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Angiotensin II receptor blockers improve endothelial
dysfunction associated with sympathetic hyperactivity
in metabolic syndrome

Takuya Kishi®, Yoshitaka Hirooka®, Satomi Konno®, and Kenji Sunagawa“

Objectives: Renin—angiotensin system inhibitors are
preferred for the treatment of hypertension with metabolic
syndrome (MetS). Underlying endothelial dysfunction and
sympathetic nervous system (SNS) activation are critically
involved in the pathogenesis of hypertension in MetS. We
investigated whether treatment with angiotensin Il type 1
receptor blockers (ARBs) improves endothelial and
autonomic function in patients with MetS.

Methods and results: We conducted a prospective,
randomized, open-label, blinded endpoint trial. Sixty
patients with MetS were randomized into three treatment
groups: telmisartan, candesartan, or. diet therapy (control;
n=20 each), and treated for.6 months. To evaluate the
endothelial function of forearm resistance arteries, blood
flow and vascular resistance were measured using a strain-
gauge plethysmograph during intra-arterial infusion of
acetylcholine (ACh) or sodium nitroprusside (SNP). At 6
months, both telmisartan and candesartan comparably
decreased blood pressure. Furthermore, ARB treatment
ameliorated impaired forearm vasodilation in response to
ACh. Telmisartan had a greater effect than candesartan on
ACh-induced forearm vasodilation. In contrast, forearm
vasodilation in response to SNP was comparable between
the telmisartan and candesartan-treated groups. ARB
treatment increased high-molecular-weight (HMW)
adiponectin levels and baroreflex sensitivity, but telmisartan
had a stronger effect than candesartan. In addition, only
telmisartan treatment significantly decreased plasma
norepinephrine concentrations, blood pressure variability,
and heart rate variability based on spectral analysis.

Conclusion: These findings indicate that ARBs improve
impaired endothelial and baroreflex function, and increase
HMW adiponectin levels in patients with MetS. Telmisartan
exhibited more beneficial effects than candesartan, and
only telmisartan reduced sympathetic hyperactivity, despite
similar depressor effects.

Keywords: angiotensin I, autonomic function, endothelial
function, metabolic syndrome

Abbreviations: ACh, acetylcholine; ARBs, angiotensin Il
receptor blockers; BRS, baroreflex sensitivity; FBG, fasting
blood glucose; HDL-C, high-density-lipoprotein cholesterol;
HMW, high molecular weight; HOMA-IR, homeostasis
Model Assessment of Insulin Resistance; LF/HF-HRV, low-
frequency power/high-frequency power in heart rate
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variability; LF-SBPV, LF power/total power in SBP variability
(normalized unit); MetS, metabolic syndrome; SNP, sodium
nitroprusside; SNS, sympathetic nervous system; TNF,
tumor necrosis factor

INTRODUCTION
M etabolic syndrome (MetS) is characterized by

visceral obesity, impaired fasting glucose, dysli-

pidemia, and hypertension [1,2]. Several studies
suggest that endothelial function is impaired in MetS [3—06].
Endothelial dysfunction is a predictable marker of cardio-
vascular events and can be measured in the forearm resist-
ance vessels [7,8] and brachial artery [9—11]. Endothelial
dysfunction has not yet been established in MetS [12].
Endothelial dysfunction in the resistance arteries occurs
in the early stages of hypertension, and cannot be detected
by measurements of flow-mediated vasodilation (used to
determine endothelial function of the conduit artery)
[13,14], which may lead to contradictory findings in patients
with MetS. A recent study demonstrated that endothelium-
dependent vasodilation in resistance arteries, but not in the
brachial conduit artery, is inversely associated with a 5-year
risk of a composite cardiovascular endpoint [15].

Insulin resistance and the sympathetic nervous system
(SNS) have important roles in the pathogenesis of MetS
[16-19]. Urinary excretion of catecholamine metabolites
becomes elevated and more pronounced as the number
of symptoms of MetS increases [20]. Sympathetic neural
discharge is markedly potentiated [17], leading to increased
insulin levels and elevated blood pressure [19]. Thus, treat-
ments targeting the activation of the SNS are reasonable for
patients with MetS, because SNS activation enhances
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hypertension, insulin resistance [19], and endothelial dys-
function [21]. Furthermore, SNS activation is important for
the occurrence and progression of hypertension leading to
hypertensive organ damage in MetS [16]. In addition,
patients with MetS present with cardiovascular autonomic
imbalance, such as reduced baroreflex sensitivity (BRS)
[22].

In hypertensive patients with MetS, renin—angiotensin
system inhibitors such as angiotensin-converting enzyme
inhibitors or angiotensin II receptor blockers (ARBs) are
preferred [23,24]. It has not yet been determined, however,
whether ARBs have beneficial effects on endothelial and
autonomic dysfunction in patients with MetS. The aims of
the present study were to investigate whether ARB treat-
ment improves endothelial and autonomic function in
patients with MetS, and if so, whether these effects are
class effects of ARBs. We divided the patients with MetS into
three treatment groups: telmisartan, candesartan, and diet
therapy (as a control). Telmisartan and candesartan are
widely used long-acting ARBs that have powerful blood
pressure-lowering effects [24]. Therefore, we examined
endothelial function based on forearm endothelium-
dependent vasodilation in response to acetylcholine
(ACh) or sodium nitroprusside (SNP) infusion assessed
by venous-occlusion plethysmography [25-27]. We also
examined autonomic function by measuring plasma
norepinephrine concentrations, spectral analysis of blood
pressure and heart rate variability, and BRS in patients with
MetS before and after 6 months of treatment.

METHODS

This prospective, randomized, open-label, blinded end-
point trial was conducted at Kyushu University Hospital
between the period of April 2007 and March 2009. The trial
was conducted in accordance with the Declaration of
Helsinki. The study protocol and the sample sizes of the
patient groups were reviewed and approved by the Ethics
Committee for Human Research at our institute. Written
informed consent was obtained from each individual prior
to participation in the study.

Patients

Sixty patients with MetS (MetS group; 34 men, 26 women;
mean age 54 +8 years) and 10 non-MetS individuals (six
men, four women; mean age 51 &6 years) were enrolled in
the study. Individuals were recruited from among patients
admitted into the Heart Center of Kyushu University
Hospital from April 2007 to March 2009. MetS was diag-
nosed in accordance with the current Japanese criteria [28];
the presence of visceral obesity, defined as waist circum-
ference at least 85 cm in men and at least 90 cm in women,
was an essential component in conjunction with two or
more of the following criteria: serum triglycerides at least
150 mg/dl, high-density-lipoprotein cholesterol (HDL-C)
less than 40 mg/dl, SBP at least 130/85 mmHg, and fasting
blood glucose (FBG) greater than 110mg/dl. Any patient
with clinical signs of acute infection, autoimmune disorder,
severe renal (serum creatinine level >2.0 mg/dD or hepatic
disease, or suspected malignancy was excluded from
the study. In addition, individuals with a history of
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cardiovascular disease, including coronary artery disease,
clinical heart failure, cardiomyopathy, valvular heart dis-
ease, stroke, and arteriosclerosis obliterans, were also
excluded from the study. Insulin resistance in the patients
was determined based on plasma high-molecular-weight
(HMW) adiponectin levels and the Homeostasis Model
Assessment of Insulin Resistance {HOMA-IR; score=
limmunoreactive insulin (wU/ml) x FBG (mg/dD]/405}.
Patients without low HMW adiponectin (<4.0 pg/ml) and
high HOMA-IR (>2.5) were excluded from the MetS
group. Left-ventricular ejection fraction was determined
using the modified Simpson method or the single-plane
area-length method on echocardiograms. Twenty-four
(MetS) and four (non-MetS) patients had a history of smok-
ing; however, they had all quit smoking after admission to
the hospital.

Patients in the non-MetS group were admitted to our
hospital for atypical chest pain, fatigue, or palpitations.
Careful examination was performed to rule out coronary
artery disease (by coronary angiography) and other organic
heart diseases (by echocardiogram) or arrhythmia (by
Holter electrocardiogram or electrocardiogram monitoring
during hospitalization and/or electrophysiological study).
After the enrollment interview, some patients in the non-
MetS group transiently received some medications such
as angiotensin-converting enzyme inhibitors, ARBs, or
B-blockers from general practitioners for mild high blood
pressure and/or palpitations. The patients did not take
these medications continuously, however, and we con-
firmed that they were not diagnosed with MetS upon
admission.

We excluded patients with MetS who had already taken
the angiotensin-converting enzyme inhibitors or ARBs
used in the present study. Some patients in the MetS group
were given calcium channel blockers or statins. Because it
is ethically unacceptable to discontinue these medications
for study purposes, the medications were discontinued
only on the day of the study and were restarted immedi-
ately after the study ended. Finally, 60 MetS and 10 non-
MetS patients were included in the study. The MetS patients
were randomly assigned to receive telmisartan with diet
therapy, candesartan with diet therapy, or diet therapy only
(as a control) in a 1:1:1 ratio. Treatment allocation was
computer-generated by the server at Kyushu University
and operated by the Kyushu University Randomization
Service Office using a dynamic allocation method that
balanced the factors of sex, age, SBP, forearm vascular
resistance, and plasma norepinephrine concentration.
Once the eligibility of the patient was confirmed, the
investigator contacted the Kyushu University Randomiz-
ation Service Office and was notified of the allocated
treatment. The investigator then assigned the treatment
to the patient. An independent adjudication committee
blinded to the treatment allocation assessed all of the
potential outcomes. Allocation was concealed from the
investigators until they contacted the Kyushu University
Randomization Service Office.

