, some patients with MetS were treated with anti-
hypertensive drugs. The daily physical activity, assessed by movement-
related calorie consumption and steps, was comparable between
groups.

Blood biochemistry

As expected, fasting blood glucose, plasma insulin, homeostasis
assessment model of insulin resistance, glycohemoglobin Alc and
triglycerides were significantly higher in MetS (Table 2). By contrast,
no significant difference was found in high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol and free fatty acid.
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Table 1 Characteristics of the study subjects

Contro! MetS
N 11 12
Age, years 48+10 45110
Body weight, kg 65.6+8.2 80.7+11.5*%
Body mass index, kgm~=2 225420 27.2+3.3%
Waist circumference, cm 80.8+6.3 95.6+8.7*
Percent fat, % 21.2x45 29.0t4.6*
LBM, kg 51.6%5.1 56.4+9.0
Systolic blood pressure, mm Hg 1229+12.8 135.0+16.5
Diastolic blood pressure, mmHg 77.0%9.1 81.0%x11.6
Steps, steps per day 7185+1835 7353+2180
MCC, kcal per day 215166 238+ 65

Abbreviations: LBM, lean body mass; MCC, movement-related calorie consumption; MetS,
metabolic syndrome.
Data are means £s.d. *P<0.01 vs. control subjects.

Table 2 Blood biochemistry

Control MetS

N 11 12
Blood glucose, mgdi—t 90.4+7.4 110.0+17.2¢
Insulin, plUmi~1 4.7+2.1 13.7+ 7.6t
HOMA-IR 1.01£0.5 3.8+2.2t
HbAle, % 52+0.3 5.6 +0.6%
HOL cholesterol, mgdi-! 62.3+15.0 52.8+11.6
LDL cholesterol, mgdi-1 109.7+£29.6 129.7+£31.7
Triglyceride, mgdl~? 95.6+48.3 1604 +£71.8*
FFA, mEq 1 0.47+0.23 0.53+0.20

Abbreviations: FFA, free fatty acid; HbAlc, glycohemoglobin Alc; HDL, high-density lipoprotein;
HOMA-IR, homeostasis assessment model of insulin resistance; LDL, low-density lipoprotein;
MetS, metabolic syndrome.

Data are means £s.d. *P<0.05 and tP<0.01 vs. control subjects.

Table 3 Aerobic capacity

Control MetS

N 11 12

RPE 7.6%t15 7.4+15
Peak respiratory exchange ratio 1.27+£0.10 1.21+0.09
Peak VO,/BW, mlkg=1 min-1 31.8%5.7 23.9+4.7t
Peak VO,/LBM, mlkg=1 min—1 414184 34.1+6.2*
AT/BW, mlkg~1min—! 1889+4.0 12.7+1.21
AT/LBM, mlkg~!min-1 23.1+£3.7 18.0+2.4%
Peak workload, W 185.8+32.8 163.1+36.2

Abbreviations: AT, anaerobic threshold; BW, body weight; LBM, lean body mass; MetS,
melabolic syndrome; peak VO,, peak oxygen uptake; RPE, rating of perceived exertion. Data are
means £s.d. *P<0.05 and TP<0.01 vs. control subjects.

Aerobic capacity

The rating of perceived exertion and peak respiratory exchange ratio
were comparable between groups (Table 3). Peak VO, and AT adjusted
by body weight were significantly lower in MetS patients, even when
normalized to LBM, they were significantly lower in patients with
MetS, suggesting that lean-body aerobic capacity was impaired in
MetS. No significant difference was found in peak workload between

groups.

oo

Skeletal muscle dysfunction in metabolic syndrome
T Yokota et al

a MetS
PCr
ATP
Rest ﬁ\
WA
Peak
Exercise _»M
T T T T T - T T T T T
5 0 -5 -10-15 5 0 -5 -10-15
ppm ppm

¢ 10 d 10, e 0.4- +
k4 i b
L oos 208
= = . 0.3
i (™
S 064 S os @
3 g % 0.2
£ 04 2 044 ©
o : * [=9
5 E
£ 0.2 Z 0.2 )
8 @
] n

4] - (4}
Control MetS Control MetS Control MetS

Figure 1 Representative 31phosphorus-magnetic resonance spectra at rest
(upper panel) and peak plantar flexion exercise (lower panef) in the calf
muscle of a control subject (a) and a MetS patient (b). The summary data of
standardized PCr at rest (c), peak exercise (d) and PCr loss (e) from control
subjects (n=11) and MetS patients (n=12). *P<0.05 and tP<0.01 vs.
control subjects. MetS, metabolic syndrome; PCr, phosphocreatine; Pi,
inorganic phosphate.

High-energy phosphate metabolism in skeletal muscle

There was no significant difference in the muscle strength (1-RM;
40.5£6.9kg for control vs. 43.2+6.0kg for MetS) or muscle
mass (muscle cross-sectional area; 53.4%7.4cm? for control vs.
56.4+ 8.8 cm? for MetS) between groups. The representative spectra
of *'P-MRS are shown in Figures 1a and b. Spectra of 3IP-MRS at
rest were similar in the two groups. The PCr level was lower and the
Pi level was higher in a MetS patient than in a control subject at peak
exercise. By contrast, no alteration in ATP level during exercise was
found in either group. The summary data are shown in Figures 1c-e.
There was no significant difference in the standardized PCr at rest
between groups (0.88+0.03 for control vs. 0.89+0.02 for MetS;
Figure 1c), whereas the standardized PCr at peak exercise was
significantly lower in patients with MetS compared with control
subjects (0.60 +0.09 vs. 0.69 £ 0.08, P<0.05; Figure 1d). Accordingly,
PCr loss, difference in standardized PCr between resting and peak
exercise, was significantly greater in MetS patients than in control
subjects (0.20 £ 0.08 vs. 0.29 % 0.08, P<0.01; Figure le). There was no
decrease in the intramuscular pH during plantar flexion exercise in
either group.

To examine whether lean-body aerobic capacity is related to high-
energy phosphate metabolism in skeletal muscle, the indices of lean-
body aerobic capacity were plotted against PCr loss within the same
individuals. Peak VO, and AT normalized to LBM were inversely
correlated with PCr loss (Figures 2a and b).

