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Figure 1. Characterization of cardiac-specific IKKg-deficient mice. A, Western blot analysis of IKK complex components using homog-
enates from 10-week-old CTRL or CKO hearts, as well as the densitometric analysis of those blots. B; IKK kinase assay using homoge-
nates from CTRL or CKO hearts 2 days after TAG. IKKa is shown as loading control. lkBa was used as a substrate. G, EMSA using

nuclear proteins from CTRL or CKO hearts 2 days after TAC.

Generation of Cardiac-Specific

IKK-Deficient Mice

To investigate the in vivo role of IKK/NF-kB activation in
response to pressure overload, we generated cardiac-specific
IKK B-deficient mice. We crossed Tkbkf V1% micel2 with
MLC2V-Cre mice to generate TkbkB o1 :MLC2V-Cret
mice (CKO). We used Ikbkp ", MLC2V-Cre" littermates
as controls (CTRL). Immunoblot analysis of hearts from
10-week-old mice indicated an ~60%: reduction in IKKp
protein level in CKO hearts relative to protein expression in
CTRL hearts (Figure 1A). There were no_ differences in the
expression levels of other IKK complex components such as
IKKea and NEMO between CKO and CTRL (Figure 1A).

Normal Cardiac Structure and: Function in
IKK B-Deficient Mice
The CTRL-and CKO mice were: born at the expected
mendelian ratios (n=76 and 77, respectively). The CKO mice
were: normal at’ birth, and. their external appearance was
indistinguishable from that of their CTRL littermates. The
mice" grew fo: adulthood and were fertile. There: was no
difference in: survival at 1 year between CTRL and CKO.
Thus, IKKg is not essential for cardiac development in mice.
The CKO hearts showed no evidence of cardiac morpho-
logical defects. Histological examination of the hearts from
10-week-old mice demonstrated no myofibrillar disarray,

necrosis, or ventricular fibrosis under basal conditions (data
not shown). In addition, heart weight, hemodynamic data, and
echocardiographic parameters (Tables 1 and 2) were not
significantly different between CKO and CTRL. These find-
ings indicate that CKO had normal global cardiac structure
and function.

Table 1. Physiological Parameters Under Basal Conditions in
Ten-Week-0ld Mice :

Parameter CTRL (n=8) CKO (n=6)
Body weight, g 27.30*0.45 27.54+0.58
Heart weight, mg 128427 122.9+25
Tibia fength, mm 17.47+0.16 17.36+0.09
HW/BW, mg/g 4.710.09 4.47+0.06
HW/tibia length, mg/mm 7.36+0.19 7.08+0.13
LVSP; mm Hg g4+4 886
LVEDP, mm Hg 4+1 4+1
dp/dt max, mm Hg/sec 7888+512 8067634
dp/dt. min, mm Hg/sec —4438+436 —4183+444
Heart rate, bpm 305+19 315423

HW/BW indicates heart weight/body weight ratio; LVSP, LV systolic pressure;
LVEDP, LV end-diastolic pressure. The dp/dt,,,, and dp/dt,,;, are the maximal
rates of pressure development during contraction and relaxation, respectively.
Data are expressed as means=SEM. There were no significant differences
between CTAL and CKO in all physiological parameters.
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Table 2. Echocardiographic Parameters Under Basal
Conditions in Ten-Week-0ld Mice

Parameter CTRL {n=10) CKO (n=10)
VSd, mm 0.78%0.02 0.73+0.02
LVPWd, mm 0.800.03 0.79+0.03
LVDd, mm 3.40+0.06 3.43x0.05
LVDs, mm 1.97+0.06 1.94+0.05
LVFS, % 42.0+1.0 43.4+0.8

Heart rate, bpm 596:+9 6018

IVSd indicates diastolic interventricular septum thickness;, LVPWd, diastolic
LV posterior wall thickness; LVDd, end-diastolic LV dimension; LVDs; end-sys-
tolic LV dimension; LVFS; LV fractional shortening. Data are expressed as
means+SEM. There were no significant differences between CTRL and CKQ'in
all echocardiographic parameters.

Development of Congestive Heart Failure

in Response to Pressure Overload in
IKKf-Deficient Mice

We subjected 10-week-old: CKO:'and CTRL to. pressure
overload by means of TAC. First, we examined whether
pressure overload=induced IKK/NF-kB activation: is effi-
ciently inhibited in CKO: hearts.. Cytosolic: and' nuclear
proteins were extracted from hearts 2 days after TAC and
subjected to either in vitro kinase assay or EMSA (Figure 1B
and 1C). TAC induced the activation of 'IKK ‘and the
formation of NF-kB-DNA complexes in CTRL after TAC,
NF-«B activation was attenuated in CKO hearts. The speci-
ficity of NF-kB-binding activity was confirmed by the
competition: assayand. supershift assay- using anti-pS0 and
anti-p65 subunit antibodies. One week after TAC, we per-
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formed echocardiographic analysis (Figure 2A). The diastolic
interventricular septum thickness and diastolic left ventricular
(LV) posterior wall thickness were not signiticantly different
between CKO and CTRL subjected to TAC (Figure 2B and
2C). One week after sham operation, the end-diastolic LV
dimension and LV fractional shortening were not signifi-
cantly different between CTRL and CKO. However, end-di-
astolic LV dimension was significantly elevated and LV
fractional shortening had significantly reduced in TAC-
operated CKO compared with both sham-operated CKO and
TAC-operated CTRL (Figure 2D and 2E). Furthermore, the
lung/body weight ratio, an index of lung congestion, was
significantly elevated in TAC-operated CKO compared with
the other groups (Figure 2F). Only 1 of 19 CKO mice died
before 1 week after TAC, whereas all CTRL mice (n=15)
lived up to 1 week after TAC. These findings indicate that
CKO developed congestive heart failure in response to
pressure overload.

