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Figure 3. Echocardiography performed on the
phosphate-buffered saline (PBS) (A) and recombi-
nant human placental growth factor (thPIGF) (B)
groups 7 days after myocardial infarction, Left ven-
tricular diastolic dimension and ¢jection fraction
were analyzed (C,D). Reverse transcriptase-poly-
merase chain reaction was performed to compare
the brain natriuretic peptide level in infarcted tissuc
of the PBS and rhPIGF groups (E). GAPDH was
used as a control. Values are means £SD; **P<().01
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Figure 4. Regenerating vessels in infarcted myo-

20 cardium analyzed by immunohistochemistry 7 days

after myocardial infarction. The number of CD31-

positive vessels was increased by recombinant

10 human placental growth factor (rhPIGF) admin-

istration (x200) (A—C). The number of «SMA-

0 positive mature blood vessels was also increased

after thPIGF treatment (x100) (D-F). Values are

PBS PIGF PBS PIGF means+SD; ¥*¥P<0.01 vs phosphate-buffered saline
12 NiZ (PBS). IZ, infarct zone; NIZ, non-infarct zone.
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Figure 5. Co-administration of both rhPIGF and rhsFit-1 in MI mice. Binding assay of rhPIGF with rhsFlt-1 (A).
Recombinant human sFlt-1 can bind to rhPIGF in vitro. The efficacy of rhPIGF was inhibited by rhsFlt-1 in a dose-depen-
dent manner. Human PIGF in peripheral blood was analyzed in normal mice using an ELISA kit (B). (Cont: normal mice;
PIGE: thPIGF-treated mice; PIGF+sFlt-1: co-administration of rhPIGF and sFit-1.) thPIGF was suppressed by rhsFlt-1
administration in vivo. Values are means+SD; *P<0.05 vs PIGF, "P<0.05 vs PIGF. Murine PIGF in peripheral blood in
normal and MI mice was analyzed by ELISA kit (C). (C: normal mice; AMIL: PBS-treated MI mice; PIGF: administration
of thPIGF with coronary ligation; PIGF + sFlt-1: co-administration of rhPIGF and rhsFlt-1 with coronary ligation; sFit-1:
administration of sFlt-1 with coronary ligation.) PIGF activity was suppressed by administration of sFit-1. Values are
means+SD; *P<0.05 vs Control, tP<0.05 vs PIGF. Blood pressure of rhsFit-1- or PBS-treated mice was measured for 7
days (D). Survival of MI mice administered thPIGF, PBS, sFlt-1, or rhPIGF and rhsFlt-1 simultaneously (E). Survival
rate was improved in the rhPIGF group, but not in the other groups. Survival rate in the rhsFlt-1 group was the same as
that in the PBS group. *P<0.05 vs the other groups. rhsFlt-1, recombinant human soluble Fli-1. See text and Figures 1-4

for abbreviations.

osmotic minipump was 1,252+460 pg/ml, which is approxi-
mately 4-fold higher than the endogenous mouse PIGF
plasma level 3 days aftcr an AMI (30768 pg/ml) (data not
shown). During the administration of rhPIGF, blood pres-
sure did not differ significantly between the PIGF and PBS
groups (data not shown). At 28 days after development of
AMI, 6 of 20 mice in the PIGF group and 12 of 17 mice
in the PBS group had died. The mortality rate was thus
improved by 52% by rhPIGF treatment. Kaplan-Meier
analysis showed that administration of thPIGF for 3 days
improved survival rate significantly (P<0.05) compared
with vehicle (Figure 1).

PIGF Improves Cardiac Function and Suppresses
Remodeling

We next evaluated the effects of rhPIGF on infarct size and
cardiac function after induction of ML TTC staining of the
heart revealed that 7 days after MI, both infarct area and
infarct fraction were significantly smaller in the rhPIGF
group than in the PBS group (infarct area: 4.25+2.04 mm?
vs 5.95+1.54mm?, P<0.01; infarct fraction: 26.46+1.59%
vs 33.70+0.52%, P<0.05). In the chronic phase of AMI (28
days), both groups showed significant compensatory hyper-

trophy in non-infarcted myocardium. In contrast to the
acute phase, the infarct area and infarct fraction were larger
in the thPIGF group than in the PBS group (infarct area:
5.58+2.76 mm? vs 3.37£2.00mm?2, P<0.01; infarct fraction:
18.8610.76% vs 11.2540.22%, P<0.01) (Figures 2A-F).
In order to quantify the fibrin deposition within the infarct
area at 28 days after surgery, we performed Masson-
trichrome staining. A larger area of viable myocardial tissue
was observed in the infarct area of the rhPIGF group
(Figure 2H) compared with the PBS group (Figure 2G).
The ratio of fibrin deposit area to viable tissue area (fibrin
deposit area/viable tissue area) in the infarct area was sig-
nificantly lower in the rhPIGF group than in PBS group
(1.5£1.04, 4.63£1.85, P<0.05) (Figure 2I).

Echocardiographic findings at 7 days after coronary liga-
tion showed that LVEDd was smaller in the rhPIGF group
than in the PBS group (4.50£0.46 mm vs 5.14£0.38 mm,
P<0.01) and LVEF was significantly higher (40.619.17%
vs 25.7+7.23%, P<0.01) (Figures 3A-D).