IMCL content
Figure 3a shows the representative spectra of proton-MRS. IMCL
content was significantly greater in MetS patients than in control
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subjects (5.1+1.5 vs. 1.7+ 1.0mmol per kg wet weight, P<0.01;
Figure 3b). IMCL was significantly correlated with body weight
(r=0.67, P<0.01), body mass index (r=0.74, P< 0.01), percent fat
(r=071, P<0.01), waist circumference (r=0.78, P< 0.01), fasting
blood glucose (r=0.44, P<0.05), plasma insulin (r=0.62, P<0.01),
homeostasis assessment model of insulin resistance (r=0.61, P<0.01)
and triglyceride (r=0.57, P<0.01).

To examine whether IMCL content is related to lean-body aerobic
capacity or high-energy phosphate metabolism in skeletal muscle,
IMCL content was plotted against peak VO, and AT adjusted by LBM
or PCr loss within the same individuals. Peak VO, and AT adjusted by
LBM were inversely correlated with IMCL content (Figures 3c and d).
Moreover, PCr loss was positively correlated with IMCL content
(Figure 3e).

DISCUSSION

The present study demonstrated for the first time that the lean-body
aerobic capacity in MetS patients with no habitual exercise was lower
compared with activity-matched control subjects and was inversely
correlated with high-energy phosphate metabolism in skeletal muscle.
Furthermore, IMCL content was increased in MetS patients and,
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Figure 2 (a, b) Association between lean-body aerobic capacity and intra-
muscular high-energy phosphate metabolism. AT, anaerobic threshold; LBM,
lean body mass; PCr, phosphocreatine; peak VO, peak oxygen uptake.

importantly, was inversely correlated with the aerobic capacity as
well as insulin sensitivity. The correlation between IMCL content and
impairment of high-energy phosphate metabolism in skeletal muscle
might reflect the impaired fatty acid oxidation in skeletal muscle of
MetS patients. Therefore, our data suggest that the impaired intra-
muscular fatty acid oxidative metabolism might contribute to the
lower lean-body aerobic capacity in MetS patients.

The aerobic capacity was lower in patients with MetS, which was
supported by the reduced peak VO, and AT (Table 3). The lower
aerobic capacity in MetS was not merely due to the increased
body weight and fat mass, because peak VO, was significantly
reduced in these patients even after adjusted by LBM (Table 3).
Moreover, all subjects enrolled in the present study had usual physical
activity, and their daily physical activity was comparable between
the two groups (Table 1). Therefore, physical activity did not affect
the difference in aerobic capacity between groups in this setting,
although physical activity is one of the most important factors for
aerobic capacity. Previous studies have demonstrated that peak VO,
was decreased in patients with type 2 diabetes.)” However, these
studies were not designed to strictly match the physical activity
between control subjects and patients with type 2 diabetes. The
present study clearly demonstrated that the lean-body aerobic capacity
in patients with MetS was lower than that in activity-matched
healthy subjects.

In the present study, PCr loss was greater in MetS patients than that
in control subjects (Figure le). PCr always works as an energy buffer,
which can be converted to ATP to compensate for impaired oxidative
phosphorylation or glycolysis and maintain the ATP level constant
during exercise. The intramuscular pH in the calf flexor muscle did
not significantly fall during plantar flexion exercise in either group
because of low-intensity exercise, indicating that oxidative metabolism
was mainly observed in our *!P-MRS study, although glycolysis was
also a source of ATP production. Therefore, the greater PCr loss in
MetS patients (Figure le) suggests the impairment of intramuscular
high-energy phosphate metabolism assessed by, at least in part,
oxidative phosphorylation in mitochondria, This finding was consis-
tent with the previous studies that skeletal muscle biopsy samples
from patients with insulin resistance and type 2 diabetes demonstrated
mitochondrial dysfunction or reduced gene expression involved in
mitochondrial oxidative phosphorylation.!#19 Moreover, the present
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Figure 3 Representative proton-magnetic resonance spectra in the resting tibialis anterior muscle (@) of a control subject (upper panel) and a MetS patient
(lower panel), and the summary data of IMCL content (b) from control subjects (n=11) and MetS patients (7=12). (c—e) The association between IMCL and
lean-body aerobic capacity or high-energy phosphate metabolism in skeletal muscle. *P<0.01 vs. contro subjects. EMCL, extramyocellular lipid; IMCL,

intramyocellular lipid; MetS, metabolic syndrome; TCr, total creatine.
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study demonstrated for the first time that peak VO, and AT normal-
ized to LBM were closely correlated with PCr loss (Figures 2a and b).
In contrast, muscle strength and muscle mass were comparable
between groups. Therefore, skeletal muscle energy metabolism is a
major determinant of aerobic capacity in MetS patients.

IMCL content was increased in MetS patients compared with
control subjects (Figure 3b). An imbalance of uptake and oxidation
of fatty acid could lead to lipid accumulation within skeletal muscle
in the setting of insulin resistance?’ Insulin resistance has been
characterized by the reduced capacity of fatty acid oxidation in
skeletal muscle rather than by the rate of fatty acid uptake into
skeletal muscle in obese subjects with insulin resistance.! More-
over; a state of metabolic inflexibility in skeletal muscle, which is
characterized by lower rate of fatty acid oxidation during fasting
conditions and impaired glucose oxidation on insulin stimulation,
could contribute to the accumulation of IMCL:2? Taken together,
the increased IMCL content in patients with MetS ‘may directly
reflect the impaired fatty acid oxidation in skeletal muscle, which is
consistent with our finding that IMCL content was correlated
with impairment of high-energy phosphate metabolism (Figure 3e).
Interestingly, IMCL content was inversely correlated with the lean-
body aerobic capacity (Figures 3¢ and d). These findings suggest that
the energy production within the mitochondria and the energy
substrate supply to the mitochondria are decreased in skeletal muscle,
and that this decrease might lead to the lower aerobic capacity in
patients with MetS. ‘

In the present study, IMCL content was correlated with insulin
resistance, such as fasting blood glucose, insulin and homeostasis
assessment model of insulin resistance, as previously described.® Blaak
et al 2 showed that the fatty acid oxidation was impaired in skeletal
muscle from patients with type 2 diabetes. They concluded that the
impairment of fatty acid oxidation could be a cause of insulin
resistance and type 2 diabetes, and not merely a consequence.
Importantly, the impaired fatty acid oxidation can lead to the
accumulation of specific IMCL intermediates, including long-chain
fatty acyl-CoA, diacylglycerol and ceramide, as well as IMCL.2 Recent
studies have revealed that the accumulation of IMCL intermediates
might impair insulin signaling?® and the mitochondrial function.26
Therefore, IMCL might have a major role in the pathogenesis of
insulin resistance.