Enhancement of Pressure Overload-Induced
Cardiac Remodeling and Fibrosis in
IKK-Deficient Mice

Although the ratio of heart weight/body weight was not
significantly different between sham-operated groups 1 week
after surgery, the ratio was significantly higher in TAC-
operated CKO than TAC-operated CTRL (Figure 3A). TAC
increased cardiomyocyte cross-sectional area in both CKO
and CTRL (Figure 3B). However, cardiomyocyte cross-
sectional area was significantly greater in TAC-operated
CKO than in TAC-operated CTRL. We evaluated the level of
atrial natriuretic factor (ANF) and brain natriuretic peptide
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£ operated GTRL and CKO 1
24 week after TAC. Bar repre-
3 2 sents 200 mis.: B, Interventric-
H ular septum thickness (IVSd).
(it - C, Diastolic. LV posterior wall
sham TAC sham TAC thickness (LVPWd). D; End-di-
CIRL CKG astolic LV dimension (LVDd}:

E, Left ventricular fractional

shortening (LVFS). F, Lung weight/body weight ratio. 1 week after TAC. Sham-operated CTRL (n=8), TAC-operated CTRL (n=14),
sham-operated CKO {n=7), TAC-operated CKO (h=14). *P<0.05 vs corresponding sham-operated mice; 1P<0.05 vs TAC-

operated CTRL.
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(BNP). mRNA ‘expression. by ‘means- of dot: blot analysis
(Figure 3C). ANF and BNP, which are biochemical markers
of cardiac remodeling, were not significantly different be-

tween sham-operated groups but were significantly higher in

TAC-operated CKO than in TAC-operated CTRL. Two days
after TAC, when LV furnction is similar in both: groups, the
extent of cardiac hypertrophy was not significantly different
between CTRL and CKO (data not shown). These findings
suggest that enhanced cardiac hypertrophy in CKO 1 week
after TAC was secondary to LV dysfunction.

Azan-Mallory staining demonstrated that interstitial and
perivascular ‘fibrosis' was present in both CTRL and CKO
hearts after TAC, but the extent of fibrosis in CKO was much
greater-than in CTRL (Figure 3D). The induction of both a1
type I'and type III' collagen mRNA' I'week after TAC was
significantly -enhanced in- CKO Trelative ‘to expression - in
CTRL (Figure 3E).
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Figure 3. Enhanced cardiac remodeling and fibrotic change
in CKO hearts in response {o pressure overload 1 week
after TAC. A, Heart weight/body weight ratio (HW/BW).
Sham-operated CTRL (n=8), TAC-operated CTRL (n=14),
sham-operated CKO (n=7), TAC-operated CKO (n=14).

B, Hematoxylin/eosin-stained histological sections of hearts
1 week after TAG and cardiomyocyte cross-sectional area.
Restults from 3 to 6 animals per each group were included.
C, The mRNA expression of ANF and BNP assessed by dot
blot analysis, as well as the densitometric analysis (n=3 to
5 in each group). GAPDH was used as a loading control.
ANF or BNP/GAPDH ratio in a sham-operated CTRL mouse
was set equal to 1. D, Cardiac fibrosis 1 week after TAC
assessed on Azan-Mallory-=stained sections.'E, mRNA
expression of a1 type | and a1 type ili collagen 1 week after
TAC and densitometric analysis of those blots (n=3 in.each
group). Type | or type lll collagen/GAPDH ratio in a sham-
operated CTRL mouse was set equal'to 1. *P<0.05 vs cor-
responding sham-operated mice; 1P<0.05 vs TAC-operated
CTRL.

Increased Cardiomyocyte Apoptosis in

IKK -Deficient Mice

We evaluated cardiomyocyte apoptosis in hearts 1 week after
TAC by means of an in situ TUNEL assay and immunohis-
tochemical analysis using an anti-activated caspase 3 anti-
body. TUNEL-positive cells contained: condensed chromatin
and were identified as cardiomyocytes by anti—a-sarcomeric
actin staining (Figure 4A). The numbers of TUNEL-positive
cardiomyocytes in sham-operated CTRI. and sham-operated
CKO were similar. However, TAC-operated CKO-exhibited
more . TUNEL-positive  cardiomyocytes: than TAC-operated
CTRL: Although the number of activated caspase 3-positive
cardiomyocytes: 1+ week ' after -“TAC was' not' significantly
different between sham-operated CTRL. and sham-operated
CKO, it was significantly - higher' in “TAC-operated CKO
compared with- TAC-operated CTRL ' (Figure ‘4B). These
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findings suggest that increased apoptosis might be a cause of
heart failure in CKO after TAC.

Deownregulation of MnSOD Expression in
IKK-Deficient Mice After TAC

Next, we investigated the molecular mechanism of increased
apoptosis after TAC. in CKO. We hypothesized- that the
impairment- of  NF-kB target gene expression induced by
pressure overload contributes to the increased apoptosis in
CKO. Thus, we. examined the level. of candidate NF-«B-
target apoptosis-related genes expression 1 week after TAC.
Total RNA was isolated from hearts 1 week after TAC and
was subjected  to either dot blot analysis or quantitative
real-time RT-PCR. The mRNA expression levels of antiapo-
ptotic” molecules, - such as Bfl:1, "c-FLIP; Becl:xl,  XIAP
TRAF2, ¢-IAP1, or Gadd45 3, were not significantly different
between TAC-operated CTRL and TAC-operated CKO (Fig-
ure 5A-and 5B). The expression” of Bnip3; which is a
proapoptotic factor that is downregulated during NF-«xB
activation, was not significantly different between TAC-
operated CTRL"and TAC-operated CKO (Figure 5B), We
also examined the expression levels of NF-kB-driven in-
flammatory cytokines. No significant differences in the ex-
pression level of TNF-a were detected among the 4 groups
(Figure ' 5B). Expression of IL-1B tended to increase in
TAC-operated groups. However, there were no’ significant
differences between TAC-operated CKO and TAC-operated
CTRL. IL-2' was not"detected in"the  heart (data  not
shown).? Finally, we examined the expression of NF-kB-
target antioxidative molecules, such as ferritin heavy chain
and: MnSOD. We did not detect any differences in ferritin
heavy  chain mRNA -expression - among ‘groups’ (data not
shown). MnSOD mRNA was significantly downregulated. in
TAC-operated groups: compared: with- sham-operated- groups.
However, downregulation was: significantly greater in TAC-
operated CKO compared with. TAC-operated CTRL (Figure

CTRL CKO
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ul

Figure 4. Evaluation of cardiomyocyte apoptosis in
response to pressure overload. A, Triple staining of
CTRL and CKO hearts with TUNEL, propidium
iodide, and anti-a-sarcomeric actin antibody 1
week after TAC. White arrows indicate TUNEL-
positive cardiomyocytes. The graph shows the
number of TUNEL-positive cardiomyocytes 1 week
after TAC {(n=3 in each group) (right). Open and
gray bars represent sham- and TAG-operated
mice, respectively. B, Immunohistochemical analy-
sis of CTRL and CKO hearts 1 week after TAC
with anti-activated caspase 3 antibody. Bar repre-
sents 25 um. The graph shows the number of acti-
vated caspase 3-positive cardiomyocytes 1 week
after TAC (n=3 in each groupy) (right). Open and
gray bars represent sham- and TAC-operated
mice, respectively. *P<0.05 vs corresponding
sham-operated mice; TP<0.05 vs TAC-operated
CTRL.