The level of BNP mRNA in the infarcted myocardium
was significantly lower in the rhPIGF-treated group than in
the PBS group (BNP mRNA/GARDH: 0.46+£0.42 vs 1.14+
0.44, P<0.01) (Figure 3E).
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Figure 6. Left ventricular function of MI
mice was analyzed by TTC staining 7 days
after coronary ligation. Infarcted hearts treated

with PBS (A), rhPIGF (B), co-administration
of rhPIGF and rhsFli-1 (C), and rhsFlt-1 (D)
were stained with TTC. Infarct areas were
smaller in the rhPIGF group than in the PBS

group, but larger in the rhsFlt-1 group (E).
T T Regenerating vessels in infarcted myocardium
were analyzed by immunohistochemistry 7 days
after MI (F). The number of CD31-positive
vessels decreased with rhsFlt-1 administration.
Values are means+SD; ¥*P<0.05, **P<0.01 vs
PBS, P<0.01 vs PIGF, #P<0.01 vs PIGF+
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PIGF Induces Angiogenesis and Arteriogenesis

To elucidate the mechanism underlying the beneficial effects
of PIGF on post-AMI pathology, we analyzed angiogenesis
and arteriogenesis in the infarcted myocardium. The number
of CD31-positive vascular endothelial cells in the infarct
areas (including the border zone) was significantly higher in
the rhPIGF group than in the PBS group (644.6+90.54/mm?
vs 459.0£73.89/mm?, P<0.01) (Figures 4A~C). Similarly,
the number of a-SMA-positive vessels was increased in the
same areas in the rhPIGF group relative to controls (rhPIGF;
31.617.20/mm?, PBS: 23.5+7.41/mm?2, P<0.01) (Figures 4
D-F).

Beneficial Effect of Exogenous PIGF Blocked by rhsFlt-1
In order to further evaluate the actions of exogenously
administered rhPIGF, we examined whether or not its ben-
eficial effects were blocked by the simultaneous adminis-
tration of rhsFlt-1, a PIGF antagonist.

We confirmed before the experiment that rhsFlt-1 binds
to PIGF in vitro and in vivo. As shown in Figure 5A, an in-
vitro binding assay showed that 10-"'mol/L rhsFlt-1 binds

Circulation Journal  Vol. 73, September 2009

sFlt-1. See text and Figures 1-4 for abbrevia-

PIGF+sFit-1 sFit-1 tions.

to 0.17x10-12mol/L. thPIGF. When rhPIGF was adminis-
tered alone, the plasma rhPIGF level was 1,252+460 pg/ml.
Co-administration of rhsFlt-1 decreased the plasma rhPIGF
level to 753169 pg/ml, as shown in Figure 5B. The plasma
level of endogenous PIGF was higher in AMI mice with
rhPIGF treatment than in control mice (307168 pg/mi vs
12848.8 pg/ml). The co-administration of rhsFlt-1 also
reduced the plasma level of endogenous PIGF to 121t
108 pg/ml (Figure 5C). Thus, rhsFlt-1 blocked both exog-
enous and endogenous PIGF by approximately 50%.
We also proved that sFlt-1, like rhPIGF, did not affect
hemodynamic function (Figure 5D).

As shown in Figure SE, co-administration of rhsFlt-1
with rthPIGF lowered the survival rate of mice given rhPIGF
alone, validating the improvement in the survival rate seen
in mice treated with rhPIGF alone. The survival rate of
control mice and those given only rhsFlt-1 was similar.

Soluble Flt-1 Inhibits rhPIGF Effects on Infarct Size
and Angiogenesis
As described earlier, TTC staining showed that the infarct
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Figure 7. Mechanisms underlying the angiogenic cffect of PIGF. EPCs (Flk-1+Sca-1+ cells) were mobilized into the
peripheral circulation in MI mice (A). The percentage of EPCs was increased in MI mice, and was further increased in
rhPIGF-treated M1 mice. Valucs are means+SD; *P<0.05, 'P<0.05 vs PBS. The number of GFP-positive cells in the
infarct arca in bone marrow transplant mice (B). The number of infilirated monocytes (CD68-positive cells) in the infarct
arca was also increased by rthPIGF treatment compared with PBS treatment (C). Values are means+SD; *P<0.05 vs PBS.
Bonc-marrow-derived cells were examined by immunohistochemistry. GFP-positive (green cells) were observed in both
PBS- (D) and rhPIGF- (E) treated mice hearts (x400). GFP+CD3 1+ cclls were observed in the vessels of the thPIGF group
(F: GFP. G: CD31, H: merge of F and G; x1,200). Green represents GFP and red represents CD31. Sce text and

Figurcs 1-4 for abbreviations.

area in rhPIGF-treated mice was significantly smaller than
that of the PBS-treated group. However, the infarct area in
the co-administered group was significantly larger than that
in mice given rhPIGF alone (7.99%1.33mm? vs 4.25%
2.04mm?2, P<0.01) and was similar to that in the PBS group
(5.96%1.54mm?). Interestingly, administration of rhsFlt-1
alone increased the infarct area to 11.90£2.90mm?, which
was significantly larger than the infarct area of the PBS
group (P<0.01) (Figures 6A-E).

CD31-positive cells were counted to confirm the inhibi-
tory effect of rhsFlt-1 on angiogenesis. In the MI mice, the
number of newly formed vessels was increased in the
thPIGF group, but was decreased by co-administration of
rhsFlt-1 to a quantity similar to that in the PBS group
(thPIGE: 644490.5/mm?2; rhPIGF+sFlt-1: 3354103 /mm?;
PBS: 407+121/mm?2; sFlt-1: 287+75.7 mm?) (Figure 6F).

Mechanisms of PIGF-Induced Protective Effect

on Ischemic Heart

Given that PIGF has been reported to mobilize EPCs into
the peripheral circulation,!” we hypothesized that EPCs

mobilized from bone marrow as a result of PIGF adminis-
tration may mediate the angiogenesis and healing that occur
after AMI, as well as the improvements seen in survival
rates. In this study, the number of CD34-positive cells
increased in the peripheral circulation and the peak PIGF
level significantly correlated with the CD34-positive cell
count in patients with AMI (data not shown).

Based on the human result, we performed a mouse analy-
sis. Flk-1*Sca-1* cells (murine EPCs) in the peripheral
circulation were significantly increased in AMI mice (PBS
group) relative to control sham-operated mice without
AMI, and they were further augmented by administration
of rhPIGF (PBS: 1.84:+0.68%; Cont: 1.14+0.38%; rhPIGF:
2.38+1.02%) (Figure 7A).