There are limitations in the present study that should be acknowl-
edged. First, peripheral blood flow was not measured in the study
subjects. As vasodilation is impaired in patients with insulin resistance
and diabetes,?” the impaired aerobic capacity that we observed might
be due to the decreased blood flow to skeletal muscle. However,
Hallsten et al.?® demonstrated that the peripheral blood flow to
skeletal muscle in obese and insulin-resistant subjects was not lower
than that in controls, even during exercise. Therefore, skeletal muscle
blood flow is not likely to have influenced the aerobic capacity in MetS
patients in the present study. Second, the correlation between the
aerobic capacity and the skeletal muscle energy metabolism was not
significant when the analysis was performed only within MetS
patients. As the range of aerobic capacity in MetS patients was
small, we could not detect a significant correlation.

In conclusion, the present study demonstrated that the lean-body
aerobic capacity was impaired in MetS patients with no habitual
exercise compared with activity-matched control subjects. This result
is likely due to the impaired intramuscular fatty acid oxidative
metabolism. These findings provide new insights into the pathophy-
siology regarding the lower aerobic capacity in MetS, which might be
useful for its therapeutic treatment.
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Oxidative stress and heart failure

Review

Hiroyuki Tsutsui, Shintaro Kinugawa, and Shouji Matsushima
Department of Cardiovascular Medicine, Hokkaido University Graduate School of Medicine, Sapporeo, Japan

Tsutsui H, Kinugawa S, Matsushima S. Oxidative stress and heart failure. A
J Physiol Heart Circ Physiol 301: H2181-H2190, 2011. First published September
23, 2011; doi:10.1152/ajpheart.00554.2011.—Oxidative stress, defined as an ex-
cess production of reactive oxygen species (ROS) relative to antioxidant defense,
has been shown to play an important role in the pathophysiology of cardiac
remodeling and heart failure (HF). It induces subtle changes in intracellular
pathways, redox signaling, at lower levels. but causes cellular dysfunction and
damage at higher levels. ROS are derived from several intracellular sources,
including mitochondria, NAD(P)H oxidase, xanthine oxidase, and uncoupled nitric
oxide synthase. The production of ROS is increased within the mitochondria from
failing hearts, whereas normal antioxidant enzyme activities are preserved. Chronic
increases in ROS production in the mitochondria lead to a catastrophic cycle of
mitochondrial DNA (mtDNA) damage as well as functional decline, further ROS
generation, and cellular injury. ROS directly impair contractile function by modi-
fying proteins central to excitation-contraction coupling. Moreover, ROS activate a
broad variety of hypertrophy signaling kinases and transcription factors and
mediate apoptosis. They also stimulate cardiac fibroblast proliferation and activate
the matrix metalloproteinases, leading to the extracellular matrix remodelin g. These
cellular events are involved in the development and progression of maladaptive
myocardial remodeling and fajlure. Oxidative stress is also involved in the skeletal
muscle dysfunction, which may be associated with exercise intolerance and insulin
resistance in HF. Therefore, oxidative stress is involved in the pathophysiology of
HF in the heart as well as in the skeletal muscle. A better understanding of these
mechanisms may enable the development of novel and effective therapeutic

strategies against HF.

heart failure; remodeling; oxidative stress; reactive Oxygen species; mitochondria

HEART FAILURE (HF) is defined as a complex clinical syndrome
that can result from any structural or functional cardiac disor-
der that impairs the ability of the ventricle to fill with or eject
blood (18, 36). Cardiac manifestations of HF are fluid reten-
tion, which leads to pulmonary congestion and peripheral
edema, as well as low output, which may limit exercise
capacity (18, 36). HF is a leading cause of morbidity and
mortality in industrialized countries (30, 31, 104, 110). It is
also a growing public health problem, mainly because of aging
of the population and the increase in the prevalence of HF in
the elderly (109).

The major causes of HF are myocardial infarction (MI),
hypertension, cardiomyopathy, and valvular heart disease
(109). Following MI, the heart usually adapts through a patho-
physiological process known as “cardiac remodeling,” which
involves changes in the structure and function of cardiac
myocytes as well as the extracellular matrix in the noninfarcted
myocardium. These changes lead to substantial alterations in
the shape and volume of the heart and progressive ventricular
dilatation and impairment of pump function (24, 78). The
mechanisms responsible for the development and progression
of HF are the subject of intensive investigation. Alterations of
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various signaling pathways, including the sympathetic nervous
and renin-angiotensin-aldosterone systems have been shown to
exert profound effects on the phenotype of the failing myocar-
dium (67). In parallel to these basic findings, a number of
clinical studies as well as registry data demonstrated the
clinical benefits of medications targetin g on these systems such
as angiotensin-converting enzyme (ACE) inhibitors, angioten-
sin receptor blockers, aldosterone antagonists, and B-blockers
on the clinical outcomes of HF patients (15a, 29, 75, 80, 81,
103, 105). Despite these extensive studies, the fundamental
mechanisms responsible for the development and progression
of HF have not yet been fully elucidated.

Over the past several decades, clinical and experimental
studies have provided substantial evidence that oxidative
stress, defined as an excess production of reactive oxygen
species (ROS) relative to antioxidant defense, is enhanced in
HF (9, 34, 35, 62). Excessive ROS cause cellular dysfunction,
protein and lipid peroxidation, and DNA damage and can lead
to irreversible cell damage and death, which have been impli-
cated in a wide range of pathological cardiovascular condi-
tions. The importance of oxidative stress is increasingly emerg-
ing with respect to a pathophysiological mechanism of cardiac
remodeling responsible for the development and progression of
HF (100). Specifically, ROS can directly impair contractile
function by modifying proteins central to excitation-contrac-
tion coupling. Moreover, ROS activate a broad variety of
hypertrophy signaling kinases and transcription factors and
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Oz Fenton reaction
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Fig. 1. Reactions underlying the generation and degradation of reactive oxygen
species. A small amount of Oz~ is normally produced as a byproduct of the
use of molecular oxygen during mitochondrial oxidative phosphorylation.Oz~
is inactivated by either nitric oxide (NO) or superoxide dismutase (SOD). A
family of SOD enzymes rapidly converts Oz~ to HoOs, which is itself broken
down by glutathione peroxidase (GSHPx) and calalase to water. Under
pathological conditions, the single-electron reduction of Hz20: may lead to the
formation of highly reactive Ol radicals, either via the Fenton reaction in the
presence of iron or via Haber-Weiss reaction by reacting with O»' . Further-
more, the reaction of Oz~ with NO results in the inactivation of cytoprotective
NO and the formation of peroxynitrite (*ONOO™).

mediate apoptosis. They also stimulate cardiac fibroblast pro-
liferation and activate the matrix metalloproteinases (MMPs),
leading to the extracellular matrix remodeling. These cellular
events are involved in the development and progression of
maladaptive myocardial remodeling and failure.

