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Matsushima S, Kinugawa S, Yokota T, Inoue N, Ohta Y,
Hamaguchi S, Tsutsui H. Increased myocardial NAD(P)H oxi-
dase-derived superoxide causes the exacerbation of postinfarct
heart failure in type 2 diabetes. Am J Physiol Heart Circ Physiol
297. H409-H416, 2009. First published May 22, 2009;
doi:10.1152/ajpheart.01332.2008.—Type 2 diabetes adversely affects
the outcomes in patients with myocardial infarction (MI), which is
associated with the development of left ventricular (LV) failure.
NAD(P)H oxidase-derived superoxide (O, ) production is increased
in type 2 diabetes. However, its pathophysiological significance in
advanced post-MI LV failure associated with type 2 diabetes remains
unestablished. We thus hypothesized that an inhibitor of NAD(P)H
oxidase activation, apocynin, could attenuate the exacerbated LV
failure after MI in high-fat diet (HFD)-induced obese mice with type
2 diabetes. Male C57BL/6] mice were fed on either HFD or normal
diet (ND) for 8 wk. At 4 wk of feeding, MI was created in mice by
ligating the left coronary artery. HFD-fed MI mice were treated with
either 10 mmol/l apocynin or vehicle. HFD + MI had significantly
greater LV end-diastolic diameter (LVEDD; 5.7 = 0.1'vs. 5.3 = 0.2
mm), end-diastolic pressure (12- = 2 vs. 8 = 1'mmHg), and lung
weight/tibial length (10.1 £ 0.3 vs. 8.7 = 0.7 mg/mm) than ND + MI,
which was accompanied by an increased interstitial fibrosis of non-
infarcted LV. Treatment of HFD + MI with apocynin significantly
decreased LVEDD (5.4 % 0.1 mm), LV end-diastolic pressure (9.7 *+
0.8 ‘mmHg), lung weight/tibial length (9.0 = 0.3 mg/mm), and
concomitantly interstitial fibrosis of noninfarcted LV to the ND + MI
level without affecting body weight, glucose metabolism, and infarct
size. NAD(P)H oxidase activity and O, production were increased in
noninfarcted. LV ‘tissues from HFD + MI, both:of which were
attenuated by apocynin to the ND + MI level. Type 2 diabetes was
associated with the exacerbation of LV failure after MI via increasing
NAD(P)H oxidase-derived O, , which may be a novel important
therapeutic target in advanced heart failure with diabetes.

diabetes; heart failure; remodeling; antioxidants; free radicals

TYPE 2 DIABETES is a major risk factor for the developmentof
atherosclerotic disease and is greatly associated with ischemic
heart disease. Previous clinical studies have shown that pa-
tients with diabetes have a worse outcome. after myocardial
infarction: (MI) than patients without diabetes despite similar
left ventricular (LV) ejection fractions. and coronary patency
rates (13, 15). The worse outcome in patients with diabetes has
been associated with the development of heart failure (HF) (1,
39, 44). Furthermore, diabetes has been also known to directly
affect myocardial structure and function independently on
coronary artery disease (3, 8, 30).
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Previous studies on our own (35) and Smith et al. (37) have
demonstrated that hyperglycemia induced by streptozotocin
per se exaggerates LV remodeling and failure after MI. How-
ever, streptozotocin induces diabetes in rodents by chemical
destruction of insulin-producing B-cells of the pancreatic islets,
which thus models type 1 diabetes (previously termed juvenile-
onset diabetes) resulted from an auto immune-mediated loss of
B-cell mass during childhood (4). In contrast, type 2 diabetes
usually occurs later in life and is typically preceded by obesity
and associated metabolic abnormalities such as insulin resis-
tance and dyslipidemia. Type 2 diabetes can be modeled by
feeding a high-fat diet (HFD) in mice (25). A HFD leads to
insulin resistance, impaired glucose control, an increase in
body fat and dyslipidemia, and eventually fasting hyperglyce-
mia. Despite the growth of diabetes associated with obesity in
worldwide populations, the effects of type 2 diabetes on LV
failure after MI have not been examined.