Next, to evaluate the differentiation of EPCs into vascular
endothelial cells in newly developed vasculature in the
infarct regions, we generated mice in which bone marrow
was substituted with GFP-positive BMCs using a BMT tech-
nique. GFP-positive BMCs in the heart were increased in
rhPIGF-treated mice compared with the PBS group (51.68%
17.58 /field vs 37.445.26/field, P<0.05) (Figare 7B). CD68-
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positive monocytes were also increased in the infarct areas
in the thPIGF group relative to the PBS group (2,878+
567/mm? vs 2,3461398 /mm? P<0.01; Figure 7C). Immu-
nofluorescent histological analysis revealed a few GFP and
CD31 double-positive cells or BMCs directly differentiated
into endothelial cells existing in the infarct area in both
rhPIGF and PBS groups (Figures 7D,E). However, the
number of these cells was very small and there was no sig-
nificant difference between the 2 groups (rthPIGF: 6-8 per
10 high-power fields; PBS: 1-2 per 10 high-power fields)
(Figures 7F-H).

Discussion

The present study demonstrates that exogenous administra-
tion of rhPIGF enhances angiogenesis and arteriogenesis,
reduces infarct size, and improves cardiac function and
survival rate following AMI. These beneficial effects were
blocked by co-administration of rhsFlt-1, which traps
rhPIGF in the circulation and thus inhibits its action. These
findings suggest a possible use of PIGF as adjunctive therapy
in AMI.

Exogenous PIGF Improves the Prognosis of MI Via
Angiogenesis and Arteriogenesis

Earlier experimental studies have shown that several
growth factors and cytokines, including basic fibroblast
growth factor,'8 G-CSF, erythropoietin,?® angiopoietin- 12!
and VEGF,22 improve cardiac function after AMI by pro-
moting angiogenesis. However, no molecule has been clini-
cally proved to be useful as an adjunctive therapy in AML
In the present study we assessed the therapeutic use of PIGF
in AMI for several reasons. Firstly, PIGF is a member of the
VEGF family and induces not only angiogenesis but also
arteriogenesis in vivo.!0 Secondly, PIGF is able to mobilize
EPCs from bone marrow to the peripheral circulation,!’
and finally, we recently observed that PIGF mRNA expres-
sion is substantially upregulated in the endothelium of the
coronary arteries and interstitial cells in the infarct regions,
suggesting participation of PIGF in the pathology of AMI.1
Some previous investigations revealed that transfer of the
PIGF gene or direct injection of PIGF protein induced
angiogenesis in ischemic hindlimb and myocardium.%-10
Moreover, Autiero et al reported that intraperitoneal injec-
tion of a VEGF/PIGF heterodimer enhanced angiogenesis
2 weeks after AML2 However, those studies focused pri-
marily on the local angiogenic effect of PIGF and did not
examine its broader role; for instance, its influence on
cardiac function and survival rate, which are important in
terms of the molecule’s clinical application. The present
study demonstrates that 3-day intraperitoneal administration
of rhPIGF reduces infarct size, preserves EF and reduces
mortality. Considering that PIGF mRNA expression was
augmented in the infarct region and that the plasma PIGF
level peaked on the 3rd day after the onset of AMI in our
human study,'? injection of exogenous PIGF would enhance
the beneficial effect of endogenous PIGF.

sFlt-1 Cancels the Beneficial Effect of PIGF

Co-administration of rhFlt-1 with thPIGF completely inhib-
ited the PIGF-induced reduction of infarct size and improve-
ment of survival rate, which confirms the beneficial effects
of PIGF in AMI. However, sole administration of rhsFlt-1,
which reduced the plasma level of endogenous PIGF by
approximately 50%, did not affect the survival rate after
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AMI, though it increased infarct size. Considering that
the plasma level of rhPIGF during administration was
approximately 1,200pg/ml and the peak plasma level of
endogenous PIGF in AMI was approximately 300pg/ml,
augmentation of endogenous PIGF gene expression may not
be sufficient to improve mortality. This supports the idea of
using supplemental PIGF as an adjunctive therapy in AML
We also found there was a discrepancy in that rhsFlt-1
administration increased infarct area without suppressing
angiogenesis compared with PBS treatment. This result
suggests that endogenous PIGF production in the injured
myocardium does not have potent stimulatory effects on
angiogenesis by itself, but rather it may have direct protec-
tive effects on the ischemic myocardium by a mediating
pathway except for angiogenesis. It is well recognized that
the loss of ischemic cardiomyocytes after MI induces com-
pensatory hypertrophy of the non-ischemic remote myo-
cardium. Roncal et al reported that PIGF induces not only
enlargement of vessel size, but also compensatory hypertro-
phy of cardiomyocyte in remote non-infarcted myocar-
dium.2* We assume this may be one of the mechanisms by
which sFlt-1 exacerbates cardiac remodeling via suppress-
ing endogenous PIGF.

Mechanisms of PIGF’s Effect on Ischemic Myocardium
The current study could not elucidate the mechanism by
which PIGF reduces infarct size and ultimately improves
survival rate. Given previous evidence that VEGF did not
improve cardiac function and mortality in either animal or
human studies, despite its strong angiogenic properties, it
is likely that the dual properties of PIGF, angiogenesis and
arteriogenesis, are closely related to its reducing both infarct
size and mortality. PIGF is known to induce new vascular
formation by 2 mechanisms: stimulation of local prolifera-
tion of endothelial cells,'025-27 as well as recruitment of
BMCs to target tissue.!” In particular, PIGF exerts its bio-
logical activities by binding specifically to Flt-1 and causing
its autophosphorylation.Z® Flt-1 is expressed not only on
endothelial cells, but also on macrophages, hematopoietic
progenitor cells, and EPCs.2930 Lj et al revealed that PIGF
enhances EPC recruitment from the bone marrow into
peripheral tissues.3! In this context, we have also inves-
tigated whether EPCs and Flt-1-positive monocytes con-
tribute to PIGF-induced angiogenesis in the infarct regions.
The present study showed that EPCs and monocytes were
mobilized into the peripheral blood by rhPIGF; however,
direct transdifferentiation of EPCs into the blood vessels was
rarely observed. These findings suggest that angiogenesis
induced by PIGF is not caused primarily by differentiation of
the progenitor cells, but is probably related to angiogenic
properties of rhPIGF itself and to other cytokines that are
released by PIGF stimulation. Moreover, PIGF enhances
both vessel maturation and collateral growth by inducing
monocyte infiltration. Sholz et al reported that collateral
growth in a hindlimb ischemia model was delayed in PIGF
knock-out mice.?2 In our results, the number of monocytes
in the infarct area increased with rhPIGF administration,
which may result in augmentation of arteriogenesis.3?
Earlier studies reported that mobilized monocytes produce
MCP-1, bFGF, and TNF-a,* so it is possible that cytokines
other than PIGF released by recruited monocytes indirectly
stimulated angiogenesis and collateral artery growth in our
study model. Furthermore, improvement of cardiac function
by rhPIGF treatment might relate to mechanisms other than
angiogenesis, such as inhibition of apoptosis.
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In the present study, the infarct area of the thPIGF group