General procedures
We measured endothelial function and plasma norepi-
nephrine concentration with the patients in the supine
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position and in a postabsorptive state at a room temperature
between 25 and 27°C before and 6 months after starting
treatment. All medications were with-held only on the day
of the study. With the patients under local anesthesia, the
left brachial artery was cannulated with a 20-gauge intra-
vascular cannula for drug infusion; the cannula was con-
nected to a pressure transducer to directly measure arterial
pressure. The antecubital vein was cannulated, and blood
samples were obtained for serum or plasma chemistry
measurements.

Measurements of forearm blood flow and
vascular resistance

Forearm blood flow was measured with a strain-gauge
plethysmograph, using the venous-occlusion technique
as described previously [25-27]. Forearm blood flow
(ml/min per 100 ml of forearm volume) was calculated
from the rate of the increase in forearm volume, whereas
venous return from the forearm was prevented by inflation
of a cuff on the upper arm. The pressure in the venous-
occlusion or congesting cuff was 40 mmHg. Circulation to
the hand was arrested by inflating a cuff around the wrist.
The mean of four measurements made at 15-s intervals
was used for the subsequent analysis. Forearm vascular
resistance was calculated by dividing the mean arterial
pressure (DBP and one-third of the pulse pressure in
mmHg) by forearm blood flow. Forearm vascular resistance
is expressed in units. Forearm blood flow, arterial pressure,
and heart rate were measured at rest and during the
administration of graded doses of ACh (4, 8, or
16 pg/min) or SNP (0.4, 0.8, or 1.6 mg/min). Each dose of
ACh or SNP was infused for 5 min, and forearm blood flow
was measured after each infusion.

Assessment of autonomic function

As parameters of autonomic function in the present study,
we measured plasma norepinephrine concentrations,
spectral analysis for SBP and heart rate variability, and
BRS. Blood pressure was monitored using the TaskForce
Monitor 3040i (CNSystems, Graz, Austria). The cuff was
attached to a finger on the left hand that was supported at
the heart level. Electrocardiogram electrodes were attached
to the chest. After a minimum of 5 min and once the blood
pressure and heart rate readings had stabilized, we
obtained three consecutive 5-min recordings of blood
pressure and electrocardiogram tracing. Noninvasive
brachial blood pressure readings were taken with an appro-
priately sized cuff. We calculated the low frequency
(<0.15Hz) power/high frequency (0.15-0.4Hz) power
in heart rate variability ratio (LF/HF-HRV) as an indicator
of sympatho-vagal balance and the low-frequency power/
total power in SBP variability ratio (normalized unit;
LF-SBPV) as a parameter of SNS activity {29,30]. Sequence
analysis detected sequences of three or more beats during
which there was either an increase in SBP and pulse interval
(up sequence) or a decrease in SBP and pulse interval
(down sequence). BRS was estimated as the mean slope
of the up-sequences (Up BRS) and down-sequences (Down
BRS), and the mean slope of all sequences was determined
as BRS (Sequence BRS) [31,32].
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Treatments

All patients in the present study received individual nutri-
tional education every month. The education was per-
formed by the same nutritional instructor, and all
patients were asked to follow the calorie-controlled Dietary
Approaches to Stop Hypertension diet plan, which empha-
sizes vegetables, fruits, whole grains, lean meats, and low
fat dairy food, and foods rich in magnesium, potassium,
calcium, and fiber. The patients were asked to record their
daily dietary intake, which was checked by the instructor
every month. The patients in the telmisartan and cande-
sartan-treated groups were treated for hypertension with
telmisartan (20-40mg) or candesartan (4-8mg), respec-
tively, once a day, and in all of them hypertension was
successfully treated (<130/85 mmHg) [24].

Primary and secondary endpoint

The primary endpoint of the study was a statistically signifi-
cant decrease in the forearm vascular resistance response to
ACh at the maximum dose (16 pg/min). The secondary
endpoint was a statistically significant reduction of the
plasma norepinephrine concentration. These prespecified
endpoints were compared between the telmisartan-treated
and candesartan-treated groups. An Independent Endpoint
Classification Committee, without knowledge of the treat-
ment assignment, reviewed all potential cases and deter-
mined whether the cases should be classified as having
achieved the primary or secondary endpoint.

Statistical analysis

All results are expressed as mean [standard error of the
mean (SEM)]. Values before or after treatment were com-
pared between groups using unpaired #-tests. Differences
between values before and after treatment were tested for
statistical significance using a paired-sample #-test. Forearm
blood flow and vascular resistance responses to graded
doses of ACh or SNP were examined by a repeated-
measures analysis of variance (ANOVA). Two-way ANOVA
was used to compare forearm blood flow and vascular
resistance before and after treatment in the telmisartan-
treated and candesartan-treated groups. P values less than
0.05 were considered statistically significant.

RESULTS

Patient metabolic profiles before and after
treatment

Before treatment, the MetS group had significantly different
metabolic profiles compared to the non-MetS group
(Table 1), and there were no significant differences among
the telmisartan-treated, candesartan-treated, and control
groups. Reduction of body weight, FBG, fasting blood insu-
lin, serum triglycerides, and HOMA-IR were similar among
telmisartan-treated, candesartan-treated, and control groups
(Table 2). The reductions in SBP and high-sensitivity
C-reactive protein levels were significantly greater in both
the telmisartan and candesartan-treated groups than in the
control group, but did not differ between the telmisartan-
treated and candesartan-treated groups (Table 2). A
reduction in serum uric acid was obtained only in the
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TABLE 1. Baseline characteristics

60

ARBs in metabolic syndrome with hypertension

10

Age (years) 47 +8 51+6 NS

Male/female 34/26 6/4 NS

BMI (kg/m?) 25.6+1.8 23.4+1.3 <0.01
Waist (cm) 94+5 82+3 <0.01
SBP (mmHg) 148+13 1289 <0.05
DBP (mmHg) 9245 7846 <0.05
Heart rate (b.p.m.) 72+6 68+8 NS

Fasting BG (mg/dl) 118+15 88+ 14 <0.01
Fasting Bl (wU/mi) 17.8+3.9 10.2+4.2 <0.01
HbA1C (%) 6.24+0.7 54+05 <0.05
Serum LDL-C (mg/dl) 118+ 16 109422 <0.05
Serum HDL-C (mg/dl) 38+4 44+5 <0.05
Serum triglyceride (mg/dl) 208 £33 13842 <0.05
Uric acid (mg/dl) 7.2+0.2 5.6+0.4 <0.01
HOMA index 52+0.8 22+04 <0.01
HMW adiponectin (pg/ml) 2.1+£04 74+1.1 <0.01
Serum NE (pg/dl) 436+ 35 332433 <0.01
BRS (ms/mmHg) 12.841.2 17.6+1.4 <0.01
FBF (ms/min per 100 mi) 46+0.4 51405 NS

FVR (U) 2443 1943 <0.05

BG, blood glucose; BI, blood insulin; BP, blood pressure; BRS, baroreflex sensitivity; FBF, forearm blood flow; FVR, forearm vascular resistance; HDL-C, high-density-lipoprotein
cholesterol; HMW, high molecular weight; LDL-C, low-density-lipoprotein cholesterol; NE, norepinephrine; NS, not significant. Values are means & SEM when appropriate.

telmisartan-treated group (Table 2). The increase in plasma
HMW adiponectin levels was significantly greater in both the
telmisartan and candesartan-treated groups than in the con-
trol group, and significantly greater in the telmisartan-treated
group than in the candesartan-treated group (Table 2).

Forearm vascular responses to acetylcholine
and sodium nitroprusside

Basal forearm blood flow did not differ between the MetS
and non-MetS groups. Basal forearm vascular resistance
was significantly higher in the MetS group than in the non-
MetS group (Table 1). ACh and SNP evoked significant
increases in forearm blood flow and decreases in forearm

TABLE 2. Patient metabolic profiles before and after treatment

vascular resistance in a dose-dependent manner (Fig. 1a
and b). SBP and heart rate did not change significantly
during intra-arterial infusion of ACh or SNP in either group.

Effects of telmisartan and candesartan on basal
forearm blood flow and vascular resistance
Basal forearm blood flow did not differ between pretreat-
ment levels and those at 6 months after treatment in
the telmisartan-treated and candesartan-treated groups
(Table 3). In both the telmisartan-treated and candesar-
tan-treated groups, however, basal forearm vascular resist-
ance was significantly lower at 6 months after treatment
than before the treatment (Table 3).