5C). Consistent with the levels of mRNA expression, protein
expression was significantly lower in TAC-operated CKO
compared with TAC-operated CTRL (Figure 5D). These
findings suggest that enhanced downregulation of MnSOD
might contribute to increased apoptosis after TAC in CKO.

Enhanced Oxidative Stress and JNK Activation in
IKK-Deficient Mice After TAC

To investigate the. pathophysiological consequences of
MnSOD downregulation, we evaluated the extent of oxi-
dative stress' after TAC. Immunohistochemical staining of
hearts 1 week after TAC with anti—8-hydroxy-deoxyguanosine
(8-OHdG) antibody demonstrated an increase in the number of
8-OHdG—positive cardiomyocytes in. CKO compared with
CTRL (Figure 6A). Because increased oxidative stress report-
edly induces the enhancement of JNK activity and cell death
in NF-kB-deficient cells!? and because INK is a well-known
proapoptotic factor, we examined the level of JNK phosphor-
ylation in response to pressure overload. Although the phos-
phorylation level of p46: JNK:was not significantly different
between TAC-operated CTRL and TAC-operated CKO, the
phosphorylation ‘of p54 INK ‘was  significantly higher in
TAC-operated CKO compared with TAC-operated’ CTRL
(Figure 6B). These findings suggest that enhanced oxidative
stress and JNK ‘activity mediated through downregulation of
MnSOD might be involved in the increased apoptosis ob-
served in CKO after TAC.

Attenuation of Isoproterenol-Induced
Cardiomyocyte Death by Both 2 MnSOD Mimetic
and a JNK Inhibitor in CKO

To confirm the involvement of MaSOD: downregulation in
the mechanism of increased cell death; we tested the effect of
a-MnSOD mimetic, MnTBAP; on isoproterenol-induced car-
diomyocyte death. We isolated cardiomyocytes: from adult
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Figure 5. IKKp-deficient hearts showed downregulation of MnSOD 1 week after TAC. A; Dot blot analysis of NF-«B target antiapoptotic
gene expression. The mRNA expression levels of Bfi-1, c-FLIP, Bel-xl, XIAP, TRAF2; and c-IAP1 were examined. B, The mRNA expres-
sion levels of Bnip3, Gadd458, TNF-q, and IL-18 quantified with real-time RT-PCR (n=4 or 5 in each group). Target gene/GAPDH
ratios in a sham-operated CTRL were set equal to 1. C and D, mRNA levels (n=3 to 6 in each group) (C) and protein levels (n=4 in
each group) (D) of MnSOD expression and those densitometric analysis. MNnSOD/GAPDH ratio in a sham-operated CTRL mouse was
set equal to 1. Unfilled and gray bars represent sham- and TAC-operated groups, respectively. *P<0.05 vs corresponding sham-operated

mice; 1P<0.05 vs TAC-operated CTRL.

CTRL and CKO and subjected the cells to: the following to a greater extent than CTRL cardiomyocytes. MnTBAP

treatments: isoproterenol alone, MnTBAP alone, or isopro- significantly improved: the viability of CKO cardiomyocytes
terenol with MnTBAP. MnTBAP has no effect on the treated with isoproterenol.

expression level of MnSOD (data not shown). We calculated We also examined the effect of JNK inhibition on isoproterenol-
the percentage of trypan blue-negative cardiomyocytes, as an induced: cardiomyocyte death (Figure 7B). Treatment with a JINK
index of cell viability. Under normal conditions, cell viability inhibitor II alone did not affect the viability in either group. The
was not significantly different between: CTRL and: CKO JNK inhibitor 1L significantly- improved the viability of
cardiomyocytes (Figure 7A). Treatment with MiTBAP alone isoproterenol-treated CKO cardiomyocytes. Thus, downregula-
did not affect the viability of either  group. Treatment with tion of MnSOD and enhanced activation of JNK are both
isoproterenol decreased the viability of CKO'cardiomyocytes involved in the increased apoptosis in' CKO mice after TAC.
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Figure 6. IKKB-deficient
hearts showed enhanced oxi-
dative stress and increased
JNK activity:1 week after
TAC. A, Immunohistochemical
staining with 8-OHdG anti-
body. Some of 8-OHdG-posi-
tive nuclei are indicated by
black arrow heads. B, West-
ern blot analysis of phospho-
or total JNK and densitomet-
ric analysis of these blots
(n=2 in sham-operated
groups, n=3'in TAC-operated
groups). Phospho-/total JNK
ratio in a sham-operated
CTRL mouse was set equal to
1. Open and gray bars repre-

sent sham- and TAG-operated group, respectively. *P<0.05 vs corresponding sham-operated mice; 1P<0.05 vs TAC-operated CTAL.
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Discussion