Generation of ROS and Antioxidants

The balance between ROS production and their removal by
antioxidant systems is the “redox state.” Oxidative stress is
defined as an excess production of ROS relative to the levels of
antioxidants. ROS are oxygen-based chemical species with
high reactivity. They include free radicals, such as superoxide
(02 7) and hydroxyl radical (*OH), and nonradicals capable of
generating free radicals, such as hydrogen peroxide (H,0,)
(Fig. 1). Oz is a primary radical that could lead to the
formation of other ROS, such as H,0, and *OH. ®*OH is also
generated by the reduction of Hy0, in the presence of endog-
enous iron by means of the Fenton reaction. In addition, *OH
could arise from electron exchange between O, ™ and H,0, via
the Harber-Weiss reaction. Furthermore, when both O, 7 with
NO are synthesized within a few cell diameters, they will
combine spontaneously to form peroxynitrite (*"ONOQ ) by a
diffusion-limited reaction (74).

NO is necessary for normal cardiac physiology in the regu-
lation of cardiac function, including coronary vasodilatation,
inhibition of platelet and neutrophil adhesion and activation,
and modulation of cardiac contractile function (100). NO also
has a protective role against the ischemic and/or failing heart.
This protective role is mediated by several mechanisms, in-
cluding the stimulation of soluble guanylyl cyclase, which
leads to a decrease of the concentration of intracellular Ca?™,
and the inhibition of oxidative stress. Therefore, Oy ™ can exert
cytotoxic effects not only due directly to Qs itself but are
mediated by the inactivation of cytoprotective NO and the
formation of highly reactive oxidant *ONOO" , which is pro-
duced following interaction of NO with O, ™ (Fig. 1).

Diverse specific and nonspecific antioxidant defense systems
exist to scavenge and degrade ROS to nontoxic molecules.
Under physiological conditions, their toxic effects can be
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prevented by such scavenging enzymes as superoxide dismu-
tase (SOD), glutathione peroxidase (GSHPx), and catalase, as
well as by other nonenzymatic antioxidants (Fig. 1). GSHPx is
a key antioxidant that catalyzes the reduction of H,O, and
hydroperoxides. It not only scavenges H,O, but also prevents
the formation of other more toxic radicals such as *OIL.
GSHPx possesses a higher affinity for HyO, than catalase.
Furthermore, it is present in relatively high amounts within the
heart, especially in the cytosolic and mitochondrial compart-
ments (57). These lines of evidence imply the primary impor-
tance of GSHPx as a defense mechanism within the heart.
Moreover, GSHPx is expected to exert grealer protective
effects against oxidative damage than SOD becausc grealer
dismutation of Oz ~ by SOD may result in an increase of H,0,.
In fact, the mice with GSHPx gene Overexpression were more
resistant to myocardial oxidative stress as well as remodeling
and failure (65, 94).

When the production of ROS exceeds the capacity of anti-
oxidant defense, oxidative stress has a harmful effect on the
functional and structural integrity of biological tissue (Fig. 2).
Specifically, in the heart, excess ROS can cause myocardial
remodeling, including contractile dysfunction and structural
alterations.

Oxidative stress has also been suggested as major mecha-
nisms causing endothelial dysfunction not only in atheroscle-
rosis but also in HF (56). Clinical studies suggested that
endothelial dysfunction was independently associated with
adverse long-term outcomes in patients with HF (47).

Increased ROS in the Failing Heart

A number of experimental and clinical studies have demon-
strated the increased generation of ROS in HF (9, 34, 35, 62).
The majority of experimental studies using various kinds of
animal models of HF, including of our own, were performed in
young animals with no coexisting risk factors such as hyper-
tension. However, they have consistently provided substantial
evidence that oxidative stress is increased in HF and contrib-
utes to its development and progression. Therefore, we con-
sider that oxidative stress is increased not only in patients with

Xanthine oxidase

NAD(P)H oxidase \

co=s

Uncoupled NOS
Cytochrome ¢ oxidase
Arachidonic acid

‘/// metabolism

Mitochondria
\

7

\
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“ .
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Fig. 2. Bnzymatic sources of reactive oxygen species (ROS) and their patho-
physiological role. NOS, nitric oxide synthase.
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HEF but in animal models even though they only mimic the part
of clinical HF phenotypes seen in patients. In this review, our
studies used mainly two types of animal models of HF: rapid
pacing-induced HF in dogs and HF following MI (postinfarct
HE) in mice. Both animals show similar structural and func-
tional/hemodynamic characteristics to those in palients with
HF. Belch et al. (9) reported that there was a significant
negative correlation between malondialdehyde and left ventric-
ular (LV) ejection fraction (r = —0.35). Mallat et al. (62)
demonstrated that levels of lipid peroxides and 8-iso-prosta-
glandin Faq, the major biochemical markers of ROS genera-
tion, were elevated in the plasma and pericardial fluid of
patien(s with HF and also posilively correlated with its sever-
ity.

Electron spin resonance (ESR) spectroscopy combined with
the nitroxide radical 4-hydroxy-2,2.6,6-tetramethyl-piperidine-
N-oxyl provided a definitive and direct evidence for enhanced
generation of ROS within the failing myocardium (38). The
generation of *OH implies a pathophysiological significance of
ROS in HF because *OH radicals are the predominant oxidant
species causing cellular injury.