Pre _ Post Pre Post _Pre st
BMI (kg/mz) 258+1.7 245415 256+1.9 248418 254+1.6 247417
Waist (cm) 9545 92+3 94+5 91+4 94 +£5 91+2
SBP (mmHg) 147 £13 130497 149+ 12 131:+6° 147+ 11 142 £4
DBP (mmHg) 92+4 83457 93+£5 83+4° 92+£5 89+3
Heart rate (b.p.m.) 7146 68+ 4 7246 6843 7346 7145
Fasting BG (mg/dl) 119+ 15 104+7 116+ 16 103+9 117+14 106+6
Fasting BI (ul/ml) 18.2+4.1 134421 17.7+£3.8 13.64+2.3 17.8+3.8 14.1+£2.1
LDL-C (mg/dl) 116+£17 112+16 12015 114+12 117+£18 113+ 11
HDL-C (md/dl) 38+4 4143 37+£3 40+£3 3843 4042
Triglyceride (mg/dl) 212+£35 162+28 208 £ 31 166+ 31 206+ 33 172428
Uric acid (mg/dl) 7.3+03 6.5+0.2*P 7.2+£0.2 6.7+0.4 7.24+0.2 6.9+0.3
HOMA index 53£06 34+£0.3 51+0.8 3.5+04 5.1+0.8 3.7+04
Adiponectin (ug/ml) 20+04 5.2+0.4%0 2.1+0.3 4.3+0.5° 2.14+04 3.840.6
hsCRP (mg/l) 2.7+05 1.34+0.4° 2.8+0.6 1.5+0.6% 2.8+£0.7 2.1+08

BG, blood glucose; Bl, blood insulin; BP, blood pressure; CND, candesartan; HDL-C, high-density-lipoprotein cholesterol; HMW, high molecular weight; hsCRP, high-sensitive C-reactive
protein; LDL-C, low-density-lipoprotein cholesterol; TLM, telmisartan. Values are means = SEM.

“Indicates the significant difference (P < 0.05) of the degree of the changes between pretreatment and posttreatment in TLM group, CND group, or diet group.

®Indicates the significant difference (P < 0.05) of the degree of the changes between pretreatment and posttreatment in CND group compared with those in TLM group.
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FIGURE 1 (a) Plots showing forearm blood flow (FBF) response to acetylcholine (ACh) or sodium nitroprusside (SNP) in telmisartan (TLM)-treated and candesartan (CND)-
treated groups at pre and post-treatment. Results are expressed as mean [standard error of the mean (SEM)]. (b) Plots showing responses of forearm vascular resistance
(FVR) to ACh or SNP in TLM-treated and CND-treated groups at pre and post-treatment Results are expressed as mean & SEM. *P< 0.05 between pre and post-treatment

in each TLM and CND-treated group.

Primary endpoint

At 6 months after treatment, decreases in the forearm
vascular resistance response to ACh at the maximum
dose were significantly greater in the telmisartan-treated
group than in the candesartan-treated group (Fig. 2).
The sample size, 20 patients in each group, is sufficient
to detect a difference of 16% in changes in the forearm
vascular resistance response to ACh at the maximum

dose, with a power of 1-B = 80% and a two-tailed
a = 0.05 of 16%.

Secondary endpoint

Plasma norepinephrine concentration was significantly
reduced at 6 months after treatment in the telmisartan-
treated group, but not in the candesartan-treated group

(Fig. 3).

TABLE 3. Parameters of endothelial nd sympathetic nervous system activati

bfo e ad afte treatment
TIM (h-—20) '

. 7 _Pre

FBF (ml/min per 100 m! 46+04 48403

Increase in FBF (%) 31 10£2%° 341 7+12 342 4+1
FVR (U) 24+3 21422 2442 21422 2442 23+3
Decrease in FVR (%) 14£2 504420 13%3 32432 14+3 1644
LF/HF-HRV (%) 29+05 2.2:+£03*° 3.0+0.4 27404 31405 2.9+05
LF-SBPV (%) 5844 48 £ 43P 5945 5445 5845 5846

BRS, baroreflex sensitivity; CND, candesartan; FBF, forearm blood flow; FVR, forearm vascular resistance; LF/HF-HRV, low frequency/high frequency power in heart rate variability;
LF-SBPV, low frequency/total power in SBP variability; NE, norepinephrine; TLM, telmisartan. Values are means = SEM.

2Indicates the significant difference (P< 0.05) of the degree of the changes between pre and post-treatment in TLM group, CND group, or diet group.

PIndicates the significant difference (P< 0.05) of the degree of the changes between pre and post-treatment in CND group compared with those in TLM group.
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FIGURE 2 Changes in responses of forearm vascular resistance to acetylcholine at
16 g/min between before and after the treatment in telmisartan-treated (TLM)
and candesartan-treated (CND) groups. Results are expressed as mean £ SEM.
*P<0.05 in TLM vs. CND.

Effects of telmisartan and candesartan on
spectral analysis for SBP and heart rate
variability, and baroreflex sensitivity
Low-frequency/high-frequency-HRV and LF-SBPV were
significantly reduced at 6 months after treatment only in
the telmisartan-treated group (Table 3). BRS was signifi-
cantly lower in the MetS group than in the non-MetS group
before treatment (Table 1). The improvement in BRS at
6 months after treatment was significantly greater in both
the telmisartan-treated and candesartan-treated groups
than in the control group, and significantly greater in the
telmisartan-treated group than in the candesartan-treated
group (3.6+1.1ms/mmHg vs. 1.5+ 1.0ms/mmHg vs.
0.7 £ 0.9 ms/mmHg, 7 =20 for each, P<0.05).

TLM CND

1

-100 —

—150 —

—-200 —
(po/dl)

FIGURE 3 Changes in plasma norepinephrine concentration between before and
after the treatment in telmisartan-treated (TLM) and candesartan-treated (CND)
groups. Results are expressed as mean & SEM. *P < 0.05 in TLM vs. CND.
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Relationship between plasma norepinephrine
concentrations or baroreflex sensitivity and
endothelial function

At the maximum dose of ACh, the decrease in plasma
norepinephrine concentrations correlated with the
decrease in forearm vascular resistance (r=0.72,
P < 0.002; Fig. 4a). The increase in BRS was also positively
correlated with the decrease in forearm vascular resistance
(r=0.85, P<0.006; Fig. 4b).

DISCUSSION

The major findings in the present study are as follows:

1. Treatment with either telmisartan or candesartan
ameliorated endothelial dysfunction in patients with
MetS. Amelioration of the endothelial dysfunction in
the MetS, however, was significantly greater in the
telmisartan-treated group than in the candesartan-
treated group, despite the similar depressor effects
of the two ARBs.

2. Telmisartan, but not candesartan, reduced plasma
norepinephrine concentrations, LF/HF-HRV, and
LF-SBPV in the patients with MetS.

3. Amelioration of baroreflex dysfunction in patients
with MetS was significantly greater in the telmisar-
tan-treated group than in the candesartan-treated
group.

4. The increase in HMW-adiponectin in patients with
MetS was significantly greater in the telmisartan-
treated group than in the candesartan-treated group.

Our findings provide novel insight indicating that ARBs
have beneficial effects on endothelial function and barore-
flex function in patients with MetS. Moreover, telmisartan
inhibited sympathetic hyperactivity in MetS and the sym-
patho-inhibitory effect might not be a class effect of ARBs.

The findings of the present study demonstrated ARB-
induced improvement of endothelial function in forearm
resistance arteries, based on the forearm endothelium-
dependent vasodilation in response to ACh infusion
measured by venous-occlusion plethysmography. Support-
ing the notion that the endothelial function of resistance
arteries is important for cardiovascular outcome, a recent
large study of 1016 elderly patients showed reduced fore-
arm endothelium-dependent vasodilation in response to
ACh infusion in patients with MetS assessed by venous-
occlusion plethysmography [6]. Flow-mediated vasodila-
tion in the brachial artery, however, did not differ between
patients with MetS and control individuals [6]. In another
recent large study of 1417 men, MetS was not associated
with impaired flow-mediated vasodilation [12]. One
possible reason for this discrepancy is that endothelial
function is impaired earlier in resistance arteries than in
conduit arteries, as determined by flow-mediated vasodi-
lation [13,14]. Furthermore, only ACh-induced vasodilation
in forearm resistance vessels is a robust predictor of future
cardiovascular events during a 5-year follow-up [15]. To
predict the future cardiovascular outcome in MetS, we
consider that endothelial function of the resistance arteries
evaluated by forearm endothelium-dependent vasodilation
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FIGURE 4 Relationship between decreases in plasma norepinephrine (NE) concentrations (a) and the increases in baroreflex sensitivity (BRS) (b) with decreases in forearm

vascular resistance (FVR).

in response to ACh would be important in patients with
MetS. We previously evaluated forearm vasodilation
evoked by ACh using venous-occlusion plethysmography
to measure the endothelial function in resistance arteries
[25-~27]. The present study clearly demonstrates that ARBs
improve the endothelial dysfunction based on the response
to ACh infusion in patients with MetS, and that the improve-
ment of the endothelial dysfunction was significantly
greater in the telmisartan-treated group than in the cande-
sartan-treated group, despite the similar depressor effects of
the drugs. These results suggest that ARBs have beneficial
effects on endothelial dysfunction in patients with MetS,
which might contribute to improve the cardiovascular
endpoint in MetS.