Previous studies have shown that the production of reactive
oxygen species (ROS) is increased in post-MI remodeling and
failure, and pharmacological and genetic interventions to scav-
enge ROS can. ameliorate this disease process (23, 24, 36).
Importantly; the: activation: of NAD(P)H. oxidase has been
reported to enhance oxidative stress and play an important role
in the progression of diabetic complications (2, 9, 11, 14, 33).
Based on these results; NAD(P)H oxidase-derived ROS are
postulated ‘to- be involved also in' the exacerbation of LV
remodeling and failure after MI associated with type 2 diabe-
tes. .

The purpose of the present study was to determine whether
HFD-induced diabetes mellitus, a model of type 2 diabetes,
might exacerbate LV remodeling and failure after MI in mice.
Furthermore, we determined whether the treatment of HFD-fed
mice with apocynin, an inhibitor of NAD(P)H oxidase activa-
tion, could attenuate this process after MI.'Apocynin has been
shown to prevent the binding of the cytosolic-subunits of the
NAD(P)H oxidase to the membrane-bound p22P"*/nox sub-
units; preventing oxidase activation and subsequent production
of superoxide (O, ) (28) and can be used safely and effectively
in'in vivo experiments (19).

METHODS

Experimental design. All procedures and animal care were ap-
proved by our institutional animal research committee and conformed
to the animal care guideline for the Care and Use of Laboratory
Animals in Hokkaido University Graduate School of Medicine.

The outling of ‘experimental *design 'is shown in Fig. 1. Male
C57BL/6) mice (8 wk of age) were fed on either a normal diet (ND;
CE-2; CLEA Japan) containing 4.2% fat and 54.6% carbohydrate or
HFD:(HFD32; CLEA Japan) containing 32% fat and 29.4% carbo-
hydrate for § wk.-After 4 wk; MI was created in ND-fed (ND + MI
group; 7 = 30) and HFD-fed (HFD + MTI group; n = 68) mice by
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Time (weeks)

Survival analysis

? g ot |
ND Sham ligation Sacrifice
(n=10)
l ND-+sham (n=10)
Coronary artery
30 ligation -
n= ="
{ ) ¥ ) y ND+MI (n=15)
Sham ligation Sacrifice
HED (\_qpy -

HFD+sham (n=11)
HFD+MI (n=13)

| HFD+MI+Apocynin (n=11) |

Apocynin (n=21)

Coronary artery
ligation
Fig. 1. Experimental protocol. The no. in parentheses indicates the no. of
mice. ND, normal diet; MI, myocardial infarction; HFD, high-fat diet.

ligating the left coronary artery as we previously described (23, 24,
34-36). Sham operation without ligating the coronary artery was also
performed in ND-fed (ND + sham group; n = 10) and HFD-fed
(HEFD + sham group; n = 11) mice. All mice were observed and
analyzed for an additional 4 wk with the exception of mice that died
within 6 h after surgery for induction of MI (5§ ND-fed mice and 12
HFD-fed mice). To examine the role of the activation of NAD(P)H
oxidase in the HFD + MI group, they were further divided to be
treated with 10 mmol/l apocynin (HFD + MI + apocynin group; n =
21) in drinking water or to receive vehicle (HFD + MI group; n =
35). The concentration of apocynin or length of treatment in the
present study was chosen on the basis of the previous study, in which
it was confirmed to be effective in in vivo experiments (19). There-
fore, the experiment was performed by the following five groups:
ND: + sham (n = 10), ND + MI (n = 25), HFD + sham (n = 11),
HED + MI (n = 35), and HFD- + MI + apocynin (n =.21) (Fig..1).

Our preliminary experiments confirmed that glucose tolerance was
abnormal. after. HFD feeding for 4 wk by intraperitoneal glucose
loading (1 mg/g body wt) in PBS.

Survival. The survival analysis was performed in all groups of
mice. During the study period of 4 wk after surgery, cages were
inspected daily for deceased animals. No mice with sham operation
died. All deceased mice were examined for the presence of MI as well
as pleural effusion-and cardiac rupture.