In response to pressure overload, the hearts activates an
adaptive physiological response in the form of cardiac hyper-
trophy, whereas long-lasting or excessive exposure to me-
chanical stress results in transition to heart failure.2® In the
present study, we found that the ablation of IKKB in
cardiomyocytes increased pressure overload—induced cardio-
myocyte apoptosis, leading to cardiac dysfunction and cham-
ber dilation. These findings indicate that the acute activation
of NF-«B in a setting of pressure overload has protective
properties. A protective role of the IKKB/NF-«B signaling
pathway in cardiomyocytes is inconsistent with some of
previous studies of p50-deficient mice. The ablation of p50
improved cardiac function and survival after myocardial
infarction.®” However, there was paradoxical increase in
TNF-a expression in p50-deficient hearts after myocardial
infarction, and it is likely that the use of p50-deficient mice to
examine the role of NF-«B pathway is problematic. Although
there are some alternate complexes of NF-«B, heterodimers
of p65 and p50 are the most common activated complexes.
However, after prolonged activation of the p63-p50 dimer,
NF-kB is converted from the transcriptionally active p65-p50
heterodimer into the transcriptionally inactive p50-p50 ho-
modimer, which acts as a transcriptional repressor.2! This
may be a native negative-feedback mechanism to prevent
excessive inflammation. Thus, it is possible that lack of
p50-p50 homodimer formation in p50-deficient mice resulted
in the paradoxical enhancement of NF-«B activity, which
conferred the cardioprotective effects. In addition, Frantz et al
also reported that the reduction of cardiac ischemia/reperfu-
sion injury in p50-deficient mice was abolished with trans-
plantation of bone marrow cells isolated from wild-type mice,
indicating that the primary mechanism of injury is activation
of NF-«B in infiltrating leukocytes and not in cardiomyo-
cytes,?? Taken together, these observations suggest that p50-
deficient mice may not be the appropriate model to clarify the
role of the NF-«B pathway in cardiomyocytes. Thus, we used
cardiomyocyte-specific . IKKB-deficient. mice in this study.
We efficiently inhibited activation of both the cardiac IKK
complex and NF-«B in response to pressure overload using
this model.

The role of the pathway  differs::among cell :types.
Enterocyte-specific knockout of IKKf prevented a systemic
inflammation but resulted in severe apoptotic damage to the
reperfused " intestinal. mucosa.!”- In contrast,  hepatocyte-

specific knockout of IKKB prevented ischemia/reperfusion- -

induced necrotic injury in’ the liver,? and neuron-specific
knockout of IKK significantly ischemia-induced apoptosis
of neuron.?* These findings indicate that in vivo, NF-«B can
have different effects on the mechanism of cell death,
depending on the organ or type of stimulus.

Here, we found that the IKKB/NF-«kB pathway is a
negative regulator of programmed cell death. NF-«B induces
the transcriptional activation of antiapoptotic and antioxidant
molecules.?s Quantification of mRNA expression of NF-kB-
dependent antiapoptotic genes revealed that MnSOD is re-
sponsible for the protective role of NF-«kB., MnSOD was
severely downregulated in IKK B-deficient hearts after TAC.
Sustained JNK activation, which has been observed in IKK 8-

or RelA-deficient cells, promotes apoptosis.! JNK activation
is mediated by the downregulation of MnSOD, reactive
oxygen species accumulation, and resultant inactivation of
mitogen-activated protein kinase (MAPK) phosphatase.!® We
observed enhanced oxidative stress and JNK activation in
pressure-overloaded hearts of mice. However, we did not
measure MAPK phosphatase activity, because it is techni-
cally difficult to estimate its specific activity in hearts. Given

-that the activity of apoptosis signal-regulating kinase 1, which

is an upstream kinase of INK, was not significantly different
between control and IKK 3-deficient hearts (data not shown),
it is possible that inactivation of MAPK phosphatase is
involved in the enhanced JNK activation observed in TKKg-
deficient hearts. Furthermore, we examined whether IKKg/
NF-«kB-MnSOD-JNK linkage is associated with the protec-
tive mechanism in cardiomyocytes using cardiomyocytes
isolated from adult mice. We found that the IKK B-deficient
cardiomyocytes were more susceptible to isoproterenol-
induced death and that the susceptibility was attenuated by
treatment with either a MnSOD mimetic or a JNK inhibitor.
These results indicate that this pathway is a critical compo-
nent of the cardiomyocyte defense against acute hemodynam-
ic stress. However, we cannot exclude the possibility that
other molecules than MnSOD may contribute to increased
apoptosis in CKO. In addition, considering that this pathway
functions proapoptotic in other organs, the function of NF-kB
pathway may be different in the setting of chronic heart
failure.

Although the expression of MnSOD decreased in response
to pressure overload, the magnitude of the decrease was
enhanced in pressure-overloaded IKKB-deficient hearts.
However, the molecular mechanism of -the pressure over-
load—induced downregulation in'IKKB-deficient mice re-
mains to be elucidated. A series of transcription factors, such
as - specificity protein-1,: activator: protein-2, CCAAT/
enhancer-binding protein, p53, and'NF-«B, reportedly regu-
late: MnSOD - gene: expression.26-22° Among these factors,
activation . of NF-kB is essential; but not sufficient; for the
induction of MnSOD.?¢ In contrast, it is well known that p53
functions. as a negative regulator of MnSOD gene transcrip-
tion and that p53 is induced in response to pressure overload
in- the" heart.2?” NF-«kB has ‘been shown'to antagonize p53
transactivation through: the induction of p53 proteolysis or
sequestration of the p300 and CREB-binding protein’ coacti-
vators.3®3! Thus, the absence of NF-kB~driven p53 inhibi-
tion ‘after TAC might decrease MnSOD: in IKKB-deficient
mice.

In conclusion, we demonstrated that IKKB/NF-«B plays a
protective role in the cardiomyocyte response to pressure
overload. The IKKB/NF-«B signaling pathway may consti-
tute a molecular target for the prevention and treatment of
heart failure.
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Enhanced Expression of the S100A8/A% Complex
in Acute Myocardial Infarction Patients
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Background: S100A8/A9 complex (S100A8/A9) is expressed in activated human neutrophils and macro-
phages. Enhanced expression of S100A8/A9 in atherosclerotic plaque of patients with unstable angina pectoris
(UAP) has been demonstrated, but its profile in acute myocardial infarction (AMI) has not been clarified.