Oxidative stress results from an imbalance between ROS
generation and antioxidant defense mechanisms. Therefore,
impaired antioxidant defense mechanisms (SOD, catalase, and
GSHPx) or reduced concentrations of endo genous antioxidants
(vitamin E, ascorbic acid, and glutathione) can increase ROS
levels. Previous studies by Hill and Singal (35) demonstrated
that HF subscquent to MI was associaled with an antioxidant
deficit as well as increased oxidative stress. Furthermore, these
changes correlated with the hemodynamic function, suggesling
their role in the pathogenesis of cardiac dysfunction (35). In
contrast, these was no decrease in the activities of the scav-
enging enzymes, including SOD and c¢atalase. GSHPx activity
was even increased in the heart obtained from pucing-induced
HF (107). Our results indicated that oxidative stress in HF
might be primarily due to the enhancement of ROS generation
rather than to the decline in antioxidant defense within the
heart.

Sources of ROS in the Failing Heart

The cellular sources of ROS generation within the heart
include cardiac myocytes, endothelial cells, and neutrophils.
Within cardiac myocytes, ROS can be produced by several
sources, including mitochondria, NAD(P)H oxidase, xanthine
oxidase, and uncoupled nitric oxide synthases (NOS) (Fig. 2).

Mitochondria produce ROS through a single electron (rans-
port to molecular oxygen in the respiratory chain (Fig. 3).
Under physiological conditions, small quantities of ROS are
formed during mitochondrial respiration, which, however, can
be detoxified by the endogenous scavenging mechanisms. By
using ESR spectroscopy with 5,5"-dimethyl- I-pyrroline-N-ox-
ide as a spin trap, the inhibition of electron fransport at the sites
of complex I and complex 1T in the normal submitochondrial
particles resulted in a significant production of O, ~ (39).
Mitochondria from the failing heart produced more O, ™ than
normal mitochondria in the presence of NADH, indicating that
mitochondrial electron transport could be the predominant
source of such Oy~ production. Furthermore, the failing mi-
tochondria were associated with a decrease in complex enzyme
activity. Therefore, mitochondria are an important source of
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Fig. 3. Mitochondrial ¢lectron transport. Localized in the inner mitochondrial
membrane, the mitochondrial electron transport chain is formed by a series of
cytochrome-based enzymes (complex I: NADH dehydrogenase; complex I
cytochrome b-¢; oxidase; complex IV: cytochrome oxidase and the smaller
molecules coenzyme Q[Q]) that transfer the electrons to molecular oxygen.
The transport starts with the transfer of e~ from NADH™ to the ron-sulfur
(Fe-8) center of NADH dehydrogenase, which passes them fo Q, complex III,
cytochrome ¢, complex IV, and finally to molecular oxygen. FADH, donates
itse™ directly to Q, and the transfer procecds as above. During this process, the
high free energy of the electrons is gradually extracted. and converted into
ATP. Physiologically, >98% of e~ are tightly coupled with the production of
ATP, and only 1-2% “leak” to form O~ and are scavenged by mitochondrial
SOD. However, when the electron chain transfer is blocked at the level of
complex I or 111, e~ are inappropriately diverted by one electron reduction
directly to Oy, with the resulting formation of a large amount of 02’ . NADH,
nicotinamide adenine dinucleotide; FAD, flavin adenine dinucleotide; FMN,
flavin mononucleotide.

ROS in failing hearts, indicating a pathophysiological link
between milochondrial dysfunction and oxidative siress (88).
Within the mitochondria, most of the oxygen is reduced to
water at the respiratory chain. Therefore, when oxygen avail-
ability is reduced in conditions such as ischemia or hypoxia,
mitochondrial formation of ROS is increased, which can con-
tribute to the induction of myocyte damage or MI (77).

ROS can be gencrated also via NAD(PYH oxidase and/or
xanthine oxidase in the vascular endothelial cells as well as via
NAD(P)H oxidase in activated leukocytes. Each member of the
NAD(P)H oxiduse family contains a catalytic unit termed Nox
that forms a heterodimer with a lower-moleculur-weight sub-
unit called p22P"°%; this heterodimeric cytochrome is the site of
electron transfer from NAD(P)H to molecular O, resulting in
the formation of O, ™. Five Nox isoforms (Nox1-5) have been
identified, each encoded by separate genes and forming the
basis of different NAD(P)H oxidases (54). Nox1 and Nox2
require the association of cytosolic regulatory subunits
(pATPROX, pGTPIOX pAQPROX  gng Rac) with the cytochrome to
activate Oy"  production. In contrast, Nox4 activation does not
require these cytosolic subunits. Nox1 is highly expressed in
vascular smooth muscle cells but not in cardiac myocytes or
endothelial cells. In contrast, Nox2 is abundantly expressed in
cardiac myocytes, endothelial cells, and fibroblasts. Nox4 is
the most widely expressed isoform in endothelial cells, cardiac
myocytes, and fibroblasts. Importantly, NADPH oxidase activ-
ity has been shown to be significantly increased by several
stimuli that are relevant to the pathophysiology of HF, e.g.,
mechanical stretch, angiotensin I, endothelin- 1, and tumor
necrosis factor-c, acting both through posttranslational modi-
fication of oxidase regulatory subunits and transcriptional path-
ways (58). Bauersachs et al. (7) demonstrated increased vas-
cular NAD(P)H oxidase activities and O, ~ production in HF.
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An increase in myocardial NAD(P)H oxidase activity has also
been observed in human HF (33). By using mice lacking
pATPR* (pATPhOX~/= mice) Doerries et al. (20) demonstrated
that a deficiency of the NAD(P)H oxidase protected the heart
from LV remodeling and dysfunction after ML Doughan et al.
(21) provided- the direct evidence that angiotensin II could
mediate mitochondrial dysfunction via the activation of NA-
D(P)H oxidases in vascular endothelial cells. Angiotensin IT
increased mitochondrial ROS production, which was associ-
ated with decreased endothelial NO® bioavailability. There-
fore, among five Nox isoforms, Nox2 and Nox4 are the main
isoforms in the diseased myocardium. Recent studics have
demonstrated that Nox4, localized primarily within the mito-
chondria in cardiac myocytes, is responsible for enhanced ROS
production and cardiac remodeling due to pressure overload
and aging, thereby playing an important role in mediating
cardiac dysfunction (2, 52). The role of Nox5 has not yet been
clarified in HF.