After surgery (4 wk), echocardiographic studies were performed,
and. the measurement of hemodynamics followed, After that, blood
samples: were collected, mice were killed, and organ weight: was
measured:. These. were performed in: all surviving mice (n = 10 for
ND + sham; n-= 15 for ND-+ MI, # = 11 for HFD + sham, n = 13
for HFD + MI, and n = 11 for HFD + MI + apocynin). The
surviving mice were further divided into the following two groups;
those for the histological analysis, including infarct size, myocyte
cross-sectional area, collagen volume fraction, and terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end-labeling. (TUNEL)
staining (n = 6 for each), and those for the biochemical assay,
including O production, thiobarbituric acid. reactive. substances
(TBARS), and NAD(P)H oxidase activity (n = 4 for ND + sham; n =
9 for ND:+ MI, n = 5 for HFD + sham, n = 7 for HFD + MI, and
n =5 for HFD: + MI + apocynin).

Blood glucose: and plasmabiochemical: measurement. After the
mice fasted for 6 h, blood samples were collected from the inferior
vena cava before death, blood glucose level was determined using a
glucometer (Glutest' Ace R; Sanwa Kagaku Kenkyusho), and plasma
insulin. was measured by an enzyme-linked immunosorbent assay kit
(Morinaga Institute of Biochemical Science).. Homeostatic model

NAD(P)H OXIDASE AND HEART FAILURE IN DIABETES

assessment of insulin resistance index was calculated as the product of
fasting blood glucose (mg/dl), fasting plasma insulin (ng/ml), and a
constant (1/22.5). Total cholesterol, triglyceride, and nonesterified
fatty acid (NEFA) were measured by using enzymatic assays using the
Cholesterol E-test, Triglyceride E-test, and NEFA C-test, respectively
(Wako Pure Chemical Industries).

Echocardiographic and hemodynamic measurements. Echocar-
diographic studies and hemodynamic measurements were per-
formed under light anesthesia with tribromoethanol/amylene hy-
drate (avertin; 2.5% wt/vol, 8 pl/g ip) with known short duration
of action and modest cardiodepressive effects (20). Two-dimen-
sional parasternal short-axis views were obtained at the levels of
the papillary muscles. In general, the best views obtained with the
transducer lightly applied to the mid upper left anterior chest wall.
The transducer was then gently moved cephalad or caudad and
angulated until desirable images were obtained. After it had been
ensured that the imaging was on axis, two-dimensional targeted
M-mode tracings were recorded at a paper speed of 50 mm/s. A
1.4-Fr micromanometer-tipped catheter (Millar Instruments) was
inserted in the right carotid artery and then advanced to the left
ventricle to measure LV pressures. One subset of investigators,
who were not informed of the experimental groups, performed
in vivo LV function studies.

Tissue preparation, myocardial histopathology, and determination
of infarct size. After death, the heart was excised and dissected into
right ventricle (RV) and LV including septum. LV was cut into three
transverse sections; apex, middle ring, and base. From the middle ring,
5-wm sections were cut and stained with Masson’s trichrome. Myocyte
cross-sectional area and collagen volume fraction were determined by
quantitative morphometry: of tissue sections from the mid-LV as we
described previously (23, 24, 34-36).

The circumference length of infarcted myocardium was measured
along the endo- and epicardial surfaces from each. of the cardiac
sections, and the values from all specimens were summed. Infarct size
(in %) was calculated as total infarct circumference length divided by
total cardiac circumference length (23, 24, 34--36).

Because the survival rate up to 4 wk tended to be lower in HFD +
MI mice than ND + MI and HFD + MI + apocynin mice, the infarct
size was measured also after 24 h when most animals are still alive.
A separate group of animals was created by ligating the left coronary
artery according to the same methods described above. After 24 h of
coronary artery ligation, Evans blue dye (1%) was perfused in.the
aorta, and coronary arteries and tissue sections were then incubated
with' a' 1.5% triphenyltetrazolium chloride solution. The infarct area
(pale), the area at risk (not blue), and the total LV area from each
section were measured (24, 36). i

Mpyocardial apoptosis. To detect apoptosis, tissue sections from the
mid-LV were stained with TUNEL staining. The number of TUNEL-
positive cardiac myocyte nuclei was counted, and the data were
normalized per. 10> total nuclei identified by hematoxylin-positive
staining in the noninfarcted LV (24, 36).