#Methods and Resufts: Serum S100A8/A9 levels were serially measured in patients with AMI (n=55) and UAP
(n=16) during the acute period. The expression of S100A8/AS was examined immunohistochemically in the
infarcted myocardium of 7 autopsied patients with AMI. Serum S100A8/A9 levels on the 1st day were 1,118x115
(SE) ng/ml in AMI patients as compared with 7871147 ng/ml in UAP patients. On days 3-5, serum S100A8/A9
levels in AMI patients reached a peak value and were significantly higher than the values in UAP patients
(1,690+144 ng/mi vs 844100 ng/ml; P<0.0001). in AMI patients, peak S100A8/A9 levels positively correlated with
peak white blood cell and neutrophil counts, and peak creatine kinase-MB and peak C-reactive protein levels.
Double immunostaining revealed that S100A8/A9 was specifically expressed in neutrophils and macrophages
infiltrating the infarcted myocardium.

Conclusions; S100AB/A9 is implicated in the pathophysiology of AMI and may be an additional biomarker
of the local inflammatory response following AMI.

Key Words:  Inflammation; Myocardial infarction; Pathology; Proteins

of the S100 family and is composed of S100A8

(10.8kD) and S100A9 (13.2kD), containing 2 cal-
cium-binding sites per molecule. The 2 subunits are expressed
in activated human neutrophils and macrophages in inflam-
matory lesions. S100A8 and S100A9 noncovalently associate
to quickly form a heterodimer, the SI00A8/A9 complex.}
Translocation of the complex from the cytosol to the mem-
brane is induced by activation of a novel pathway requiring
an intact microtubule network.?

T he S100A8/A9 complex is a heterodimeric molecule

Editorial 277

Recent clinical studies have demonstrated elevated serum -

levels of the S100A8/A9 complex in inflammatory disorders,
such as rheumatoid arthritis,® transplant rejection,? unstable
angina pectoris (UAP),” acute myocardial infarction (AMI),&7

and recent ML? Overexpression of the SIO0A8/A9 complex
has been shown immunohistochemically in atherosclerotic
plaques in coronary and carotid arteries.’®® High levels of
S100A9 in human atherosclerotic rupture-prone lesions are
also reported.' Furthermore, the mechanistic implication of
S100A8/A9 in the pathophysiology 'of atherosclerosis and
vascular inflammation has been demonstrated.’ Thus, ele-
vated serum S100A8/A9 levels in AMI are attributable to
coronary vulnerable plaques.

Meanwhile; it has:been reported that activated macro-
phages’ infiltrating: the myocardial tissue of patients with
active -cardiac sarcoidosis: highly express the S100A8/A9
complex.t? Although myocardial necrosis is the major his-
tological feature of AMI, it is a well-known fact that inflam-
matory responses develop in' the infarcted myocardium.’
Neutrophil-infiltration is present at the border of the infarct
24 h after symptom onset; aind macrophages begin to appear
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Characteristics

Age (years)
Sex (M/F)
Risk factors
Hypertension, n (%)
SBP (mmHg)
.DBP (mmHg)
DM, n (%)
FBS (mg/dl)
Hypercholesterolemia, n (%)
LDL-chalesterol (mg/dl)
HDL-cholesterol {mg/di)
Tn’glyceridé (mg/dh)
Smoking, n (%)
.. BMI (kg/m?)
Prior medication
-Aspirin, n (%}~
f-blocker, n (%)
~ ACE inhibitor/ARB, n (%)
Calcium channel blocker, n (%)
 Nirate,n (%)
Statin, n (%)
Laboratory data
WBC (x103/ul): -
Neutrophils (x103/ul)
CK-MB (UL ‘
CRP (mg/dl)
Angiographic findings
1-vessel diseasé,’ n{%)
2-vessel disease, n (%)
"~ 3vessel disease; (%) e
Time from onset of chest pain to first blood draw (h)
Time from onset of chest pain to PCI (h)

AMI (n=55) UAP (n=16) P value
66.8+1.4 74.8+1.8 0.005
37/18 10/6 NS
39 (71) 12 (75) NS

144.4+3.5 152.845.6 NS
86.9+2.3 82.0+2.6 NS
29 (53) 6 (38) NS
115.0+3.6 106.2+3.5 NS
38 (69) 12 (75) NS
136.6£5.6 135.418.6 NS
51.2x1.9 47.1£2.2 NS
136.0£10.6 151.8£19.0 NS
12 (22) 3(19) NS
23,6+0.4 22.540.3 o NS
29 (49) = A2(78). i NS
12 (22) 5(31) NS
31.(56). 10(63) NS
19 (35) 9 (56) NS
16(29) . 8@8) . NS
25 (45) 6(38) NS
- 8.520.4 0.017
6.210.4 0.020
44.0£6.9: 0t ob 442430 NS:
5.6x1.6 NS
25 4By o) NS
21 (38) 8 (50) NS
9(18) Lol o e (38) T NS
4.7+0.5 4.7x11 NS
6.0+0.5 7.7+1.1 NS

Values are expressed as the mean+ SE.

AMI, acute myocardial infarction; UAP, unstable angina pectoris; NS, not significant; SBP, systolic blood pressure;
DBP, diastolic blood pressure; DM, diabetes mellitus; FBS, fasting blood sugar; LDL, low-density lipoprotein; HDL,
high-density lipoprotein; BMI; body mass index; AGE, angiotensin-converting enzyme; ARB, angiotensin receptor
blacker; WBC, white blood cell; CK-MB, creatine kinase isoenzyme MB fraction; CRP, C-reactive protein; PCI, percu-

taneous coronary intervention.

in the infarct area 3-5 days afteér symptom onset. By 1. week
after symptom onset, neutrophils have.decreased and granu-
Iation tissue becomes established with neocapillary invasion,
and: infiltration- of macrophages; lymphocytes, and plasma
cells?3 Therefore; an alternative source of the S100A8/A9
complex may be these inflammatory cells. We hypothesized
that the source of the S100A8/A9 complex in AMI may not
only be coronary atherosclerotic plaques, - but also the in-
farcted myocardium. Therefore, the purpose of this study
was to compare serially measured serum S100A8/A9 levels
of patients with AMI, and those of patients with UAP, as well
as immunohistochemically examining the expression profile
of the SI00A8/A9: comiplex in myocardium: obtained: from
autopsied AMI patients.