Increased xanthine oxidase expression and activity were also
reported in HF (11). Furthermore, LV contractile function and
myocardial efficiency were improved by the treatment of HF
animals with the xanthine oxidase inhibitor allopurinol (1.
In addition, chronic treatment of animals following experimen-
tal MI with allopurinol significantly reduced adverse LV re-
modeling (68). These detrimental effects of xanthine oxidase
might involve, at least in part, the inactivation of NO because
it could reduce myocardial O, consumption and improve car-
diac efficicncy (50).

Uncoupled NOS can potentially lead to further ROS pro-
duction via the oxidation of the essentinl NOS cofactor BH,
(55). NOS3 [endothelial NOS (eNOS)] has been shown to be
uncoupled and functionally important in cardiovascular path-
ological remodeling including HF (100). Under normal condi-
tions, NOS3 consumes NADPH and generates NO and L-cit-
rulline from r-arginine and O,. When exposed to oxidative
stress or when deprived of BH, or L-arginine, NOS3 becomes
structurally unstable and generates ROS. It is unclear which
cell type contributes mostly to ROS generated by NOS3
uncoupling. However, given that NOS3 is expressed in vascu-
lar endothelial cells and cardiac myocytes within the heart,
these cells are well expected to be involved in this process.
Uncoupled NOS3 has been shown to contribute to LV remod-
eling in response to chronic pressure overload in mice (99).
Mice subjected to transverse thoracic aortic constriction had
reduced BH, levels and uncoupling of eNOS in association
with LV dilatation and contractile dysfunction, which could be
partially inhibited by BHy (reatment. In contrast, Ruetten et al.
(85) reported that eNOS™~ mice subjected to aortic constric-
tion developed worse contractile function, greater hypertrophy,
and more interstitial fibrosis. Similarly, Scherrer-Crosbie et al.
(89) reported that post-MI LV remodeling was more extensive
in eNOS™ mice. The reasons for these discrepant results
remain unclear; however, it may be partly due to the opposing
effects of NO and ROS derived from uncoupled NOS on
cardiac hypertrophy and fibrosis.

Cytochrome ¢ oxidase (COX), the terminal oxidase of the
mitochondrial electron transport chain (complex IV), is com-
posed of 13 subunits. The subunits COX I, II, and III are
encoded by a single mitochondrial gene. COX I and IT belong
to the catalytic core, which is key for the assembly and the
function of the complex. We have shown that the enzyme
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activity of electron transport chain complex I, I1I, and IV all
decreased in mice subjected to MI (37). Wu et al. (115) also
demonstrated that COX III overexpression resulted in a de-
creased abundance of COX I and a decrease in COX activity,
accompanied by increased apoptosis in HF following ML

The contribution of leukocytes has been suggested in the
generation of ROS based on the findings that plasma levels of
myeloperoxidase (MPO) correlated with the severity of HF and
were independent predictors of outcomes in these patients
(101). Plasma MPO indicates MPO mass in plasma as a marker
of heightened leukocyte activation rather than systemic inflam-
mation.

Oxidative Stress and Mitochondrial DNA Damage

ROS can damage mitochondrial macromolecules either at or
near the site of their formation. Therefore, in addition to the
role of mitochondria as a source of ROS, the mitochondria
themselves can be damaged by ROS. Mitochondria have their
own genomic system, mitochondrial DNA (mtDNA), a closed-
circular double-stranded DNA molecule of ~16.5 kb, mIDNA
contains 2 promoters, the light-strand (LSP) and heavy-strand
promoters from which transcripts are produced and then pro-
cessed to yield the individual mRNAs encoding 13 subunits of
the oxidative phosphorylation, including 7 subunits (ND1,
ND2, ND3, ND4, ND4L, NDS5, and ND®6) of rotenone-sensi-
tive NADH-ubiquinone oxidoreductase (complex I), 1 subunit
(cytochrome b) of ubiquinol-cytochrome ¢ oxidoreductase
(complex IIT) , 3 subunits (COI, COIL, and COIOI) of COX
(complex IV), and 2 subunits (ATPases 6 and 8) of complex V
along with 22 tRNAs and 2 t1RNA (12S and 16S) subunits (4,
92). Transcription from the LSP also produces RNA primer,
which is necessary for initiating mtDNA replication (Fig. 4)
(14). Mitochondrial function is controlled by the mtDNA as
well as by factors that regulate mtDNA transcription and/or
replication such as mitochondrial transcription factor A
(Fig. 4) (45).

A RNA
Heavy strand

RNA primer

Light strand

mtDNA
Repairing factor

Fig. 4. Role of mitochondrial transcription factor A (TFAM) in mitochondrial
DNA (mtDNA) replication (A) and maintenance (B). TFBM, mitochondrial
transcription factor B; CSB, conserved sequence block: L8P, light-strand
promoter.
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The mtDNA could be a major target for ROS-mediated
damage for several reasons. First, mitochondria do not have a
complex chromatin organization consisting of histone proteins,
which may serve as a protective barrier against ROS. Second,
mtDNA has a limited repair activity against DNA damage.
Third, a large part of O, ~, formed inside the mitochondria, is
unable to pass through the membranes and, hence, ROS dam-
age occurs largely within the mitochondria. In fact, mDNA
accumulales significantly higher levels of the DNA oxidation
product, 8-hydroxydeoxyguanosine, than nuclear DNA (26).
As opposed to nuclear-encoded genes, mitochondrial-encoded
gene expression is largely regulated by the copy number of
miDNA (113). Therefore, milochondrial injury is reflected by
mtDNA damage as well as by a decline in the mitochondrinl
RNA (mtRNA) transcripts, protein synthesis, and mitochon-
drial function (5).

Increased generation of ROS in the failin 2 hearts was asso-
ciated with mitochondrial damage and dysfunction, character-
ized by an increased lipid peroxidation in the mitochondria, a
decreased mtDNA copy number, a decrease in the number of
mtRNA transcripts, and a reduced oxidative capacity due to
low complex enzyme activities (37). They thus can lead to a
catastrophic cycle of mitochondrial Tunctional decline, further
ROS generation, and cellular injury. There is now a consensus
view that the abnormalities in m(DNA replica tion/transcription
as well as repair occur not only in a limited small subset of
mitochondrial diseases but also in a more common form of HF
phenotype such as post-MI and cardiomyopathy (40, 59, 64,
98, 108).