The difference between the ARBs in their beneficial
effects on endothelial function in patients with MetS is
an interesting topic. ARBs are considered to improve endo-
thelial dysfunction via blockade of the angiotensin II path-
way; tumor necrosis factor (TNF)-alpha-induced generation
of reactive oxygen species, which are inflammation-associ-
ated factors; and by decreasing endothelial nitric oxide
synthase [33,34]. A previous study demonstrated that vas-
cular endothelial dysfunction is improved by telmisartan to
a greater extent than losartan via normalization of the
endothelial nitric oxide synthase pathway, nuclear factor-
kappa B activation, and TNF-alpha activation [35]. Another
study also found that telmisartan, not candesartan, inhibits
reactive oxygen species production in a human hepatoma
cell line [36]. These results suggest that the beneficial effects
on the reduction of oxidative stress and the inflammation-
associated factors may differ among ARBs. Although the
effects on high-sensitivity C-reactive protein did not differ
between telmisartan and candesartan, and oxidative stress
was not measured in the present study, the differences
between telmisartan and candesartan on the amelioration
of endothelial dysfunction in patients with MetS might be
related to differences in the antioxidant effects between the
two ARBs. Furthermore, in the present study, the effects of
telmisartan and candesartan on adiponectin levels were
different. Adiponectin levels are independently correlated
with endothelium-dependent vasodilation in hypertensive
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patients [37], as well as in healthy individuals or patients
with impaired glucose tolerance [38]. Experimentally,
adiponectin inhibits cytokine-induced expression of endo-
thelial adhesion molecules in endothelial cells and reduces
atherogenic transformation of macrophages to foam cells
by suppressing scavenger receptor expression [37]. We
speculate that the difference in the improvement of endo-
thelial dysfunction between the telmisartan and candesar-
tan-treated groups was, at least in part, due to the difference
in the improvement of adiponectin levels. The differences
in the responses to telmisartan and candesartan were com-
pared using only one dose of each drug and at the trough
response of that dose. Although we considered that the
similar depressor effects of telmisartan and candesartan
after treatment indicated that the appropriate doses of
telmisartan and candesartan were used with equal effects,
we cannot exclude the possibility that the quantitatively
different responses to the ARBs were related to differences
in their pharmacokinetic profiles. Moreover, remodeling of
resistance arteries is the earliest subclinical alteration that
occurs in the vasculature of hypertensive patients and may
actually precede endothelial dysfunction. Therefore, fur-
ther clinical trials are necessary to address these questions.

Another important aspect of MetS is SNS activation.
Telmisartan inhibits SNS activation. In the present study,
telmisartan, but not candesartan, decreased plasma norepi-
nephrine concentrations, LE/HF-HRV, and LF-SBPV in
patients with MetS. Furthermore, although both telmisartan
and candesartan improved the impaired BRS, the improve-
ment of the impaired BRS was significantly greater in the
telmisartan-treated group than in the candesartan-treated
group. BRS might be improved because of the reduction in
blood pressure [39]. In the present study, however, telmi-
sartan and candesartan caused similar depressor effects. We
also demonstrated that decreases in forearm vascular resist-
ance were significantly positively correlated with decreases
in plasma norepinephrine concentrations and the increases
in BRS. In the present study, we did not address the
mechanisms by which telmisartan inhibits SNS activation
and improves baroreflex dysfunction to a greater extent
than candesartan in patients with MetS. We previously
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demonstrated, however, that telmisartan inhibits SNS acti-
vation in hypertensive rats [40]. Interestingly, a previous
study found that telmisartan can penetrate the blood—brain
barrier in both a dose and time-dependent manner to
inhibit the centrally mediated effects of angiotensin II
following peripheral administration [41]. We demonstrated
that oxidative stress in the cardiovascular center of the
brainstem causes sympatho-excitation and baroreflex dys-
function [42,43]. In the brain, oxidative stress is mainly
produced by the activation of angiotensin II type 1 recep-
tors [44,45]. Taken together, these findings lead us to
speculate that oral administration of telmisartan, but not
candesartan, improves the impaired BRS and SNS activation
due to a reduction in the oxidative stress in the brain.
Furthermore, this sympatho-inhibitory effect of telmisartan
might, at least in part, induce the amelioration of endo-
thelial dysfunction in patients with MetS.

Telmisartan also reduces serum uric acid in patients with
MetS. Serum uric acid levels are increased in patients with
MetS because insulin increases both sodium and uric acid
reabsorption [46,47]. Furthermore, elevated serum uric
acid levels appear to be associated with endothelial dys-
function [46,47] and may have a role in the increased
vascular risk of patients with MetS [47]. On the basis of
the results of the present study, we speculate that telmi-
sartan reduces serum uric acid through its effects to
improve insulin resistance.

In the present study, we did not address the role of
leptin in the regulation of SNS in patients with MetS.
Leptin is an adipocyte-derived hormone that has a key
role in the regulation of body weight through its actions
on appetite and metabolism in addition to increasing
blood pressure and SNS activation [48]. Rahmouni
et al. [48] suggested that mice with diet-induced obesity
exhibit circulating hyperleptinemia and resistance to the
metabolic actions of leptin. In the present study, although
we did not measure leptin levels, it is possible that the
different effects of the ARBs on activation of the SNS and
the endothelial dysfunction are due to their different
effects on leptins.

The increasing number of patients with MetS is a
worldwide health problem because patients with MetS
are considered to be at a high risk for cardiovascular
disease. Renin—angiotensin system inhibitors are pre-
ferred for patients with MetS [23,24]. Important targets
of treatments for cardiovascular disease include endo-
thelial and autonomic dysfunction. In the present study
we demonstrated that ARBs improve endothelial dysfunc-
tion in resistance arteries and autonomic dysfunction in
patients with MetS. Furthermore, amelioration of endo-
thelial and autonomic dysfunction in patients with MetS
was significantly greater in the telmisartan-treated group
than in the candesartan-treated group, despite the similar
depressor effects of the two drugs. These findings suggest
that telmisartan has a unique multitherapeutic potential
for hypertension, insulin resistance, endothelial dysfunc-
tion, and autonomic dysfunction in patients with MetS
and that these beneficial effects are not class effects
of ARBs.

The present study has some limitations. First, the present
study has a small sample size. To strengthen the results of
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the present study, another clinical study should be per-
formed with a larger sample size and longer follow-up
period. Second, four or five patients in each group were
treated with amlodipine, which might affect endothelial
function [49]. However, the patients had been taking amlo-
dipine for more than a year. They still showed high blood
pressure and metabolic profile. Therefore, we enrolled the
patients in the present study. We found that they showed
endothelial dysfunction compared with other patients.
Third, the effects of individual nutritional education were
not quantified in the present study. The differences in daily
nutrition may not be small, even if all the patients enrolled
in the present study received individual nutritional edu-
cation. Fourth, plasma norepinephrine concentration is a
variable marker, and is changed by many factors [50].
Spectral analysis of blood pressure and heart rate variability
is also not considered to be a reliable marker of SNS activity
[50]. Therefore, it remains to be determined whether oral-
administered telmisartan has a definitive sympatho-inhibi-
tory effect in patients with MetS by directly assessing SNS
activity using the norepinephrine radiolabeled spillover
technique or microneurographic recordings of efferent
postganglionic muscle sympathetic nerve firing rates. Spec-
tral analysis of blood pressure and heart rate has also been
suggested to function as a relatively ‘direct’ assessment of
SNS activity [30). The effects of telmisartan on the plasma
norepinephrine concentrations, LF/HF-HRV, and LF-SBPV
in the present study indicate that this drug has sympatho-
inhibitory effects.

In conclusion, in patients with MetS, ARBs ameliorated
endothelial dysfunction. The improvement in the endo-
thelial function was significantly greater in the telmisartan-
treated group than in the candesartan-treated group,
despite the similar depressor effects of the two drugs.
Furthermore, telmisartan, but not candesartan, inhibited
SNS activity in patients with MetS. Telmisartan improved
BRS to a greater extent than did candesartan. These findings
suggest that ARBs have beneficial effects on endothelial
dysfunction, baroreflex dysfunction, and sympathetic
hyperactivity in patients with MetS, and that these effects
of ARBs are not class effects.
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endothelial and autonomic dysfunction in Japanese patients
with metabolic syndrome (MetS). The authors have found
that both candesartan and telmisartan improve endothelial
function in MetS patients even if telmisartan performs
better. Moreover, they have found that telmisartan, but
not candesartan, significantly improves baroreflex dys-
function and reduces plasma norepinephrine concen-
tration in MetS patients. Despite previous manuscripts
already focused on role of ARBs in endothelial dysfunction
in MetS. (i.e. Irbesartan: Sola et al. Circulation 2005), this
works compared the effects of two different ARBs (telmi-
sartan and candesartan) and therefore provides additional
and original information.
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The overexpression of mitochondrial transcription factor A (TFAM) attenuates the decrease in mtDNA copy
number after myocardial infarction, ameliorates pathological hypertrophy, and markedly improves survival.
However, non-transgenic strategy to increase mtDNA for the treatment of pathological hypertrophy remains
unknown. We produced recombinant human TFAM protein (rhTFAM). rhTFAM rapidly entered into mito-
chondria of cultured cardiac myocytes. rhTFAM increased mtDNA and abolished the activation of nuclear fac-
tor of activated T cells (NFAT), which is well known to activate pathological hypertrophy. rhTFAM attenuated
subsequent morphological hypertrophy of myocytes as well. rhTFAM would be an attractive molecule in at-
tenuating cardiac pathological hypertrophy.