was significantly larger than that of the PBS group because
of preservation of viable myocardium and suppression of
fibrin deposition in the infarct area. The reason why rhPIGF
treatment suppressed fibrin deposition in the infarct area in
the chronic phase remains unknown, but preservation of
functional blood supply to in the infarct area by the PIGF-
mediated arteriogenesis plays an important role in amelio-
rating tissue hypoxia, which stimulates extracellular matrix
production by interstitial cells in the infarct area.

Further studies are necessary to elucidate the mechanisms

underlying the angiogenesis and arteriogenesis induced by
the PIGF-Flt-1 pathway.
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Coronary Spasm Preferentially Occurs at Branch Points
An Angiographic Comparison With Atherosclerotic Plaque

Hitoshi Nakagawa, MD; Yoshinobu Morikawa, MD: Yuji Mizuno, MD; Eisaku Harada, MD,;
Teruhiko Tto, MD:; Kunihiko Matsui, MD, MPH; Yoshihiko Saito, MD; Hirofumi Yasue, MD

Background—Coronary spasm plays an important role in the pathogenesis of 1schemic heart disease. However. similarities
and differences between coronary spasm and atherosclerosis are not known. We examined the angiographic
characteristics of coronary spasm in comparison with those ol atherosclerosis.

Methods and Results—Thirty-two left anterior descending arteries, 11 left circumflex arteries, and 23 right coronary
arteries with spasm and atherosclerotic plaque were analyzed for the lTocalization of spasm in comparison with that of
plaque in 47 patients (38 men and 9 women, mean age 66.810.3 yrs). Spasm predominantly occurred at the branch
point as compared with plaque in each of the 3 arteries (76.7% versus 23.3%, P<<0.0001; 72.7% versus 9.1%, P<<0.039;
and 60.0% versus 10.0%, P=0.002, in the left anterior descending, left circumilex, and right coronary arteries,
respectively). Spasm involved the proximal segment less frequently as compared with plaque in each of the 3 arleries
(56.7% versus 93.3%, P<<0.0001; 18.2% versus 81.8%., P=0.016; and 15.0% versus 75.0%, P<<0.0001 in the left
anterior descending, left circamilex, and right coronary arleries, respectively). Most spasms occurred at the nonplaque
site in each of the 3 arteries (73.3%, P=0.018; 100%, P<<0.0001; and 75.0%, P=0.041 in the left anterior descending,
left circumflex, and right coronary arteries. respectively).

Conclusion—Coronary spasm preferentially occurred at branch points and nonplaque sites, whereas the atherosclerotic lesion
was predominantly localized at the nonbranch points of the curved proximal segments. Coronary spasm may thus be a
manifestation of a distinct type of arteriosclerosis different from the lipid-laden coronary atherosclerosis. (Cire Cardiovasc
Intervent. 2009;2:97-104.)

Key Words: atherosclerosis m coronary spasm ® cndothelium ® nitric oxide m vasoconstriction

oronary spasm is not only the cause of variant angina but
C also participates in the pathogenesis of unstable angina.
acute myocardial infarction, and sudden death, particularly in
Japan.'-* However. precise mechanisms by which coronary
spasm occurs are not fully understood. We have shown that
endothelial nitric oxide (NO) activity is deficient and endo-
thelial function is impaired in the coronary arteries involved
in spasm.* Endothelial NO enhances vascular functions,
including vessel relaxation, survival of vascular endothelial
cells, inhibition of platelet aggregation, and attenuation of
leukocyte infiltration.>¢ Impaired NO activity has been sug-
gested as the earliest pathophysiological events contributing
to atherosclerosis.”#

Clinical Perspective see p 104

Flow-generated shear stress is an important physiological
stimulus that enhances the production of NO and high shear
stress augments the bioavailability of NO, whereas disturbed

shear stress reduces it.39-19 Ajthough the entire vasculature is
exposed to the atherogenic effect of systemic risk factors,
atherosclerotic lesions form at specific arterial regions such as
curvatures or branch sites where flow is disturbed.?'¢ Thus, local
hemodynamic factors play & major role in the regional localiza-
tion of atherosclerosis. It is. therefore, possible that coronary
spasm also may preferentially occur at the sites of coronary
arterial tree where flow is disturbed. However, no previous
studies have examined this possibility and the relationship
between coronary spasm and atherosclerosis is not clear. This
study was designed to examine whether there are predilection
sites for spasm in the coronary arteries and, if there are, whether
these sites are similar to those of atherosclerosis.

Methods

Patients
Ninety-eight (67 men and 31 women, with a mean age of 65.5+10.1
years ranging from 35 to 86) Japanese patients in whom coronary
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Table 1. Clinical Characteristics of the Study Subjects

Normal Angiogram Atherosclerosis

Variables Group {(n=51) Group (n=47)
Age, yr 64.2+9.5 66.810.3
Gender {(male/female) 29/22 38/9
Body mass index, kg/m? 24.3+38 24.2+3.4
Hypertension 19/51 (37%) 25/47 (53%)
Diabetes mellitus 8/51 (16%) 17/47 (36%)
History of smoking 32/51 (63%) 28/47 (60%)
Leukacyte, per ul 6,160+1,668 69251944
Hemoglobin, g/dL 136x1.7 14.0+2.1
Platelet, x 107/ 241+8.0 24.8+75
CRP, mg/L* 0.99 (0.32-2.81) 2.00 (0.48-3.52)
Total protein, g/dL 6.60.4 6.8=0.6
Albumin, g/dL 39+0.3 3.9+04
Fast plasma glucose 5.86+1.51 5.69+1.01
level, mmol/L.