Oxidative Stress in Myocardial Remodeling

The tightly regulated production of relatively low levels of
ROS is involved in modulating the activity of diverse intracel-
lular molecules and signaling pathways, “redox signaling,”
with the potential to induce highly specific regulation in the
cellular phenotype (Fig. 2) (22).
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Alternatively, oxidative stress has direct effects on cellular
structure and function and may activate integral signaling
molecules in myocardial remodeling and failure (Fig. 5). Ox-
idative stress stimulates myocardial growth, matrix remodel-
ing, and cellular dysfunction, which involve the activation of
several downstream signaling pathways. First, ROS activate a
broad variety of hypertrophy signaling kinases and transcrip-
tion factors (86). ROS stimulate the tyrosine kinase Src, GTP-

binding protein Ras, protein kinase C, mitogen-activated pro- -

tein kinases (MAPK), and Jun-nuclear kinase (NK). Low
levels of HaO, are associated with MAPK activation and
protein synthesis, whereas higher levels stimulate MAPK,
JNK, p38, and protein kinase B (Akt) kinases to induce
apoptosis (53). Second, ROS induces apoptosis, another im-
portant contributor to remodeling and dysfunction, which is
induced by ROS-mediated DNA and mitochondrial damage
and activation of proapoptotic signaling kinases (12). Third,
ROS cause DNA strand breaks. activatin ¢ the nuclear enzyme
poly(ADP-ribosc) polymerase-1 (PARP-1). PARP-] regulates
the expression of a variety of inflammatory mediators, which
facilitate the progression of cardiac remodeling. Fourth, ROS
can activate MMPs, a family of proteolytic enzymes 97).
MMPs are generally secreted in an inactive form and are
activated postiranslationally by ROS from targeted interactions
with critical cysteines in the propeptide autoinhibitory domain.
ROS also stimulate transcription factors nuclear factor-x13, Ets,
and activator protein-1 to stimulate MMP expression. MMPs
play a pivotal role in normal tissue remodeling processes, such
as cell migration, invasion, proliferation, and apoptosis. MMP
activity has been shown to be increased in the failing hearts
(16, 97). Furthermore, an MMP inhibitor can limit LV dilata-
tion after un experimental MI (84). We have shown significant
improvement in survival after MI in MMP-2 knockout mice,
which was mainly attributable to the inhibition of early cardiac
rupture and the developiment of subsequent LV remodelin gand
failure (32). Because MMP can be activated by ROS, one
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L Mitochondria
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NF‘KB, AP~1 DNA brea - - . | | gt . ‘ Fig. 5. Potential cellular and subcellular targets of oxida-
Ryanodine receptor Foagl it tive stress relevant to heart failure (HF), MAPK, mito-
PARP-1 Ca?*-ATPase AR gen-activated protein kinases; INK, Jun-nuclear kinase;
Gene N - e PARP-1, poly(ADP-ribose) polymerase-1; MMPs, mairix
expression activation metalloproteinases; AP-1, activator protein-1.

| !
Hypertrophy Contractile / Fibrosis
Apoptosis dysfunction
Necrosis
I

-

Cardiac remodeling and failure

AJP-Heart Circ Physiol- VOL 301

+ DECEMBER 2011 - www.ajpheart.org

-
ol

pot
o
o

2102 ‘vz Aely uo Bio ABojoisAyd-yeaydie woly papeojumog




Review
H2186

proposed mechanism of LV remodeling is the activation of
MMPs secondary to increased ROS (82). Sustained MMP
activation might influence the structural properties of the myo-
cardium by providing an abnormal extracellular environment
with which the myocytes interact. An *OH scaven ger, dimeth-
ylthiourea, inhibited the activation of MMP-2 in association
with the development of LV remodeling and failure after MI
(51). These findings raisc the possibility that enhanced oxida-
tive stress can be a stimulus for myocardial MMP activation,
which plays an important role in the development and progres-
sion of HF. Finally, ROS directly influence conlractile function
by modifying proteins involved in excitation-contraction cou-
pling (117). This includes modification of critical thiol aroups
(—SH) groups on the ryanodine receptor to enhance its open
probability, the suppression of L-type calcium channel, and
oxidative inleraction with Ca®>* ATPase in the sarcoplasmic
reticulum to inhibit Ca®* uptake.

Oxidative Stress in Aging, Hypertension, and Diabetes
Mellitus

Oxidative stress is highly relevant to aging and the devel-
opment of various aging-related cardiovasculur diseases, in-
cluding HF. However, the involvement of specific forms of
ROS and each antioxidant and/or ROS-producin g enzymes in
the process of aging remain obscure. Neither overexpression
nor heterozygous knockout of mitochondrial SOD affected
lifespan in mice (42, 112). In contrast, in transgenic mice
overexpressing cataluse in the mitochondria, maximal lifespan
was extended by 20%, and aging-associated cardiac patholog
was significantly delayed (90).

There is also substantial evidence that ROS generation is
increased in hypertension (102). Moreover, the concomitant
increase in myocardial ROS production was accompanied by
the transition from compensated hypertrophy to failure in Dahl
salt-sensitive rats fed by high-salt diet (106).

Insulin resistance and diabetes mellitus have been well
known to adversely affect the development and progression of
HF (41, 46). Indeed, the prevalence of diabetes in patients with
HF is higher than in subjects without HEF (15, 79). Diabetes
mellitus often leuds to HF, even in the absence of any other risk
factors such as coronary artery disease or hypertension, sug-
gesting that diabetes itself causes a specific form of cardio-
myopathic state (8). It causes myocardial structural remodeling
characterized by myocyte hypertrophy, interstitial fibrosis, and
apoptosis (23), which increases cardiac muscle stiffness and
Inay contribute to diastolic dysfunction. Diastolic dysfunction
has been regarded as a hemodynamic hallmark in diabetes and
ultimately contributes to the development of HF (1, 69).