© 2012 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Mitochondrial dysfunction has been reported in various forms of
heart failure. Mitochondrial DNA (mtDNA) is decreased in the heart
from post-myocardial infarction (MI) model in mice (Ide et al.,
2001). In human as well, Karamanlidis et al. demonstrated that mito-
chondrial biogenesis is severely impaired in the myocardium from
end-stage heart failure patients. They also showed that there was
no significant change in the expression of the fibroblast marker in
their sample, suggesting the decrease of mtDNA and mitochondrial
biogenesis are not due to the fibrosis occurring under these

Abbreviations: mtDNA, mitochondrial DNA; ROS, reactive oxygen species; TFAM,
mitochondrial transcription factor A; MI, myocardial infarction; NFAT, nuclear factor
of activated T cells; GST, glutathione S-transferase; MTS, mitochondrial targeting sig-
nal; rhTFAM, recombinant human TFAM; AMTS-rhTFAM, rhTFAM without MTS;
rhTFAM-AC, rhTFAM lacking C-terminal tail; MAPK, mitogen-activated protein kinase;
ERK, extracellular signal-regulated kinase; COX I, cytochrome c oxidase I; COX [II, cyto-
chrome ¢ oxidase IlI; SDHA, succinate dehydrogenase complex subunit A; NDUFA9,
MNADH dehydrogenase 1 alpha subcomplex subunit 9; ATIII, antithrombin 11I; RPL27, ri-
bosomal protein L27; MCIP1, modulatory calcineurin interacting protein 1; HPRT, hy-
poxanthine guanine phosphoribosyl transferase; Angll, angiotensin II; ET-1,
endothelin-1; BNP, brain natriuretic peptide.

* Corresponding author. Tel.: 481 92 642 5360; fax: +81 92 642 5374.

E-mail address: tomomi_i@cardiol.med.kyushu-u.acjp (T. Ide).

conditions, changing the ratio of cardiac myocytes with a high
amount of mitochondria to fibroblasts and other cell types with low
amounts (Karamanlidis et al.,, 2010). mtDNA could be a major target
for locally generated reactive oxygen species (ROS), and an intimate
link among mtDNA damage and defects in the electron transport
function might play an important role in the development and pro-
gression of cardiac remodeling and failure (Ide et al., 2001).
Mitochondrial transcription factor A (TFAM), a nucleus-encoded
protein, binding upstream of the light strand and heavy strand pro-
moters of mtDNA, promotes transcription of mtDNA. It also plays an
important role in regulating mtDNA copy number (Kanki et al.,
2004). TFAM is a high mobility group protein having DNA-binding
properties, regardless of its DNA sequence (Parisi and Clayton,
1991). TFAM molecules are abundant enough to cover the entire
mtDNA, and indeed most of them bind mtDNA, suggesting that
mtDNA is packaged with TFAM (Alam et al, 2003; Kang et al,
2007). Disruption of the tfam gene in mice has been shown to cause
depletion of mtDNA, loss of mitochondrial transcripts, loss of
mtDNA-encoded polypeptides, and severe respiratory chain deficien-
cy (Larsson et al., 1998). Moreover, targeted disruption of tfam in
cardiac myocytes induced deletion of mtDNA and dilated cardiomy-
opathy (Li et al,, 2000; Wang et al., 1999). In addition, a reduction
in TFAM expression has been demonstrated in several forms of cardi-
ac failure (Garnier et al., 2003; Ide et al., 2001; Karamanlidis et al.,
2010). We have previously demonstrated in mice, in MI, that TFAM

1567-7249/% - see front matter © 2012 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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overexpression attenuated the decrease in mtDNA copy number,
ameliorated pathological hypertrophy, and dramatically improved
survival rate (lkeuchi et al., 2005). In addition, the overexpression
of TFAM in Hela cells reduced mitochondrial ROS generation
(Hayashi et al., 2008). Taken together, these findings indicate that
upregulating TFAM results in increasing mtDNA copy number and at-
tenuates cardiac pathological hypertrophy. However, the effective
way how to increase TFAM expression or mtDNA copy number in
clinical situation remains unknown.

Recent study showed that exogenously administered recombinant
TFAM engineered with an N-terminal protein transduction domain,
followed by a matrix mitochondrial localization sequence, was rec-
ruited into mitochondria of cultured cells (Iyer et al., 2009). Therefore
it is conceivable that exogenously administered recombinant TFAM
manifests beneficial impacts on myocytes, and this method could be
useful for the therapy of cardiac pathological hypertrophy. In the pre-
sent study, we examined whether exogenous recombinant TFAM pro-
tein was recruited into cardiac myocytes and functioned to increase
mtDNA copy number and attenuate hypertrophy of myocytes in
vitro. The results indicated that recombinant TFAM protein inhibited
nuclear factor of activated T cells (NFAT) signaling and prevented
pathological hypertrophy of cardiac myocytes.

2. Material and methods
2.1. Preparation of human TFAM protein

We used a glutathione S-transferase (GST) gene fusion purification
protocol to synthesize recombinant human TFAM protein. Two TFAM
proteins, rhTFAM (recombinant human TFAM with mitochondrial
targeting signal (MTS)) and AMTS-rhTFAM (recombinant human TFAM
without MTS), were prepared. The nucleotide sequences corresponding
to human TFAM and TFAM without MTS were cloned from human
cDNA library, and were subcloned into pGEX-6P-1 (GE Healthcare).
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The constructs were transformed into competent cells (BL21 (DE3), Invi-
trogen). The transformed bacteria were cultured in LB medium (MP
Biochemicals) supplemented with 100 pg/ml ampicillin (Wako), in
the shaking incubator (Bio-Shaker BR-300LF, TAITEC). When the culture
achieved an optical density of wavelength 600 nm to 0.5-0.7, isopropyl-
B-p-thiogalactopyranoside (0.7 mM, nacalai tesque) was added to the
medium and incubated for further 2 h. Growth and expression of the
bacteria culture were performed at 37 °C with variable agitation and air-
flow. The bacteria were harvested and pelleted by centrifugation at
8000g and stored at —80 °C.

Cell pellets were resuspended in sonication buffer (20 mM Tris-
HCl, 500 mM Nacl, 250 mM, 2-mercaptoethanol 5 mM, 1% NP-40
and protease inhibitor cocktail (Complete Mini, Roche Diagnostics))
and mildly sonicated at 4 °C. The lysate was then clarified by centrifu-
gation at 8000g for 30 min. The supernatant was mixed with Gluta-
thione Sepharose 4B resin (GE Healthcare) for 2 h and applied to
polypropylene columns (Thermo SCIENTIFIC). Resin absorbed with
GST-TFAM protein was washed with wash buffer (20 mM Tris-HCl,
150 mM Nacl, 5 mM 2-mercaptoethanol, 0.1% NP-40) to isolate the
vector protein. Then it was mixed with Turbo3C Protease (160
units/ml, Accelagen) and elusion buffer (20 mM Tris-HCl, 150 mM
NaCl, 5M 2-mercaptoethanol, 0.1% NP-40) at 4 °C overnight to re-
move GST from TFAM. The flow-through was collected and dialyzed
with Slide-a-lyzer Dialysis Cassette (7 K MWCO, Thermo Scientific)
in phosphate buffered saline (PBS). The solution was screened via so-
dium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) analysis for proper size and purity. The purity was above
98% by Coomassie Brilliant Blue (CBB) staining. Western blot analysis
was also performed using anti-human TFAM specific antibody to ver-
ify the success of target protein purification (Fig. 1). The solution was
stored at —80 °C and used as recombinant TFAM protein. We also
performed the same procedure using empty vector without TFAM se-
quence and the product was also stored at —80 °C. In addition, we
synthesized recombinant human TFAM lacking the C-terminal 25
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Fig. 1. Synthesis of recombinant human TFAM protein. (A and B) Schematic structure (A) and amino acid sequence (B) of human TFAM protein. Underlined part is MTS. (C) Sche-
matic structure and electrophoresis of pGEX-6P-1-TFAM, the subcloned plasmid we constructed for synthesizing recombinant TFAM. TFAM sequence was inserted between the
EcoRlI restriction sites. The left lane shows linear whole plasmid (BamHI restriction), and the right lane shows electrophoretically separated pGEX-6P-1 and TFAM (EcoRI restric-
tion). (D) SDS-PAGE analysis of the product. We confirmed the product as TFAM by CBB staining (left lane) and Western blotting using human TFAM -specific antibody (right lane).
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amino acids (rhTFAM-AC) as described previously (Ohgaki et al.,
2007).

2.2. Preparation and culture of cardiac myocytes and RAW 264.7 cells

All procedures and animal care were approved by the Committee
on Ethics of Animal Experiment, Kyushu University Graduate School
of Medical and Pharmaceutical Sciences and performed in accordance
with the Guideline for Animal Experiment of Kyushu University, and
the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85-23, re-
vised 1996). Primary culture of neonatal rat ventricular myocytes
was prepared from the ventricles of neonatal SD rats as described
previously (Tsutsumi et al., 2008). Neonatal rats were euthanized by
decapitation under anaesthesia with isoflurane, after which the
hearts were rapidly excised and digested. Anaesthesia depth was
monitored by limb withdrawal using toe pinching. After digestion of
the myocardial tissue with trypsin (Wako) and collagenase type 2
(Worthington), cells were suspended in Dulbecco's Modified Eagle's
Medium (Sigma-Aldrich) containing 10% fetal bovine serum (FBS,
Thermo Scientific), penicillin (Invitrogen) and streptomycin (Invi-
trogen), and plated twice in 100 mm culture dishes (Cellstar, greiner
bio-one) for 70 min each to reduce the number of non-myocytes.
Non-adherent cells were plated in culture dishes (Primaria, Falcon)
at an appropriate density for each experiment. Myocytes were
maintained at 37 °C in humidified air with 5% CO, for 36 h after the
plating to the culture dishes. The culture medium was changed and
rhTFAM protein was added to the medium 12h before each
experiment.