Methods

Clinical Studies
The study cohort consisted of 71 patients with either AMI
[67%1 (SE) years; 37 men, 18 women] or UAP [75+2 (SE)

years; 10 men, 6 women]. AMI'was diagnosed on the basis
of: (1) chest pain >30 min in duration, (2) ST-segment eleva-
tion >0.1mV in 2 contiguous ECG leads, (3) total or subtotal
occlusion of the infarct-related artery, (4) elevated creatine
kinase (CK)-MB:isoenzyme more than 2-fold within 12h of
chest pain, and (5) successful primary coronary angioplasty
(defined as Thrombolysis In. Myocardial Infarction flow!s
grade 3 with a residual diameter stenosis <30%). UAP was
diagnosed according to Braunwald’s criteria.?* We excluded
patients. with non-atherosclerotic. inflammatory disorders,
such as pneumonia and. vasculitis, in order to avoid poten-
tially confounding effects with respect to serum levels of the
S100A8/A9 complex. A total of 30 healthy volunteers who
were free of  chronic: conditions: associated with coronary
artery disease, such as-hyperlipidemia; hypertension and dia-
betes, served as controls.

This study complied with the Declaration.of Helsinki, and
was approved by: the institutional review committees of the
Osaka Medical College Hospital; the subjects gave informed
consent.
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Figurs §. Changes in serum S100A8/
AS complex levels in acute myocar-
dial infarction (AMi) and unstable
angina pectoris (UAP) after symptom
onset. In AMI patients, serum S100A8/
A9 complex levels peaked at 3-5
days after the onset of symptoms
and were significantly higher than
levels on day 1. Serum S100A8/A9
complex levels in UAP patients re-
mained unchanged until days 6-8
after the onset of symptoms. At both
3-5 days and 6-8 days after the
onset of symptoms, serum S100A8/
AS complex levels in AMI patients
" were significantly higher than those
UAP in UAP patients. Red bars: serum
6-8 S100A8/AS complex levels in AMI
patients; blue bars: serum S100A8/
A9 complex levels in UAP patients.

Measurement of Serum Levels of the S100A8/A9 Complex
Serum S100A8/A9 complex levels were serially measured,
using a sandwich enzyme-linked immunosorbent assay sys-
tem that was developed in our laboratory,* in patients with
AMI and UAP during the acute period {ie; from the time of
symptom onset (day 1 of hospitalization) to day 8 of hospi-
talization]. All AMI'and UAP patients underwent successful
primary coronary angioplasty: within ‘12h-of the onset of
symptoms. The first sample was taken prior to revascular-
ization treatment and subsequent samples were taken after
treatment inall patients: White blood cell (WBC) courits and
serum levels of C-reactive protein (CRP),; CK, and CK-MB
were measured by conventional methods. Comparison analy-
ses were conducted between serum S100A8/A9 complex
levels and other clinical features.

Pathological Studies

Frozen myocardial samples were obtained:at autopsy from
7 patients who had died between 1'and 9 days after the onset
of AMI. In addition, frozen myocardial samples from indi-
viduals who died of non-cardiovascular causes (n=6) served
as references. The frozen samples were subsequently serially
sectioned at a thickness of 6um, and fixed in acetone. All -
first sections were stained with hematoxylin-eosin; the other
sections were used for immunchistochemical staining,

Immunohistochemistry

Single Staining  The cellular components were analyzed
using monoclonal antibodies against macrophages (EBM11;
DAKO, Glostrup, Denmark) -and neutrophils (CD66b;
Beckman Coutter, Fullerton, CA, USA). Commercially avail-
able monoclonal antibodies against SI00A8 ‘and: S100A9
(both from Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and a rabbit polyclonal antibody against the SI00A8/A9 comi-
plex were. used to"investigate immunolocalization of these
protein monomers and complex. The methods of the anti-
S100AB8/AY complex antibody production and specificity test-
ing were reported previously.? The specificity of the results

r P value
Peak WBC (x10%/ul) 0453 . 0.001
Peak neutrophils (x102/ul) 0.444 0.002
Peak CK-MB (UL) 0.307° . 0.036
Peak CRP (mg/dl) 0.370 0.011

Abbreviations see in Table 1.

obtained with these antibodies was checked by omitting the
primary antibodies and using non-immune mouse IgG serum
(DAKO}) and non-immune rabbit serum (DAKO) for mono-
clonal and polyclonal antibodies, respectively, as negative
controls. Sections were incubated at'4°C overnight or 1h at
room temperature, and: then: subjected to a. 3-step. staining
procedure, using the streptavidin-biotin complex méthod for
detection. Peroxidase activity was visualized with 3-amino-9-
ethyl-carbazole (10min, room temperature), and the sections
were faintly counterstained with hematoxylin.

Double Immunostaining - To identify cell types  that
stained positive for the SI00A8/A9 complex, we also per-
formed double immunostaining for the neutrophil (CD66b)/
S100AS8/A9 complex and macrophage (CD68)/S100A8/A9
complex, according to the previously described method, with
minor procedural modifications.?” In this staining” method,
alkaline phosphatase is visualized with fast blue BB. (blue,
neutrophils or macrophages), and peroxidase is visualized
with 3-amino-9-ethyl-carbazole (red, SI00A8/A9 complex).

(uantitative Methods = The area occupied by S100AS-,
S100A9-, and S100A8/A9-complex-positive cells was quan-
tified by computer-aided planimetry, and expressed as a
percentage of the myocardial tissue area. The number of
CD66b-positive neutrophils was counted and expressed as the
number of cells/mm? of myocardial tissue. The macrophage-
positive area was quantified and expressed as percent area.

—327—



Advance Publication by J-STAGE

KATASHIMA T et al.

Interval between
Case no. Age/sex IRA symptom onset
and death

1 70/M LAD 6h

2 73/F RCA 1 day

3 58/M RCA 2 days

4 62/M LMT 2 days

5 79/M LAD - 7days

6 69/M LMT 9 days

7 84/M LAD 9 days

HT, HL, DM, smoking

Risk factors Cause of death

' Smoking Cardiac rupture

Cardiac rupture

DM, smoking i CHF due to multivesse! disease
Smoking CHF

HT, smoking i VF
Smoking CHF
CHT 70 GHF due to multivessel disease

IRA, infarct-related artery; LAD, left anterior descending coronary artery; RCA, right coronary artery; HT, hypertension,
HL, hyperlipidemia; CHF, congestive heart failure; LMT, left main trunk; VF, ventricular fibrillation. Other abbreviations

see in Table 1.