AST, u/L 25.2+11.0 26.1+8.6
ALT, u/L 22.6+14.5 23.8x11.8
CK, w/l 105.4x71.8 106.7+71.3
Total chelesterol, mmol/L 5.11+0.81 5.35:+1,00
LDL cholesterol, mmol/L 2.98+0.74 3.32+0.84
HDL cholesterol, mmol/L 1.54+0.40 1.32+0.38
Triglyceride, mmol/L 1.52+0.70 1.71+0.65

*Median (25th and 75th percentile). ALT indicates alanine aminotransferase;
AST, aspartate aminotransferase; CK, creatine kinase; CRP, C-reactive protein;
HDL, high-density lipoprotein; LDL, low-density lipoprotein.

spasm was induced by intracoronary injection of acetyicholine (ACh;
Daiichi-Sankyo Co, Tokyo, Japan) were the subjects of this study.
They had been admitted to our hospital because of chest pain or ECG
abnormalities suspected of ischemic heart disease between January
2003 and January 2009. The study consisted of the 2 parts: the first
part of the 51 patients with normal or almost normal coronary
angiogram (<25% stenosis of luminal diameter) in whom the
confounding effect of organic stenosis on coronary flow could be
excluded (normal angiogram group) and the second part of the 47
patients with organic stenosis (25% to 90% stenosis of luminal
diameter) (atherosclerosis group) based on the consensus of 3 to 4
investigators. We defined coronary spasm as a total or subtotal
occlusion or severe diffuse constriction of an angiographically
demonstrable coronary artery associated with transient ischemic ST
segment changes on ECG. In each spasm artery, we defined the site
of spasm as that of total or subtotal occlusion or as that of the most
severe and proximal constriction in the case of segmental diffuse or
multifocal spasm and the site of atherosclerotic lesion (plaque) as the
most narrowed based on the consensus of 3 to 4 investigators.
Patients with recent myocardial infarction, acute coronary syndrome,
left main trunk disease, severe organic stenosis of >90%. multives-
sel coronary disease with >75% organic stenosis, heart failure, liver
disease. creatinine level >1.5 mg/dL, acute inflammation, malignant
diseases, and cholesterol lowering medication within a month were
excluded from the study. None of the study patients were on statins
or other lipid-lowering drugs. The clinical characteristics of the study
patients are presented in Table 1. Hypertension was defined as
>140/90 mm Hg and diabetes mellitus as fasting plasma glucose
level >7 mmol/L (126 mg/dL) or 2-hour postload glucose level
> 11 mmol/L (200 mg/dL).

The protocol of this study was approved by the institutional review
board and each patient provided written informed consent.

Induction of Coronary Spasm

Ca-channel blockers and other vasodilators, if they had been admin-
istered, were stopped for al least 5 days. Coronary spasm was
induced by intracoronary injection of ACh (Daiichi-Sankyo Co) alter
diagnostic catheterization in the morning. The details of the method
were previously reported. !t Briefly, ACh was injected in incremental
doses of 20, 50, and 100 wg into the left coronary artery and then 20
and 50 ug into the right coronary artery (RCAj in 20 seconds under
continuous monitoring of ECG and blood pressure. Coronary spasm
induced by this method usually disappeared spontaneously within |
to 2 minutes and both the left coronary artery and RCA could be
examined separately unless severe spasm occurred in the left
coronary artery and necessitated the prompt injection of isosorbide
dinitrate (1SDN) into the arteries. After the end of the test, ISDN (0.1
mg) was injected into the coronary artery and angiography was again
performed. The specificity of this test for variant or resting angina
was 999%.12 The test did not induce coronary spasm in any of the
patients with normal coronary angiogram and without ischemic heart
disease.’?-'3 The specificity of this test for spasm arteries was also
confirmed in the vitro study.!”?

Assessment of Coronary Artery Diameter

and Length

We quantitatively measured the diameter of the coronary arteries and
the distance from the branch point. An end-diastolic frame was
digitized and the diameter of the index vessel was measured by
CAAS 1T software (PIE Medical). We defined the branch point
scgment as thal within S-mm distal from the apex ol the flow divider
because the median distance between each adjacent branch was
14.3 mm (intcrquartile range was 9.1 to 21.1 mm). Wc divided the
left anterior descending (LAD) artery, the left circumflex (LCx)
artery, and the RCA into the proximal segments (segments 6, 7. and
9 in the LAD; segments 11 to 13 in the LCx; and segments 1 to 2 in
the RCA) and the distal segments (segments 8 and 10 in the LAD;
segments 14 and 15 in the LCx: and segments 3 and 4 in the RCA)
according to the AHA coronary segment reporting system's and
compared the incidence of spasm between the proximal and distal
segments. The coronary diameter was expressed as percent narrowing
in luminal diameter after ISDN injection. Total or subtotal obstruction or
severe coronary spasm with a lumen diameter <0.4 mm could not be
accurately quantified because of technical limitations of the computer-
assisted quantifative coronary angiography.i6

Laboratory Methods

Fasting blood samples were drawn by venipuncture 1 to 2 days
before coronary angiography and the hematologic and biochemical
analyses were done using standard laboratory procedures.

Statistical Analysis

Each of the 3 coronary arteries (LAD, LCx, and RCA) was
separately analyzed. Discrete variables were expressed as counts and
percentages and were compared using McNemar or binomial exact
test between the paired data of the same artery. Probability value of
<<0.05 was considered to be statistically significant. Continuous data
were expressed as mean®SD. However, when the variable was
significantly skewed, the median (25th to 75th percentile) was
reported. Statistical analysis was performed by using commercially
available software (SPSS STATISTICS 17.0 BASE WIN, SPSS
Japan Inc, Tokyo, Japan). The authors had full access to the data and
take responsibility for its integrity. All authors have read and agreed
to the manuscript as written.