RAW 264.7 cells, mouse leukemic monocyte macrophage cell line,
were originally obtained from American Type Culture Collection
(ATCC; cat.no.TIB-71).

2.3. Western blot analyses

Western blot analysis of cardiac myocytes was performed as de-
scribed previously (Kanki et al., 2004). Cells were carefully washed
with Hanks’ balanced salt solution (HBSS, Invitrogen) and collected
in lysis buffer (RIPA Buffer, Thermo Scientific) with protease inhibitor
cocktail, Equal amounts of protein (10 pg protein per lane), estimated
by the bicinchoninic acid assay with the use of BCA Protein Assay
(Thermo Scientific), were separated on SDS-PAGE and then electro-
phoretically transferred to a nitrocellulose membrane (Trans-Blot,
Bio-Rad). After blocking for 2 h, the membrane was incubated with
a certain primary antibody at 4 °C overnight. Then they were incubat-
ed with corresponding secondary antibody for 1 h at room tempera-
ture. The chemiluminescence was detected with an ECL™ Western
Blotting Detection Reagents (GE Healthcare) according to the man-
ufacturer's recommendation. The signal was visualized and recorded
with a chilled charge-coupled device camera, LAS3000 (FUJIFILM).
We also performed the same procedure using RAW 264.7 cells.

Antibody to human TFAM was produced by immunizing rabbits
with recombinant human TFAM. Antibodies to cytochrome c oxidase
[ (COX ), cytochrome c oxidase I1I (COX III), succinate dehydrogenase
complex subunit A (SDHA), and NADH dehydrogenase 1 alpha sub-
complex subunit 9 (NDUFA9) were from Invitrogen. Antibody to glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) and secondary
antibodies for Western blotting were obtained from Santa Cruz Bio-
technology. Densities of the immunoreactive bands were evaluated
using NIH Image] software, and relative amounts were quantified rel-
ative to GAPDH.

For the measurement of mitogen-activated protein kinase (MAPK)
p44/42 (extracellular signal-regulated kinase (ERK) 1/2)) phosphory-
lation, cells were stimulated with endothelin-1 (ET-1, 100 nM, Sigma-
Aldrich) for 30 min and collected. Antibodies to phospho-MAPK p44/
42 and total-MAPK p44/42 were from Invitrogen. Total-MAPK p44/42

protein contents were also determined after stripping the phospho-
blots with stripping solution (nacalai tesque) in order to verify for
protein loading. Signal intensities were quantified as the ratio of
phospho- to total-MAPK p44/42.

2.4. Inmunostaining

Cells were washed with HBSS and treated with 500 nM MitoTracker
Orange (Invitrogen) in culture medium for 15 min. They were again
washed with HBSS and fixed with — 20 °C methanol for 20 min. After
blocking with the mixture of 10% FBS and 1% bovine serum albumin
(Wako), they were incubated with anti-human TFAM antibody at 4 °C
overnight. Then they were incubated with fluorescence-labeled second-
ary antibody (Alexa Fluor 488 chicken anti-rabbit IgG, Invitrogen) for
1h. They were mounted with mounting medium with DAPI
(Vectashield, Vector Laboratories) and observed by confocal microsco-
py (A1, Nikon).

2.5. Cell viability

Cell viability was measured using Cell Counting Kit-8 (Dojindo) as
manufacturer's protocol. Briefly, the reagent was added to the culture
medium and incubated for 3 h. Then the absorbance of the culture
medium at 450 nm was measured by the microplate reader (Infinite
200, TECAN).

2.6. Lactate dehydrogenase (LDH) Assay

LDH concentration in the culture medium was measured using
LDH-Cytotoxicity Assay Kit (Wako) as manufacturer's protocol. Brief-
ly, the culture medium was reacted with the reagent for 30 min at
room temperature. Then the absorbance at 560 nm was measured
by the microplate reader.

2.7. Observation by transmission electron microscopy (TEM)

Cardiac myocytes were collected and fixed with 2% glutaraldehyde
(TAAB), post-fixed in 1% osmium tetroxide, and embedded. Ultrathin
sections were post-stained with Sato's lead staining solution and ob-
served with TEM (H7000E, Hitachi).

2.8. Real-time polymerase chain reaction (PCR) analyses

mtDNA copy number and mRNA expression were quantified by
real-time PCR analysis, as described previously (Kanki et al., 2004;
Lagouge et al., 2006). Total DNA was extracted with DNeasy tissue
kit (Qiagen), and total RNA was extracted with RNeasy tissue kit
(Qiagen). The total DNA or RNA was quantified by absorbance meth-
od (BioPhotometer, Eppendorf).

Total DNA was treated with BamHI (Takara) for 6 h and the relative
amount of mtDNA was quantified by quantitative PCR. The PCR mixture
contained 3 ng of the total DNA, 12 pmol each of primers (5'-
ACTCCCTATTCGGAGCCCTA-3' and 5'-GGAGCTCGATTTGTTTCTGC-3 for
mtDNA) in 30 pl. To estimate the amount of genomic DNA as an internal
standard, antithrombin III (ATIII) gene was amplified in a 30 W reaction
mixture containing 3 ng of the total DNA, 12 pmol each of primers (5'-
TGCTACTCATTGGTGCCTTG-3' and 5'-TTCCGGAACCTTCTGCTCTA-3).
The amount of mtDNA was adjusted to the amount of genomic DNA.
All reactions were performed with SYBR Premix Ex Taq Il (Takara) and
Applied Biosystems 7500 Real-Time PCR system (Applied Biosystems)
according to the manufacture's protocol. We also confirmed the result
using another primer set for mtDNA (5’-CCCAGCCACCACTATCATTC-3"
and 5'-TGATGTTGGGGTTATGTTGG-3'). We also performed the same
procedure using RAW 264.7 cells, using the primer set for mtDNA (5'-
TGTAAGCCGGACTGCTAATG-3' and 3'-AGCTGGAGCCGTAATTACAG-5')
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and for ribosomal protein [27 (RPL27, 5'-CCTCATGCCCACAAGGTACTC-3’
and 3'-TCGCTCCTCAAACTTGACC-5") as an internal standard.

Total RNA was incubated with DNase I for 30 min and reverse tran-
scription was performed with ReverTra Ace qPCR RT Kit (Toyobo). The
relative amount of modulatory calcineurin interacting protein 1
(MCIP1) cDNA was quantified using in the same way as quantification
of mtDNA copy number, using the PCR mixture contained 5 ng of the
total cDNA, 12 pmol each of primers (5-TTGGGAACTGTTGGTTGACA-
3’ and 5'-ATGGCTACGGCATACTCCAC-3' for MCIP1) in 30 pl.

In in vivo experiments, 8- to 10-week-old male TFAM over-
expression mice and their littermates were used. Under anaesthesia
with pentobarbital sodium (30 mg/g BW, i.p.), the hearts were ex-
cised and RNA was extracted with RNeasy tissue kit. After reverse tran-
scription, the relative amount of cDNA was quantified using the PCR
mixture contained 5 ng of the total cDNA, 12 pmol each of primers (5'-
CCGTGTGGAATTGTCCTTCTC-3' and 5'-GACCCCATGTGCAGAGAAAAC-3
for MCIP1) in 30 pl. We used hypoxanthine guanine phosphoribosyl
transferase (HPRT) gene as an internal standard (5'-CTGGTGAAAAG
GACCTCTCG-3' and 5'-AACTTGCGCTCATCTTAGGC-3).

2.9. Nuclear translocation of NFAT

In order to assess nuclear translocation of NFAT, production and
infection of recombinant adenovirus including green fluorescent pro-
tein (GFP)-fused N-terminal region of NFAT4 (we referred as just
NFAT in this article) were performed as described previously (Fujii
et al., 2005; Nishida et al, 2007). Cardiac myocytes were infected
with the adenovirus at a multiplicity of infection of 300 for 60 h.
After the stimulation for 30 min with angiotensin II (Angll, 100 nM,
Sigma-Aldrich) or ET-1 (100 nM), cells were fixed by 10% formalde-
hyde (Sigma-Aldrich). The localization of GFP-NFAT was observed at
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an excitation wavelength of 488 nm with fluorescent microscopy
(IX71, Olympus). More than 20 scenes were randomly scanned in
each experiment and quantified the subcellular localization of GFP-
NFAT using Photoshop (adobe systems).

2.10. Luciferase assays

NFAT-dependent luciferase activity and brain natriuretic peptide
(BNP) promoter activity were measured as described previously
(Fujii et al., 2005; Nishida et al., 2007, 2010). Cardiac myocytes
were transiently co-transfected with 0.45 pg of pNFATLuc (Strata-
gene) and 0.05 pg of pRL-SV40 (Stratagene) control plasmid or with
0.3 pg of pBNP-Luc and 0.2 pg of pRL-SV40 using Fugene 6 (Roche Di-
agnostics) for 48 h followed by stimulation of Angll (100 nM) or ET-1
(100 nM). Luciferase activity was measured 6 h (for NFAT) or 24 h
(for BNP) after the stimulation using dual luciferase reporter assay
system (Promega) according to the manufacturer's protocol.

2.11. Measurement of mitochondrial [Ca®*]

Mitochondrial [Ca?*] was visualized using mitochondria-specific
Ca®" indicator, rhod-2/AM (Dojindo). Cardiac myocytes were loaded
with 1 uM rhod-2/AM at 37 °C for 30 min. Then they were stimulated
with Angll (100 nM) or ET-1 (100 nM), and the time course of fluo-
rescence intensity was traced with a video image analysis system
(Aquacosmos, Hamamatsu Photonics).