S100A8

S100A9

S100A8/A9 Complex

Figure 2.~ Micrographs showing S100A8-, S100A9-, and: S100A8/A9-complex-expression in autopsied human myocardium
from a reference case (A-C) and from an AMI: patient (3-F). (&,0) Immunostaining for S100A8; (8,&) immunostaining for
S100A9; (&, F) immunostaining for S100A8/A9 complex. The anti-S100A8, S100A9, and S100A8/A9-complex antibodies exhibit
scattered S100A8-, S100A9-, S100A8/A9-complex-positive cells in the myocardium from a reference case, whereas they show
abundant positive cells in the infarcted myocardium from an AM! patient (case 2 in Table 3). Bars=100 zm:

In addition, on the basis of double immunostaining for the
neutrophil (CD66b)/S100A8/A9 complex and macrophage
(CD68)/S100A8/A9 complex, the percentage of SI00A8/A9-
complex-positive neutrophils in the total neutrophil count
and S100A8/A9-complex-positive macrophages in the total
macrophage count were calculated.

Statistical Analysis

Data are presented as the miean+SE. Comparing parameters
between 2 groups was performed with the chi-square test or
the unpaired 2-tailed Student’s t-test. Comparison across more
than 2 groups involved 1-way analysis of variance (ANOVA)
with Bonferroni correction when appropriate. Serum S100A8/
A9 complex levels were compared over time, using repeated
measure ANOVA. Pearson’s correlation: coefficients were
used to evaluate the relations between serum S100A8/A9

complex levels and clinical parameters. The morphometric
analysis. was performed by a single investigator who was
unaware of the patients’ characteristics and histological clas-
sifications. For comparisons of 2 groups of individuals, the
Mann-Whitney U test was used in all circumstances: Dif-
ferences were considered statistically significant at P<0.05.

Bosulis

Glinical Information

Clinical features of the 55 AMI and .16 UAP patients on
admission. are shown in Tafle 1. The. AMI patients were
younger than the UAP patients. WBC and neutrophil counts
were higher in the AMI patients than in the UAP patients.
Otherwise; there were no statistically significant differences
between the 2 groups.
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Bars=100pm.

Figura 3. Micrographs of the infarcted myocardium from an autopsied patient (case 3 in Tabie 3). (&) Anti-CD66b antibody
staining reveals a large number of neutrophils in the infarct area: (B) An adjacent section stained with anti-S100A8/A9 complex
also reveals the presence of S100A8/A9-complex-positive cells. (G) Double immunostaining for CD66D (blue) and the S100A8/
A9 complex (red) reveals that most cells show double staining (purple), thus indicating that most S100A8/A9-compiex-posi-
tive cells are neutrophils. (£3) Double immunostaining for macrophages (blue) and the S100A8/A3 complex (red) reveals that
few cells (arrows) show double staining (purpte), thus indicating that few S100A8/A9-complex-positive cells are macrophages.

Measurement of Serum Levels of the S100A8/A9 Complex
The serum S100A8/A9 complex levels on day 1 of symptom
onset were significantly higher in AMI patients than in nor-
mal controls [1,118£115 (SE) ng/ml vs 230+21ng/ml; P<
0.0001}, and peaked between days 3 and 5 (1,690+144 ng/ml).
In UAP patients, the serum S100A8/A9 complex levels on
day 1 of symptom onset were 787£147ng/ml, which was also
significantly higher than that in normal controls (P=0.028).

The serum S100A8/A9 complex levels in UAP patients -

remained unchanged until days 6-8 after symptom onset. On
days 3-35, the serum S100A8/A9 complex levels was signifi-
cantly higher in AMI patients than in UAP patients (1,690
144 ng/ml vs 844+100ng/ml; P<0.0001; Figure 1). In AMI
patients the peak level of SI00A8/A9 complex positively
correlated with the peak WBC count (1=0.453, P=0.001),
peak neutrophil count (r=0.444, P=0.002), peak CK-MB level
(r=0.307, P=0.036), and peak CRP level (r=0.370, P=0.011)
(Fable 2).

Pathological Studies

The clinical characteristics of the 7 autopsied patients with
AMI are summarized in Tabbe 3. Regarding the staining
pattern of S100A8, SI00A9, and the SI00A8/A9 complex,
there was no significant difference among the 3 antibodies.

The anti-S100A8, S100A9, and S100A8/AS-antibodies
showed scattered SI00A8-, S100A9-, S100A8/A9-complex-
positive cells in the myocardium from the reference cases
(Figuares 2A-C), whereas in-the infarcted myocardium of
the AMI patients the 3 antibodies showed abundant S100A8,
S100A9, and S100A8/AY-complex-positive cells (Figures 2
D-F). The SI00A8/A9 complex was specifically and strong-
ly positive in neutrophils and macrophages infiltrating the
infarcted myocardium of AMI patients. In the early acute
phase (from 6h to 2 days after the onset of AMI), neutrophils
were the main component of infiltrating inflammatory cells.
Double immunostaining: for. the S100A8/A9 complex and
macrophages or neutrophils showed that the vast majority of
S$100A8/A9-complex-positive cells were neutrophils at this
stage (Figure 3). Meanwhile, in the subacute phase (7-9 days
after the onset of AMI), the number of accumulating macro-
phages increased; and double immunostaining showed that
most S100A8/A9-complex cells: were macrophages in this
phase (Figure 4).