Myocardial Oj production and lipid peroxidation. LV myocar-
dial tissues with MI were carefully dissected into the following
three parts: the infarcted LV, the border zone LV with the peri-
infarct rim (a' 1-mm rim of normal-appearing tissue), the remaining
noninfarcted LV: The chemiluminescence elicited by O, “in the
presence: of lucigenin (5 wmol/l) was measured in noninfarcted LV
tissues: from all groups of mice. using a luminometer (AccuFLEX
Lumi 400; ALOKA,; Tokyo, Japan), as described previously (27).
To validate that the measured chemiluminescence signals are
indeed derived from O,, the experiments: were performed in
the presence of 20 mmol/l Tiron, a cell-permeant, nonenzymatic
scavenger of O, . The chemiluminescence signals were expressed
as counts per minute per milligram of dry tissue weight (relative
light unit-mg ! min~ 1),

The degree of lipid peroxidation, a major biochemical conse-
quence of ROS attack on biological tissue, was determined in the
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noninfarcted LV tissues through biochemical assay of thiobarbitu-
ric acid reactive substances (TBARS), as previously described (17,
24). The values of TBARS were expressed as micromoles per gram
wet weight.

Myocardial NAD(P)H oxidase activity. NAD(P)H oxidase activity
in homogenates of noninfarcted LV tissues was measured by the
lucigenin assay after addition of 3 X 10™% mol/i NADPH (40). Protein
content was measured in an aliquot of the homogenate by the Lowry
method. Some experiments were performed in the presence of Tiron
(20 mmol/).

Statistical analysis. Data are expressed as means *£ SE. Survival
analysis was performed by the Kaplan-Meier method, and between-
group difference in survival was tested by the log rank test. Between-
group comparison of means was performed by one-way ANOVA,
followed by t-tests. The Bonferroni’s correction was done for multiple
comparisons of means. P < 0.05 was considered to be statistically
significant.

RESULTS

Survival after MI. Early operative mortality (within 6 h)
after induction of MI was comparable between ND-fed and
HFD-fed mice [5/30 (16.7%) vs. 12/68 (17.6%), P = not
significant]. The survival rate up to 4 wk tended to be lower in
HFD + MI (37.1%) compared with ND + MI (60.0%) and
higher in HFD + MI + apocynin (52.4%) compared with
HFD + MI but did not reach statistical significance.

Animal characteristics. After 8 wk of feeding, body weight
and fat weight/tibial length were significantly higher in HFD-
fed than in ND-fed mice (Table 1). HFD-fed mice developed
hyperglycemia, hyperinsulinemia, and. hyperlipidemia (Table
1). These data revealed that HFD-fed mice have the similar
phenotype characteristic for type 2 diabetes. Furthermore, the
induction of MI and. the administration. of apocynin did not
affect these characteristics (Table 1).

Echocardiography and hemodynamics. The echocardio-
graphic and hemodynamic data of surviving mice at 4 wk after
surgery: are. shown in Fig. 2 and Table 2. There were no
differences in all parameters between ND + sham and HFD +
sham mice. LV diameters were significantly greater, and LV
fractional shortening was significantly lower in ND + MI than
in ND' + sham. These changes were. further deteriorated in
HFD + MI, and apocynin ameliorated them to the level of
ND + ML

There was no significant difference in heart rate and mean
aortic pressure among any groups of mice. LV end-diastolic
pressure: (EDP) was significantly increased, and LV +dP/dt
and LV —dP/dr were significantly decreased in ND + MI

Table 1. Animal characteristics

compared with ND + sham. These were further deteriorated in
HFD + MI, and apocynin ameliorated these changes to the
level of ND + ML

In addition, we studied the ND + MI + apocynin group as
a control for the HFD + MI + apocynin group. There were no
significant differences in echocardiographic and hemodynamic
data between ND + MI and ND + MI + apocynin (LV
end-diastolic dimension, 53 = 0.2 vs. 53 = 0.1 mm; LV
end-systolic dimension, 4.4 = 0.2 vs. 4.5 = 0.1 mm; fractional
shortening, 17.2 = 0.6 vs. 16.2 = 0.2%; LVEDP, 8.0 = 1.4 vs.
9.2 £ 1.1 mmHg; LV +dP/ds, 6,449 + 463 vs. 6,278 * 509
mmHg/s; LV —dP/de, 5,375 = 376 vs. 5,473 * 245 mmHg/s).