Results
Table 2 shows the coronary angiographic findings of the 2
groups. In the normal angiogram group, spasm was induced
in 106 (45, 28, and 33 in the LAD. LCx, and RCA,
respectively) arteries. Of these, 9 (8.5%) were total occlusion,
18 (17.0%) subtotal occlusion. 50 (47.2%) segmental diffuse
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Table 2. Coronary Angiographic Findings

Nakagawa et al

Coronary Spasm at Branch Points

Normal Angiogram Group

Atherosclerosis Group

Spasm Site (n=106) Spasm Site (n=66) P Plaque Site (n=566)
Entire artery spasm
LAD, n 12 2 2
LCX, n 10 0 0
RCA, n 12 3 3
Total, n 34 5 5
LAD, n 33 30 30
Proximal segment, n (%) 23(69.7) 17 {56.7) <0.0001 28 (93.3)
LCX, n 18 1 11
Proximal segment, n (%) 12 (66.7) 2(18.2) 0.016 9 (81.8)
RCA, N 21 20 20
Proximal segment, n (%) 4(19.0) 3{15.0) <0.0001 15 (75.0)
Total, n 72 61 61

99

LAD indicates left anterior descending artery; LCA, left coronary artery; LCX, left circumflex artery; RCA, right coronary artery.

spasm involving the branch site and 29 (27.4%) diffuse and
extensive spasm involving the entire arterial tree affecting the
proximal and distal cpicardial vessels and their branches. Five
shifted from entire artery spasm into total occlusion. Accord-
ingly, 34 (32.1%) of the 106 spasms involved the entire
arterial tree in this group. Spasm of 1 vessel, 2 vesscls, and 3
vessels was demonstrated in 16, 15, and 20 patients, respec-
tively. Of the 44 patients in whom ACh was injected into both
the left coronary artery and RCA, 15 had 1-vessel, 9 had
2-vessel, and 20 had 3-vessel spasm, and thus most (65.9%)
patients had multivessel coronary spasm demonstrated. For
the analysis of the localization of spasm at branch or
nonbranch point, 34 (12 LAD, 10 LCx, and 12 RCA) entire
artery diffuse spasms were excluded and the remaining 72
arteries (33 LAD, 18 LCx, and 21 RCA) were analyzed.
Spasm occurred at the branch point in 27 (81 8%) of 33 LAD,
17 (94.4%) of 18 LCx, and 17 (81.0%) ot 21 RCA. Coronary
spasm thus preferentially occurred at the branch point in all of
the 3 arteries (Figure 1). Spasm involved the proximal
segment in 23 (69.7%) of the 33 LAD, 12 (66.7%) of the 18
LCx, and 4 (19.0%) of the 21 RCA. Thus, spasm occurred
more frequently at the proximal than the distal segments in

the LAD, whereas it occurred more frequently at the distal
than the proximal segments in the RCA (Figure 2). This is
probably related to the fact that branch site is more numcrous
at the proximal segment in the LAD, whereas it is more
numerous at the distal segment in the RCA'S and confirms the
closc relation of the branch point to spasm. In the athcroscle-
rosis group, the organic stenosis was identified in the 66 (32
LAD, 11 LCx, and 23 RCA) arteries as shown in Table 2. Of
these, 52 (22 LAD, 8 LCx, and 22 RCA) arteries had 25% to
75% and 14 (10 LAD, 3 LCx, and 1 RCA) arteries had 75%
to 90% luminal diameter narrowing. Thus. most (78.8%)
patients had mild to moderate organic stenosis in the athero-
sclerosis group. Spasm was induced in 66 (32 LAD, 11 LCx,
and 23 RCA) arterics. Of these, 6 (9.1%) were total occlusion,
9 (13.6%) were subtotal occlusion, 48 (77.2%) were segmen-
tal diffuse spasm, and 3 (4.5%) were entire artery diffuse
spasm. Two shifted from entire artery diffuse spasm into total
occlusion. Accordingly, the entire artery diffuse spasm oc-
curred in 5 (7.6%) of the 66 spasms in the atherosclerosis
group (Table 2). For the analysis of the localization of spasm
at the branch or nonbranch points, 5 entire artery diffuse
spasms were excluded and the remaining 61 (30 LAD, 11
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Figure 1. Comparison of the involvement of coronary spasm between the branch and nonbranch points in the normal angiogram
group. LAD, left anterior descending coronary artery; LCx; left circumflex artery; RCA, right coronary artery.
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Figure 2. Comparison of the involvement of coronary spasm between the proximal and distal segments in the normal angiogram
group. LAD indicates left anterior descending coronary artery; LCx, left circumflex artery; RCA, right coronary artery.

LCx, and 20 RCA) were analyzed for comparison of local-
ization between spasm and plaque in the atherosclerosis
group. Spasm occurred at the branch site in 23 (76.7%) ol the
30 LAD, 8 (72.7%) of the 11 LCx, and 12 (60.0%) of the 20
RCA. These results are in agreement with those in the normal
angiogram group. On the other hand, plaque was localized at
the branch point in only 7 (23.3%) of the 30 LAD, 1 (9.1%)
of the 11 LCx, and 2 (10.0%) of the 20 RCA. Thus, there was
a significant difference in the involvement of the branch
point between spasm and plaque in each of the 3 arteries
(P<0.0001 in LAD, P=0.039 in LCx, and P=0.002 in RCA,
respectively) (Figure 3). Spasm involved the proximal seg-
ment in 17 (56.7%) of the 30 LAD, 2 (18.2%) of the 11 LCx,
and 3 (15.0%) of the 20 RCA, whereas plaque was localized
at the proximal scgment in 28 (93.3%) of the 30 LAD, 9
(81.8%) of the 11 LCx, and 15 (75.0%) of the 20 RCA. Thus,
there was a significant difference in the involvement of the
proximal segment between spasm and plaque in each of the 3
arteries (P<<0.0001 in LAD, P=0.016 in LCx, and P<<0.0001
in RCA, respectively) (Figure 4). In accordance with these
results, most spasms occurred at the nonplaque site in each of
the 3 arteries (P=0.018 in LAD, P<<0.0001 in LCx, and
P=0.041 in RCA, respectively) (Figure 5). Spasm thus
preferentially occurred at branch points and nonplaque sites,
whereas the plaque preferentially occurred at nonbranch point

sites of the proximal scgment in cach of the 3 coronary
arteries. Paired data using 2X2 tables for Figures 1 to 5 are
shown in Online Data supplements.