Quantitative analysis demonstrated that the S100A8-,
S100A9-, and S100A8/A9-complex-positive areas- were
significantly larger (S100A8, P<0.005; S100A9, P<0.005;
S100A8/A9 complex, P<0.005) in the infarcted myocardium
of AMI patients than in the myocardium from the reference
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Figure 4. Micrographs of the infarcted myocardium of an autopsied patient (case 7 in Table 3). (&) Double immunostaining for
neutrophils (blue) and the S100A8/A9 complex (red) reveals that few cells (arrows) show double staining (purple), thus indicat-
ing that few S100A8/A9-complex-positive cells are neutrophils. (B) Double immunostaining for CD68 (blue) and the S100A8/A9
complex (red) reveals that most cells show double staining (purple), thus indicating that, at this stage, most ST100A8/A9-com-

plex-positive cells are macrophages. Bars =100 ym.
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Figure 8. (A) Graphs showing the S100A8-, S100A9-, and S100A8/AS-complex-positive areas expressed as a percentage of
the total surface area in autopsied human myocardium from AMI {red bars) and reference cases (grey bars). (8) Graphs show-
ing the number of neutrophils/mm? and the macrophage-positive areas expressed as a percentage of the total surface in the
infarcted myocardium in the early acute and subacute phases. Green indicates S100A8/A9-complex-positive fractions.-AMI,

acute myocardial infarction.
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cases (Figurs S&). In the infarcted myocardium of AMI
patients, the number of CD66b-positive neutrophils was sig-
nificantly higher (P<0.05) in the early acute phase than in
the subacute phase. In contrast, the macrophage-positive area
was significantly smaller (P<0.05) in the early acute phase
than in the subacute phase (¥igure 58). In addition, the
percentage of S100A8/A9-complex-positive macrophages in
the total macrophage infiltration area was significantly higher
in the subacute phase than in the early acute phase (81.0%
3.5% vs 33.044.7%, P<0.05). In contrast, there was no sig-
nificant difference between the 2 groups in the percentage of
S100A8/A9-complex-positive neutrophils in the total neutro-
phil number (92.7+1.2% vs 96.311.7%, P=NS) (¥igure 58).

Discussian

The novel findings of this study are as follows. First, in AMI
patients who had undergone successful primary angioplasty,
we showed a transient increase in serum levels of the
S100A8/A9 complex with a peak value at 3-5 days after the
onset of AMI. Second, we showed a distinct expression of
the S100A8/A9 complex in neutrophils and macrophages
infiltrating the infarct.

The source of the elevated serum level of the SI00A8/A9
complex is attributable to inflammatory lesions in coronary
atherosclerotic plaques,** and in infarcted myocardium,
because AMI is associated with both lesions. In the present
study, to discriminate the source of the complex, we mea-
sured serum levels of the SI00A8/A9 complex in patients
with UAP, in whom the source of the complex may be
limited to coronary vulnerable plaques. Although the serum
level remained unchanged for 1 week in UAP patients, in
AMI patients it increased by approximately 50% at 3-5 days
after the onset of AMI, and showed a still higher level at 6—
8 days after the onset, as compared with the baseline value.
These findings strongly suggest that serum S100A8/A9 is
derived from neutrophils and macrophages infiltrating coro-
nary atherosclerotic plaques and the infarcted area. In pre-
vious studies,** blood concentrations of SI00A8/A9 in AMI
patients were measured only once, whereas we serially mea-
sured the serum levels after the onset of AMI, which lead us
to assume the infarcted myocardium was an additional source
of the complex.

As an alternate source of S100A8/9 in this setting, cir-
culating leukocytes need to be considered. AMI initiates a
systemic response that involves global activation of inflam-
matory systems. This global activation is partly evidenced
by elevated CRP levels and elevated leukocyte counts. 2
Thus, it is possible, as an alternate explanation, that the bulk

of the circulating S100A8/A9 was derived from the increased -

numbers of activated circulating neutrophils and macro-
phages.

Our finding of statistically significant positive correlations
between peak serum levels of the S1I00A8/A9 complex, and
peak CK and CK-MB levels indicates that the SI00A8/A9
level is largely influenced by infarct size. The level of com-
plex also correlated with peak WBC and CRP levels, thus
suggesting that the SI00A8/A9 complex is heavily involved
in inflammatory disorders. The role of the level of the
S100A8/A9 complex in predicting the risk of cardiovascular
events has been proposed,’ and it may serve as a biomarker
of both the severity and prognosis of AML

In the present study, we demonstrated strong expression
of the S100A8/A9 complex in the infarcted myocardium of
AMI patients, thus suggesting that the SI00A8/A9 complex,

produced by activated neutrophils and macrophages, is
involved in the pathophysiology of AMI. To the best of our
knowledge, we are the first to describe the in situ localiza-
tion of the SI00A8/A9 complex in the infarcted myocardium
of AMT patients. Regarding the staining pattern of SI00AS,
S100A9, and the S100A8/A9 complex in the myocardium,
there was no significant difference among the 3 antibodies.
It has previously been demonstrated in mice and humans
that there is heterogeneity in the expression of SI00AS8, A9,

“and S100A8/9 complexes by regional macrophages in athero-

sclerosis./** However, the expression profile of the mono-
mers and the S100A8/9 complex by leukocytes in infarcted
myocardium might be different from that in atherosclerosis.

In the AMI patients, there was a positive correlation be-
tween maximal serum levels of the SI00A8/A9 complex and
maximal blood neutrophil counts in the early acute phase.
The circulating neutrophil count reflects activated neutrophils
infiltrating the infarcted myocardium and which appear to
be a source of SI00A8/A9 complex production. Meanwhile,
in the subacute phase, the source of SI00A8/A9 complex
production appeared to be the increased number of activated
macrophages in the infarcted myocardium. The shift in the
infiltrating inflammatory cells from neutrophils to activated
macrophages may reflect the repair of the myocardium by
granulation tissue. Enhanced expression of the SI00A8/A%
complex in neutrophils and macrophages infiltrating the in-
farct area may be evidence of the role these phagocytes play
in the pathophysiology of AMIL¥ Elucidation of the func-
tional role of the SI00A8/A9 complex would aid in the
development of future therapeutic strategies for AMI. Further
investigations on the mechanistic role of the SI00A8/A9
complex are necessary.

Lonciusiog

Neutrophils and macrophages infiltrating the infarcted myo-
cardium are possibly responsible for the high serum levels of
the ST00A8/A9 complex found in AMI patients. SI00A8/A9
complex may be an additional biomarker of the local inflam-
matory response following AMI. :

Study Limitations

We suggest that the infarcted myocardium is an important
source of S100A8/A9 based on prolonged elevation of
S100A8/A9 levels following AMI and on the differences in
the time course between AMI and UAP. Experiments assess-
ing S100A8/AS levels in the coronary sinus during coronary
intervention and a comparison with peripheral blood levels
would provide stronger support for this concept.
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