Organ weights. There were no differences in LV weight/
tibial length, RV weight/tibial length, and lung weight/tibial
length between ND + sham and HFD + sham mice (Fig. 3).
They were increased in ND + MI compared with ND + sham
mice (Fig. 3). LV and lung weight/tibial length were further
increased in HFD + MI, which were decreased in HFD -+
MI + apocynin to the level of ND + MI mice (Fig. 3, A and
C). The changes of lung weight/tibial length were consistent
with those of LVEDP. Furthermore, the prevalence of pleural
effusion was also greater in HFD + MI than ND + MI (33 vs.
46%, P < 0.05), which was attenuated in HFD + MI +
apocynin (36%, P < 0.05 vs. HFD + MI) to the level of ND + ML

Infarct size. Infarct size determined by the morphometric
analysis 4 wk after coronary artery ligation was comparable
(55 £ 1,55 * 1, and 54 £ 2%; P = 0.61) among ND + MI,
HFD + MI, and HFD + MI + apocynin groups (n = 6 each).
To confirm that HFD did not alter infarct size at an early phase
of MI, both the area at risk and infarct area were measured in
separate groups of mice 24 h after coronary artery ligation.
Percentages of LV at risk (risk area/LV: 52 * 2, 51 * 2, and
51 £ 2%; P = 0.82) and infarct size (infarct/risk area: 79 = 1,
78 =1, and 78 * 1%; P = 0.43) were also comparable among
three groups of ND + MI, HFD + MI, and HFD + MI +
apocynin mice (n = 4 each). :

Histomorphometry. Histomorphometric analysis of nonin-
farcted LV sections showed that myocyte cross-sectional area
was increased in three groups of MI compared with two groups
of sham. However, it did not alter between two groups of sham
or among three groups of MI (Fig. 4, A and B). Collagen
volume fraction was increased in ND + MI compared with
ND + sham mice, further increased in HFD + MI (Fig. 4, A
and C), and was decreased in HFD + MI + apocynin to the
level of ND + MI mice (Fig. 4, A and C). There was no

ND + Sham ND + MI HFD + Sham HFD + M1 HFD + MI + Apocynin
n 10 15 11 13 3
Body wt, g 25.3+04 25.2%0.7 3252 1.0%¢ 32.1£0.8%7 32.9%04%F
Fat wi/TL; mg/mm 28.4%22 15.0+1.6 95.1£9.4%¢ 89.8£9.8*t 83.5+8.5%F
FBS, mg/dl 101x7 1058 17729*%F 17326t 159£5%¢
Insulin; ng/mif 0.26+0.01 0.27+0.04 0.49£0.14*+ 0.52+0.06%t 0.41+0.06%+
HOMA indexi 1.0£0.1 13%03 42204 4.0+0.5%f 2.9+0.4%%
Total cholesterol, mg/dl} 87x6 725 158£24%% 132+13%% 133:£8%F
Triglyceride; mg/dl 61+5 713 90x5 31x18 87%5
Free fatty acid, meq/l} 0.82+0.05 0.7720.06 0.91%0.11 0.85+0.07 0.77+0.08

Values are means + SE; n, no. of mice; $n = 8. ND, normal diet; HFD, high-fat diet; MI, myocardial infarction; TL, tibial length; FBS, fasting blood glicose.

P < 0.05 vs. ND + sham (*) and ND + MI (¥).
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ND+sham

Fig. 2. Representative M-mode echocardio-
grams obtained from 5 groups of mice. AW,
anterior wall; PW, posterior wall; EDD, end-
diastolic diameter.

significant difference in this parameter between ND + sham
and HFD + sham (Fig. 4, A and C).

Myocardial apoptosis. There were rare TUNEL-positive
nuclei in both ND + sham and HFD + sham. The number of
TUNEL-positive myocytes in the noninfarcted LV was not
altered between ND + MI and HFD + MI (76 = 14 vs, 77 *
5/10° nuclei; P = 0.89).