Nineteen (17.9%) of the 106 spasms in the normal angio-
eram group and 11 (16.7%) of the 66 in the atherosclerosis
group were associated with ST-segment elevation and the 87
(82.19%) and 55 (83.3%) with ST-segment depression on the
ECQG, respectively. indicating that coronary spasm with ST-
segment depression is more numerous than that with ST-
segment clevation in both groups (P<<0.0001. respectively).
Of the 11 spasms with ST-segment elevation, 8 (72.7%)
involved the organic stenosis and 8 were total or subtotal
occlusion in the atherosclerosis group.

Figures 6 and 7 show the representative angiograms of
spasm in the normal angiogram group and those of athero-
sclerosis group, respectively.

Discussion
This study showed that most spasms were diffused and
extensive, and the substantial number of these involved the
entire arterial tree affecting the proximal and distal epicardial
vessels and their intramural branches in the normal angio-
gram group. These findings are in agreement with the results
of our previous angiographic study!” and also with our
intravascular ultrasound study, which revealed the existence
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Figure 3. Comparison of the involvement of the branch point between spasm and plaque in the atherosclerosis group. LAD indicates
left anterior descending coronary artery; LCx, left circumflex artery; RCA, right coronary artery.
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Figure 4. Comparison of the involvement of the proximal segment between spasm and plaque in the atherosclerosis group. LAD indi-
cates left anterior descending coronary artery; LCx, left circumflex artery; RCA, right coronary artery.

of diffuse intimal thickening in an entire coronary artery in
patients with coronary spasm and normal angiograms.'¥
Accordingly, the results strongly suggest that systemic factors
play an important role in the pathogenesis of coronary
spasm.'$-2! On the other hand, the atherosclerotic plaque
lesion was focal and largely localized to the proximal
segments in agreement with previous studies.”-®22-2+ This
suggests that local factors are more important in the patho-
genesis of atherosclerosis as compared with those of coronary
spasm.

We have shown that endothelial NO activity is deficient
and endothelial function impaired in the spasm arteries.* NO
not only modulates vasomotor tone, but also inhibits inflam-
mation, production of rcactive oxygen specics, vascular
smooth muscle proliferation, and platelet aggregation,>¢ and
reduced endothelial NO activity represents the early steps in
the development of atherosclerosis.”® The endothelium is
exposed to shear stress and unidirectional laminar shear stress
in straight parts of the arterial tree potently stimulates NO
production, whereas disturbed flows at curvatures or branches
have the opposite eftect.5>1¢

Studies of human coronary arteries provide cvidence that
regions prone to the development of atherosclerosis occur at
sites of intimal thickening, which is mainly composed of
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smooth muscle cells (SMCs), suggesting that SMCs in
intimal thickening play a pathogenic role in the initiation and
development of atherosclerosis.?*—24 Low shear stress occurs
at the curvature or upstream of stenosis, whereas oscillatory
shear stress occurs downstream of stenosis or branch
points.>’? Recent studies revealed that low—shear stress le-
sions contained fewer SMCs and more lipids and were larger
and more progressive and vulnerable,%25-6 whereas oscilla-
tory—shear stress lesions contained more SMCs and fewer
lipids and are more stable.>*

This study further showed that spasm preferentially oc-
curred at the branch point or downstream of the flow divider
where shear stress is presumed to be oscillatory®-!* both in the
normal angiogram and athcrosclerosis groups. This is in
agreement with the result of Selwyn’s group, which showed
that branch point constricted more intensely than nonbranch
sites in response to ACh infusion.?” On the other hand, the
atherosclerotic stenosis was localized predominantly at the
nonbranch point of the curved proximal segment where shear
stress is presumed to be low.% 19 Thus, there was a difference
in the predilection site between the spasm and atherosclerotic
plaque and most spasms occurred at different sites from those
of the plague. These results thus suggest that atherosclerosis
does not contribute to the occurrence of spasm or rather tends
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Figure 5. Comparison of the involvement of spasm between the plaque and nonplague sites in the atherosclerosis group. LAD indi-
cates left anterior descending coronary artery; LOx, left circumflex artery; RCA, right coronary artery.
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Figure 6. Coronary angiograms during spasm induced by ACh
injection and after ISDN in the normal angiogram group. A,
Severe diffuse spasm involving the entire RCA appeared after
ACh (left) and converted into a total occlusion at the origin of
the artery 2 minutes later (center, arrow). After ISDN, the artery
was marked dilated and normal (right). B, Severe diffuse spasm
involving the entire left coronary artery including intramural
branches appeared after ACh (left, arrow heads) and disap-
peared after ISDN {right). C, Severe diffuse spasm involving the
entire arterial tree of both the LAD and LCx appeared after ACh
injection (left, arrow heads) and disappeared after ISDN ({right).
ACh indicates acetylcholine; ISDN, isosorbide dinitrate; LAD, left
anterior descending artery; LCx, left circumflex artery; RCA,
right coronary artery; *, a pacing catheter.

to suppress it and are in agreement with those of Maseri’s
group.!2* However, MacAlpin?® reported on the basis of the
literature that most spasms were localized at the site of an
organic lesion. The discrepancy between his results and ours
may probably be explained by the difference of the study
subjects. He reported on the patients with “variant angina,” ie,
angina associated with ST elevation on ECG. On the other
hand. most spasms were associated with ST depression and
mild to moderate organic stenosis in the atherosclerosis group
of this study.