2.12. Measurement of hypertrophic response of cardiac myocytes

Hypertrophy of cells was assessed by a measurement of cell sur-
face area and amount of actin filament, visualized by actin filament
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Fig. 2. The localization and cytotoxicity of rhTFAM proteins in cardiac myocytes. (A) Western blot analysis of myocytes treated with rhTFAM protein for 0-48 h. (B) Western blot
analysis of myocytes treated with rhTFAM-AC protein for 0-24 h. (C) Confocal microscopic observations of myocytes treated with rhTFAM, AMTS-rhTFAM, or rhTFAM-AC. Red rep-
resents mitochondria (MT), green represents human TFAM (Alexa Fluor 488), and blue represents nucleus (DAPI). Scale bar= 20 um. (D and E) The treatment with rhTFAM or
AMTS-rhTFAM did not affect the cell viability (D) of myocytes and LDH concentration of the medium (E). Data are presented as ratio to control.
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staining. Quantification of hypertrophy of myocytes was performed
as previously described (Nishida et al, 2007, 2010). After Angll
(100 nM) or ET-1 (100 nM) stimulation for 48 h, cells were fixed by
4% paraformaldehyde (nacalai tesque) and stained with Alexa Fluor
546 phalloidin (Invitrogen) for actin filaments visualization. Digital
photographs were taken with confocal microscopy (FV-10i, Olympus)
or Biozero Microscope (BZ-8000, Keyence), and the average values of
the cell surface area and fluorescent intensity (more than 200 cells)
were calculated using BZ-II Analyzer (Keyence).

2.13. Statistical analysis

Data are presented as mean+ standard error. Each experiment
was repeated at least three times. Data were analyzed by a two-
tailed Student's t test or analysis of variance followed by the Tukey
post-hoc test with significance imparted at P values of <0.05.

3. Results
3.1. rhTFAM was recruited into the mitochondria of cardiac myocytes

We synthesized rhTFAM protein and investigated its recruitment
into cardiac myocytes since we expected it as a new therapeutic mo-
dality. thTFAM (100 nM) was just added to the culture medium of
myocytes. thTFAM protein rapidly entered into cultured rat neonatal
ventricular myocytes within 10 min of the treatment, and remained
in the cells even at 48 h (Fig. 2A). In contrast, rhTFAM-AC rarely en-
tered into the cells (Fig. 2B). Confocal microscopy with z-scale analy-
sis revealed that exogenously added rhTFAM localized both in the
cytoplasm and mitochondria, whereas AMTS-rhTFAM was recruited
mostly into the nucleus (Fig. 2C), both for 1 and 24 h treatment.
These results suggested that MTS played an important role in deter-
mining the localization of recombinant TFAM in myocytes. We con-
firmed that rhTFAM-AC was not recruited into the cells (Fig. 2C),
suggesting that some sequence in C-terminal tail of TFAM was impor-
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Moreover, AMTS-rhTFAM and rhTFAM had no significant cytotox-
icity in cardiac myocytes at least at the concentration which we used
in these experiments (100 nM), since cell viability did not alter
(Fig. 2D) and LDH concentration in culture medium did not increase
(Fig. 2E) after the treatment with AMTS-rhTFAM or rhTFAM.

3.2. rhTFAM increased mtDNA copy number and
mtDNA-encoded proteins

In order to determine whether this recombinant protein functions
in cardiac myocytes, we performed characterization of mitochondria
after the treatment with rhTFAM. rhTFAM treatment increased
mtDNA copy number dose-dependently (0-100 nM) with a maxi-
mum increase of approximately two-fold at 12 h, whereas mtDNA
copy number was not affected by the treatment with AMTS-rhTFAM
(Fig. 3A). We confirmed these results by two different PCR primer
sets for mtDNA quantification and concluded that rhTFAM recruited
into mitochondria functioned and directly increased mtDNA copy
number. Using extract from empty vector, we ruled out the possibility
that products other than rhTFAM from competent cells increased
mtDNA contents (Fig. 3B). The treatment with rhTFAM or AMTS-
rhTFAM (100 nM) for 24 h did not affect the morphology and the
number of mitochondria significantly in cardiac myocytes (Fig. 3C).

To rule out the possibility that the recruitment and function of
rhTFAM are the specific property of cardiac myocytes, we used anoth-
er type of cell, RAW 264.7, to examine whether it also allows rhTFAM
to enter into the cells. We found both rhTFAM and AMTS-rhTFAM
were successfully recruited into RAW 264.7 cells (Fig. 4A and B). Sub-
sequently, rhTFAM functioned to increase mtDNA copy number, but
AMTS-rhTFAM did not (Fig. 4C). The recruitment and function of
rhTFAM were similar to cardiac myocytes, suggesting that they
were not unique properties of myocytes, but those of this specific
protein.

In order to characterize the change of mitochondrial features by
rhTFAM, we investigated the expression of mitochondrial electron
transport complex proteins in cardiac myocytes. rhTFAM (100 nM)
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Fig. 3. The effects of rhTFAM on mitochondrial characteristics. (A) mtDNA copy number in myocytes treated with rhTFAM or AMTS-rhTFAM (0-100 nM) for 12 h, and rhTFAM
(100 nM) for 0-36 h, quantified by real-time PCR relative to nucleus genome (ATIIl gene). Data are presented as ratio to 0 nM or O h. **: P<0.01 vs. 0nM or 0 h, *: P<0.05 vs.
10 nM. (B) mtDNA copy number of myocytes after the treatment with the product from empty vector. Myocytes were treated with the product from the empty vector by the equiv-
alent volume of rhTFAM 10 or 100 nM, and mtDNA copy number was quantified. Data are shown as a ratio to buffer control (PBS). Values are mean + SEM. (C) rhTFAM or AMTS-
rhTFAM did not affect the morphology and number of mitochondria in cardiac myocytes, observed by TEM. Scale bar=1 pm.



454 T. Fujino et al. / Mitochondrion 12 (2012) 449-458

Al

Positive
0 hr 1hr 6hr  24hr oontrol
GAPDH | W W - |
rhTFAM | -
MT
DAPI TFAM  Merge

m rhTFAM *k
O AMTS-rhTFAM

n
)

(ratio to 0 nM)

mtDNA copy number H

o
L

Vehicle TFAM

Fig. 4. The recruitment and function of rhTFAM on RAW 264.7 cells. (A) Western blot
analysis of RAW 264.7 cells treated with rhTFAM protein for 0-24 h. (B) Confocal mi-
croscopic observations of RAW 264.7 cells treated with rhTFAM or AMTS-rhTFAM.
Red represents mitochondria (MT), green represents human TFAM (Alexa Fluor 488),
and blue represents nucleus (DAPI). Scale bar=10 pm. (C) mtDNA copy number in
RAW 264.7 cells treated with rthTFAM or AMTS-rhTFAM (50 nM) for 12 h, quantified
by real-time PCR relative to nucleus genome (RPL27 gene). Data are presented as
ratio to vehicle. **: P<0.01 vs. vehicle.

increased mtDNA-encoded COX [ and COX IIl protein expression,
which is a component of mitochondrial electron transport complex
IV (Fig. 5A and B). In contrast, there were no increase of nuclear
DNA-encoded NDUFA9 (complex | component) and SDHA (complex
I component) protein contents (Fig. 5C and D). These results
suggested that rhTFAM increased mtDNA copy number and subse-
quently increased mtDNA-encoded, but not nuclear DNA-encoded,
mitochondrial proteins.

3.3. rhTFAM inhibited nuclear translocation of NFAT, NFAT transcriptional
activity, and NFAT-dependent gene expression

Since overexpression of TFAM ameliorated post-MI remodeling in
vivo, we expected rhTFAM also attenuated pathological hypertrophy
and remodeling signals. The calcineurin/NFAT signaling pathway is a
crucial signal that promotes pathological cardiac hypertrophy, both in
vitro and in vivo (McKinsey and Kass, 2007; Molkentin, 2004; Vega
et al, 2003). Dephosphorylation of NFAT by calcineurin, a Ca?*-
dependent serine/threonine phosphatase, induces cytosol-to-nucleus
translocation, and NFAT functions as a transcriptional factor that acti-
vates many prohypertrophic genes. Furthermore, previous reports
have suggested that the inhibition of NFAT signaling attenuated cardiac
hypertrophy and failure (Sakata et al., 2000; van Rooij et al., 2004). We

hypothesized that rhTFAM could also inhibit NFAT activation. We stim-
ulated cardiac myocytes with Angll or ET-1, which are the major neuro-
humoral factors of pathological cardiac hypertrophy. First we
investigated whether rhTFAM attenuated Angll- or ET-1-induced
NFAT nuclear translocation using recombinant adenovirus encoding
GFP-NFAT. The pretreatment with rhTFAM (100 nM) significantly
inhibited Angll (100 nM)- or ET-1 (100 nM)-induced nuclear transloca-
tion of GFP-NFAT, whereas the pretreatment with AMTS-rhTFAM
(100 nM) had no effect (Fig. 6A and B). This result suggested that re-
combinant TFAM recruited in mitochondria inhibited Angll- or ET-1-
induced NFAT activation. Moreover, NFAT transcriptional activity as
assessed by luciferase assay increased approximately 2.5-fold by stimu-
lation with Angll (100 nM) or ET-1 (100 nM), and these increases were
totally inhibited by the pretreatment with rhTFAM (10 nM) (Fig. 6C).
The promoter activity of BNP gene, a NFAT-target gene widely used as
marker of pathological cardiac hypertrophy, was also suppressed by
rhTFAM (10 nM) (Fig. 6D). The expression of MCIP1 gene is also regu-
lated by NFAT, and is used as a reporter gene of NFAT (Jin et al.,, 2010).
MCIP1 mRNA expression was inhibited by the treatment with rhTFAM
at baseline, just like TFAM-overexpression mice (Fig. 6E and F). These
results confirmed that rhTFAM attenuated Angll- or ET-1-induced
NFAT activation in cardiac myocytes.