A growing body of evidence suggests that the production of
ROS is increased in the diabetic heart (43). Specifically, ROS
are generated within the mitochondria from the diabetic heart
(44). ROS impair prosurvival signaling pathways such as Akt
in diabetic hearts and activates proinflammatory and cell death
pathways such as NF-kB and the nuclear enzyme PARP-1,
which in turn regulate the expression of proinflammatory
cytokines, cell adhesion molecules, and inducible NOS (83).
Overexpression of GSHPx could attenuate diastolic dysfunc-
tion, myocyte hypertrophy, and interstitial fibrosis in diabetic
heart (65). These findings are consistent with previous studies
demonstrating that ROS are involved in the structural altera-
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tions of the extracellular matrix collagens (72). Another im-
portant impact of diabetes mellitus in HF is the exacerbation of
systolic dysfunction after MI. Previous clinical studies demon-
strated that patients with diabetes had a worse outcome after
MI than that without diabetes despite similar coronary patency
and baseline LV function (27). Poor outcomes in patients with
diabetes have been shown to be due to the progression of HF
(3). Experimenmtal studies demonstrated that hyperglycemia
induced by streptozotocin exaggerates LV remodeling and
failure afler MI (93, 95). Similar to type 1 dinbetes, LV
remodeling and failure after M1 were exacerbated also in
high-fat diet-induced type 2 diabetes (66, 116).

Insulin resistance can occur as a consequence of HF (49, 76,
114). Patients with symptomatic dilated cardiomyopathy, ex-
cluding previously diagnosed type 2 diabetes, showed the
abnormal response compared with healthy subjects by oral
glucose tolerance tests (114) or the eu glycemic-hyperinsuline-
mic clamp technique (49). Insulin resistance has been recog-
nized also in several animal models of HF. Myocardial glucose
uptake was decreased with the development of HE in a pacing-
induced dog model (70, 71). Myocardial insulin resistance was
due to the impairment of insulin signaling and associated with
the decrease in A'TP concentration. Liao et al. (60) demon-
strated that the glucose tolerance was abnormal in mice with
cardiac hypertrophy and HF due to pressure overload. More-
over, the control of postprandial hyperglycemia by a~glucosi-
dase inhibitor could ameliorate cardiac hypertrophy and slow
the progression to HF. These findings suggest that HE itself can
cause insulin resistance, which may lead to the further exac-
erbation of HF.

Very little information has been available for the mecha-
nisms responsible for the abnormalities in insulin signuling in
the skeletal muscle from HF. Previous studies reported that
serine phosphorylation of Akt was decreased in the skeletal

NAD(P)H
oxidase

Insulin receptor
\

N Caos
\keleta_l muscle
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Fig. 6. Role of NAD(P)H oxidase-derived superoxide in the impairment of
insulin signaling in the skeletal muscle. Insulin receptor, insulin receptor
substrate-1 (IRS-1), phosphatidylinositol 3-kinase (PI3K), protein kinase B
(Akt), and translocation of glucose transporter-4 (GLUT4) to plasma mem-
brane from cytosol are involved in the insulin signaling in the skeletal muscle.
Serine phosphorylation of Akt and GLUTY translocation is impaired in
insulin-stimulated skeletal muscle isolated from HF, which was consistent with
the attenuation of changes in blood glucose after insulin load. NAD(PH
oxidase-derived superoxide impairs serine phosphorylation of Akt and GLUT4
translocation in the skeletal muscle with HE.
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muscle from a HF model of post-MI (91). Another report
showed that serine phosphorylation of Akt and glucose trans-
porter-4 (GLUT4) translocation was decreased in the myocar-
dial tissue from a pacing-induced HF model (71). The similar
impairment of insulin signaling was observed in both heart and
skeletal muscle obtained from HF, indicating that systemic
factors may be involved for this abnormality. We recently
found that whole body insulin resistance was induced in a
murine HF model of post-MI, which was accompanied by the
impaired insulin signaling in the skeletal muscle, specifically
the decreases in serine phosphorylation of Akt and GLUT4
translocation (Fig. 6) (73). Importantly, NADPH oxidase
inhibitor significantly ameclioraled insulin resistance as well as
the impaired insulin signaling in the skeletal muscle. ROS
production via NAD(P)H oxidase Jeads to the impairment of
insulin signaling and glucose uptake in the skeletal muscle also
in type 2 diabetes (96).

Clinical Perspectives

There were clinical studies reported thal examined the ef-
fects of various antioxidants on HF (87). The vitamin antiox-
idants a-tocopherol (vitamin E) and ascorbic acid (vitamin C)
scavenge ROS and prevent free radical chain reactions and
have been studied extensively in HF. a-Tocopherol levels were
decreased, and dietary supplements of a-tocopherol exerted a
therapeutic effect in animal models of HF (17). Short-term
vitamin E supplementation reduced the levels of oxidative
stress biomarkers also in patients with HF (25). However, no
significant effects were proved on symptoms or clinical out-
comes (48). Moreover, large-scale clinical trials reported that
the long-term supplementation of vitamin E exerted no effects
on primary prevention of cardiovascular events and was even
associated with increased risk of developing HF (61, 63).

Xanthine oxidase inhibition with allopurinol is expected fo
be beneficial based on the findin gs that uric acid, the product of
xanthine oxidoreductase, was increased in the failing human
heart and was associated with poor outcomes (28). In fact,
xanthine oxidase inbibition with allopurinol has been shown to
improve endothelial as well as cardiac function in HF (13, 19).
However, there were lit(le effects of xanthine oxidase inhibi-
tion on clinical endpoints in HF patients except for modest
improvement in symptoms in the subgroup of increased uric
acid levels. Moreover, various drugs, including ACE inhibi-
tors, B-blockers such as carvedilol, and statins, may directly or
indirectly modulate oxidative stress in the cardiovascular Sys-
temn. However, further work will be needed to determine
whether any of these drugs have beneficial therapeutic effects
on human HF.

Ogxidative stress markers such as plasma-oxidized low-den-
sity lipoproteins, malondialdehyde and MPO (an index of
leukocyte activation), urinary biopyrrins (oxidative metabolites
of bilirubin), and plasma and urine isoprostane levels are
expected to provide important information regarding the patho-
genesis of HF or the identification of subjects at risk for HF,
the future risk stratification, the diagnosis, or monitoring ther-
apy of HF as biomarkers (10).

Conclusion

To improve the prognosis of patients with HF, we need to
develop therapeutic strategies based on a novel insi ght into the
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pathophysiology of HF. The approach of regulating oxidative
stress in the heart as well as in the skeletal muscle may
contribute to establish the effective treatment strategies against
HF. Therefore, therapeutic strategies to modulate this maladap-
tive response should become a target for future extensive
investigation. -
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