Coronary spasm has risk factors, such as smoking and
aging,'*-2f and is associated with endothelial dystunction,?#
inflammation,?** and intimal thickening.'® It thus shares the
common risk and pathogenetic factors with atherosclerosis.”
However, atherosclerosis is characterized by subendothelial
retention of atherogenic lipoproteins,”#22-26 develops early
from infants,* and is usually associated with hyperlipid-
emia,”$** whereas coronary spasm does not occur in the
young but in the old patients (mean age of 65.5+10.1 in this
study). and hyperlipidemia is not a risk factor for coronary

Figure 7. Coronary angiograms during spasm induced by ACh
injection and after ISDN in the atherosclerosis group. A, A sub-
total occlusion spasm with diffuse vasoconstriction involving the
curved proximal segment of the LAD and a focal spasm at the
branch site of the LCx appeared after ACh (left, arrows and
arrow heads) and disappeared after ISDN {right). A significant
organic stenotic lesion was revealed at the curved proximal seg-
ment (right, arrow). Spasm was superimposed on the lesion {left,
arrow). B, Subtotal occlusion at the proximal segment and dif-
fuse spasm at its distal branch site of the LAD appeared after
ACh (left, arrow and arrow heads) and disappeared after ISDN,
revealing a severe organic stenosis at the nonbranch site of the
curved proximal segment (right, arrow). Despite severe stenosis,
total occlusion did not occur at this site during spasm. C, Dif-
fuse spasm occurred at the distal branches, not at the site of
severe organic stenosis at the curved proximal segment of the
LAD after ACh (left, arrow heads and arrow). A severe organic
stenosis lesion was revealed at the nonbranch site of the curved
proximal segment after ISDN (right). ACh indicates acetylcho-
line; ISDN, isosorbide dinitrate; LAD, left anterior descending
artery; LCx, left circumflex artery; RCA, right coronary artery;

*, a pacing catheter.

spasm.'¥-! Indeed, Morikawa et al have recently reported by
using intravascular optical coherence tomography that the
spasm arteries with normal angiogram had a diffuse intimal
thickening and contained almost no lipid deposits, whereas
the no-spasm arteries with normal angiogram had either
intimal thickening containing lipid deposits or had no intimal
thickening.®

Coronary spasm is caused by abnormal contraction of
vascular SMCs and therefore contractile and not synthetic
phenotype SMCs are likely to play a crucial role in the
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pathogenesis of coronary spasm. We, therefore, propose that
coronary spasm may be a manifestation ol coronary arterio-
sclerosis distinctly different from coronary atherosclerosis,
which is characterized by lipid accumulation and SMCs of
synthetic phenotype.7$22-2432 Recent studies showed that
oxidized lipids suppress SMCs marker genes and that lipid
lowering promotes accumulation of mature SMCs.* To be
noted in this connection is the fact that the patients with
coronary spasm with angiographically normal or almost
normal coronary arteries are less prone to develop acute
myocardial infarction as compared with those with other
types of unstable angina. 367 Intriguingly. the incidence of
coronary spasm, particularly variant angina, has decreased
recently,33? whereas that of hyperlipidemia has risen in
Japan. 404

This study further demonstrates that most coronary spasms
were associated with ST-segment depression rather than ST
segment elevation on ECG and thereby confirms the concept
that variant angina is only one aspect of the spectrum of
coronary spastic myocardial ischemia.*?

Study Limitations

In this study, we defined the site of spasm as that of total or
subtotal obstruction or as that of the most severe and
proximal constriction in the case of multifocal or segmental
diffuse spasm and the site of atherosclerotic lesion as that of
the most narrowed in each artery for the purpose of analysis.
However, spasm is often, diffuse and or multifocal, or even
migrates from site to site and thus the actual images of spasm
may be more complex and dynamic than described in this
study.2 Atherosclerotic lesions also are ofien multifocal. In
this study, however, most atherosclerotic lesions were mild
and mostly monofocal, because we excluded the patients with
multivessel or sever organic stenosis disease from the study.
Thus, the results of this study may not necessarily be
applicable to advanced atherosclerotic Iesions with multiple
plaques. Moreover, angiogram is not sensitive enough 1o
detect atherosclerosis because it is highly likely that vascular
remodeling may have occurred, and thus, the patients in the
normal angiogram group in this study might not have been
free from atherosclerosis.'® In this study, we did not perform
the intravascular ultrasound examination concurrently with
angiography and thus could not present the data on shear
stress and constituents of vessels walls, However, we have
previously shown that the intimal thickening involved the
entire arterial tree in the patients with coronary spasm and
normal angiogram using intravascular ultrasound.'®

Conclusions
Diffuse spasm involving the entire arterial tree occurred in a
substantial number of angiographically normal or almost
normal coronary arteries in the patients with chest pain.
Spasm preferentially occurred involving branch points,
whereas atherosclerosis was predominantly focal and local-
ized at the nonbranch points of the curved proximal segments.
Most spasms occurred at the sites different from those of the
atherosclerotic plaque. These results strongly suggest that
coronary spasm may be a manifestation of a distinct type of

Coronary Spasm at Branch Points 103

arteriosclerosis  different from the lipid-laden coronary
atherosclerosis.
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CLINICAL PERSPECTIVE

Coronary spasm plays an important role in the pathogenesis of ischemic heart discase. However. similaritics and
differences between coronary spasm and atherosclerosis are not known. This study examined the angiographic
characteristics of coronary spasm in comparison with those of atherosclerotic plaque, first in the angiographically normal
or almost normal coronary arterics and then in those with atherosclerotic plaque. The results showed that diffuse spasm
involving the entire artery appeared in the substantial number of the angiographically normal arteries and that spasm
preferentially occurred at branch points in both the angiographically normal arteries and those with plaque. On the other
hand. plaquc was predominantly localized at nonbranch point sites of the curved proximal scgments. Most spasms did not
oceur at the sites of plaque. These results suggest that coronary spasm may be a manifestation ol a distinct type of
arteriosclerosis different from the lipid-laden coronary atherosclerosis. This study, thus, may provide a new insight into the
pathogenesis not only of coronary spasm but also of atherosclerosis and may explain at least partially the decline of the
number of coronary spasm with the increase of hyperlipidemia among Japanese in recent years.
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