Mpyocardial O, production and TBARS. O, production
and TBARS were increased in noninfarcted LV tissues from
ND + MI compared with ND -+ sham mice, and further
increased in those from HFD + MI (Fig. 5, A and B). They
were decreased in HFD + MI + apocynin to the level of
ND + MI mice. They did not differ between ND + sham
and HFD + sham mice.

Myocardial NAD(P)h oxidase activity. To determine the
roles of NAD(P)H oxidase on O3 production, we measured
the NAD(P)H oxidase activity in noninfarcted LV tissues. In
contrast to O, production, NAD(P)H oxidase activity was
not increased in ND + MI and was increased in HFD +
sham compared with ND + sham (Fig. 5C). It was signifi-
cantly higher in HFD + MTI than ND + MI, which was
inhibited by apocymin to the level of ND + sham and ND +
MI (Fig. 5C).

Table 2. Echocardiography and hemodynamics

NAD(P)H OXIDASE AND HEART FAILURE IN DIABETES

HFD+MI
+Apocynin

ND+MI HFD+sham  HFD+MI

|2mm

200ms

DISCUSSION

The present study demonstrated that HFD-induced type 2
diabetes exacerbated LV remodeling and failure after MI,
accompanied by the increased interstitial fibrosis of nonin-
farcted myocardium. The administration of apocynin amelio-
rated this exacerbation by decreasing ROS production via
NAD(P)H oxidase. Therefore, the present study provides the
first direct evidence that NAD(P)H oxidase-dependent myo-
cardial oxidative stress in type 2 diabetes exacerbates LV
remodeling and failure after MI.

One of the important findings of the present study was
that HFD induced type 2 diabetes characterized by insulin
resistance and obesity in mice (Table 1) and exacerbated LV
remodeling and failure after MI (Table 2 and Fig. 2). Similar
to the present study, streptozotocin-induced hyperglycemia
exacerbated LV remodeling and failure after experimental
MI (35, 37). Moreover, the present study is consistent with
the previous study'in Goto Kakizaki rats, a nonobese type 2
diabetes model, in which the progression of HF was accel-
erated after MI (6). Therefore, the present study builds on
these past reports by demonstrating that either type 1 or type
2 diabetes exaggerated post-MT LV failure, These experi-

ND + Sham ND + Mi HFD + Sham HFD + Ml HFD + MI + Apocynin
n 10 15 11 13 11
Echocardiography
LVEDD, mm 3.5x0.1 53%02* 3.5%0.1¢ 57+0.1*1% 5.4+0.1*3§
LVESD, mm 2.3%0.1 44£0.2* 22+0.17 5.1+0.1*%¢ 4.5+0.1%1§
FS, % 354x1.1 17.2x0.6% 355+1.3¢% 10.7+0.8%t% 16.0+£0.7%{§
AWT, mm 0.74+0.02 0.34+0,03* 0.73£0.03t 0.30£0.02%% 0.30+0.01%¢
PWT, mm 0.75x0.02 0.98+£0.03* 0.76+£0.02} 1.05%0.02*% 1.00+0.03*%
Hemodynamics
Heart rate, min™' 46412 473x10 47610 466+12 471%11
Means: AoP, mmHg 772 76x2 77+2 743 761
LVEDP; mmHg 1.9+0.3 8.0+ 1.4 1.3%0.3t 123£1.7%% 9.7£0.8*%1§
LV +dP/ds, mmHg/s 9,274::701 6,4491463* 8,911£6507 5,423£318%¢ 5,991:190*
LV —dP/ds, mmHg/s 6,766=261 5,375+376* 7.106£457t 4,187+323* 5.328+200*%
T 7.5+£03 8.2+02 7.2£05 8.9+0.3%¢ 8.3+0.1

Values are means = SE; n, no. of mice. LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; FS, fractional
shortening; AWT, anterior wall thickness; PWT, posterior wall thickness; AoP, aortic pressure; LVEDP, left ventricular end-diastolic pressure; LV, veft
ventricular; 7, the time needed for relaxation of 50% maximal LV pressure to baseline value; ND, normal diet; HFD, high fat diet; MI, myocardial infarction.
P < 0.05 vs. ND + sham (*), ND + MI (1), HFD + sham (%), and HFD + MI (§).
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