We also investigated whether rhTFAM modulates MAPK p44/42
(ERK 1/2), another important pathway that induces cardiac hypertro-
phy (Aoki et al., 2000; McKinsey and Kass, 2007). The pretreatment
with rhTFAM (100 nM) had no effect on ET-1 (100 nM)-induced
MAPK p44/42 phosphorylation level (Fig. 7), suggesting that rhTFAM
attenuates hypertrophy independent of MAPK signaling.

Since NFAT is regulated by the frequency of Ca?* oscillation, we
investigated the effect of rhTFAM on Ca®* release from mitochondria.
Stimulation with Angll (100 nM) or ET-1 (100 nM) decreased mito-
chondrial [Ca®*] in cardiac myocytes, and rhTFAM (10 nM) signifi-
cantly suppressed these decrease (Fig. 8). This result suggested that
rhTFAM suppressed Angll- or ET-1-induced Ca®* release from mito-
chondria to cytoplasm.

3.4. rhTFAM attenuated pathological hypertrophy of cardiac myocytes

Finally we examined whether rhTFAM subsequently attenuates
hypertrophic response of myocytes. The treatment with rhTFAM
(10 nM) significantly reduced the hypertrophic reactions induced by
the stimulation with Angll (100 nM) or ET-1 (100 nM) for 48 h
(Fig. 9A-C). We concluded that rhTFAM attenuates Angll- or ET-1-
induced hypertrophy of cardiac myocytes.

4. Discussion

In our previous report we showed that, after MI, the overexpression
of TFAM attenuated the decrease of mtDNA copy number, ameliorated
pathological hypertrophy and improved survival rate dramatically
(Tkeuchi et al., 2005). Thus from the clinical point of view, our next in-
terest was to find the strategy to increase TFAM or mtDNA copy number
efficiently. Accordingly, this report has mainly two novel findings. First,
this is the first report showing that rhTFAM protein is successfully rec-
ruited into mitochondria of cardiac myocytes, and functions to increase
mtDNA copy number. The other finding is that rhTFAM inhibits NFAT
signaling and consequently attenuates morphological remodeling of
cardiac myocytes. These results will enable novel new strategy to in-
crease m{DNA copy number and attenuate pathological cardiac
hypertrophy.

4.1. The recruitment of rhTFAM into cardiac myocytes
Previously it has been reported that recombinant TFAM with pro-

tein transduction domain was entered into cultured cells (Iyer et al.,
2009). This study is the first report that thTFAM which has the almost
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Fig. 5. The effects of rhTFAM on mitochondrial electron transport complex proteins. (A-D) The protein expression of COX I (A), COX 11l (B), NDUFAS (C), and SDHA (D), 0-48 h after
the treatment with thTFAM. Data are presented as ratio to 0 h. **; P<0.01 vs. 0 h. Values are mean £ SEM,

identical amino acid sequence with native human TFAM can be suc-
cessfully recruited into cardiac myocytes. Our result that rhTFAM-
AC did not recruit into cells suggests that C-terminal tail of TFAM is
responsible for this interesting property. Furthermore, we confirmed
the recruitment and function of rhTFAM are independent of the cell
types. The mechanism of its recruitment into cardiac myocytes re-
mains unknown. Our data that rhTFAM entered into cells as early as
10 min, which was not inhibited in low temperature nor endocytosis
inhibitors (data not shown), provides possibility that rhTFAM rec-
ruited into cytosol by a receptor-mediated pathway. Further investi-
gations for the identification of the pathways for the recruitment of
recombinant TFAM into the cells are necessary.

4.2. The effect of rhTFAM on mitochondrial characteristics

rhTFAM increased mtDNA copy number in myocytes (Fig. 3A) in a
dose-dependent manner. Other than functioning as a transcription
factor, endogenous TFAM regulates the amount of mtDNA by stabiliz-
ing mtDNA by forming a nucleoid structure (Kang et al., 2007). Con-
sidering the previous finding that the amount of mtDNA changes
corresponding to the amount of TFAM, our results suggest that exog-
enously administered rhTFAM functioned similarly just like endoge-
nous TFAM (Kanki et al., 2004). Furthermore, since AMTS-rhTFAM
entered into myocytes but did not increase mtDNA copy number, it
is likely that rhTFAM that entered mitochondria increased mtDNA
copies. In this study, the mtDNA copy number peaked at 12 to 24 h
after the rhTFAM treatment, and declined gradually thereafter. A sin-
gle treatment with rhTFAM in myocytes prior to Angll or ET-1 stimu-
lation successfully ameliorated pathological remodeling signals and
subsequent pathological hypertrophy.

rhTFAM increased mtDNA-encoded, but not nuclear-encoded, mi-
tochondrial proteins (Fig. 5). Probably it will be because of the in-
creased mtDNA copy number, which is consistent with other's
previous report that recombinant TFAM with protein transduction
domain increased mitochondrial electron transport function and
ATP synthesis in cultured cells (Thomas et al., 2011).

4.3. The effect of rhTFAM on NFAT signaling and pathological hypertrophy

The treatment with rhTFAM inhibited NFAT signaling in cardiac
myocytes, and subsequent gene expression of MCIP1, which is a down-
stream of NFAT signaling, as well as in TFAM-overexpression mice
hearts (Fig. 6E and F). The mechanism how rhTFAM inhibited Angll or
ET-1-induced NFAT activation and hypertrophic response remains un-
known. We need further investigation about the precise mechanism.
Since mitochondria is known to participate in intracellular Ca?* homeo-
stasis via several Ca?* uptake and release pathways (Bernardi, 1999),
we speculated that rhTFAM inhibited Ca®*/calcineurin-NFAT signaling
by modulating [Ca®*]. In fact, Angll or ET-1 induced the decrease of
mitochondrial [Ca®*], suggesting the increase of Ca** release from mi-
tochondria to cytoplasm, and rhTFAM inhibited Angll or ET-1-induced
decrease of mitochondrial [Ca?*] (Fig. 8). However, the mechanism
how rhTFAM inhibited Angll or ET-1-induced mitochondrial Ca**
release still remains unknown. Angll is known to increase mitochondrial
ROS in cardiac myocytes (Dai et al, 2011a, 2011b), and increased
mitochondrial ROS is associated with mitochondrial Ca** release from
mitochondria to cytoplasm (Kalivendi et al., 2005). rhTFAM inhibited
superoxide production induced by rotenone, a complex [ inhibitor, in
cardiac myocytes (data not shown). Accordingly, the impact of rhTFAM
on mitochondrial [Ca®*] might be associated with the inhibition of ex-
cessive mitochondrial ROS generation.
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Fig. 7. The effects of rhTFAM on phosphorylation of MAPK p44/42. (A) Western blot
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total protein. (B) The quantification of the ratio of phospho- to total-MAPK p44/42.
The values were normalized to control + vehicle, and the data are shown as ratio to
control + vehicle. Values are mean £ SEM.

NFAT signaling participates in pathological but not in physiologi-
cal hypertrophy (Wilkins et al., 2004). Although hypertrophy has
been traditionally viewed as a necessary first response to pathological
stress but only later exacerbates disease, recent data suggest that hy-
pertrophy in response to pathological stress may never be truly adap-
tive, and clinical studies support benefits from its inhibition (Frey et
al., 2004; Gardin and Lauer, 2004; McKinsey and Kass, 2007). More-
over, the inhibition of NFAT signaling is reported to attenuate cardiac
hypertrophy and failure (Sakata et al., 2000; van Rooij et al., 2004).
Taken together, we believe that inhibiting NFAT signaling using
rhTFAM can prevent cardiac hypertrophy and lead to the prevention
of heart failure. We need further investigation, especially in vivo ex-
periments, to confirm rhTFAM inhibits pathological cardiac hypertro-
phy and failure,

A possibility still exist that rhTFAM affected on other pathways
besides NFAT signaling and subsequently inhibited Angll- or ET-1-
induced hypertrophy of cardiac myocytes. However, we conclude in
this study that exogenous rhTFAM have potential to increase
mtDNA and inhibit pathological NFAT signaling in myocytes. Further
elucidation of the precise mechanisms that TFAM functions in failing
myocardium will be necessary.

5. Clinical implications

We propose in this report extreme novel findings that exogenous-
ly administered rhTFAM increased mtDNA copy number and attenu-
ated pathological hypertrophy of cardiac myocytes. Thus rhTFAM
could be a novel clinical strategy to increase mtDNA copy number
and subsequently inhibit cardiac hypertrophy and failure. Further in-
vestigations of rhTFAM are anticipated.
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Fig. 9. Morphological remodeling of cardiac myocytes stimulated with Angll or ET-1. (A) Representative photomicrographs of Angll- or ET-1-stimulated myocytes immunostained
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