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Kawasaki disease (KD) is an acute inflammatory illness
marked by coronary arteritis. However, the factors in-
creasing susceptibility to coronary artery lesions are
unknown. Because transforming growth factor (TGF) �
increases elastin synthesis and suppresses proteolysis,
we hypothesized that, in contrast to the benefit ob-
served in aneurysms forming in those with Marfan syn-
drome, inhibition of TGF-� would worsen inflamma-
tory-induced coronary artery lesions. By using a murine
model of KD in which injection of Lactobacillus casei
wall extract (LCWE) induces coronary arteritis, we show
that LCWE increased TGF-� signaling in the coronary
smooth muscle cells beginning at 2 days and continuing
through 14 days, the point of peak coronary inflamma-
tion. By 42 days, LCWE caused fragmentation of the
internal and external elastic lamina. Blocking TGF-� by
administration of a neutralizing antibody accentuated
the LCWE-mediated fragmentation of elastin and in-
duced an overall loss of medial elastin without increas-
ing the inflammatory response. We attributed these in-
creased pathological characteristics to a reduction in
the proteolytic inhibitor, plasminogen activator in-
hibitor-1, and an associated threefold increase in ma-
trix metalloproteinase 9 activity compared with LCWE
alone. Therefore, our data demonstrate that in the
coronary arteritis associated with KD, TGF-� sup-
presses elastin degradation by inhibiting plasmin-me-
diated matrix metalloproteinase 9 activation. Thus,
strategies to block TGF-�, used in those with Marfan

syndrome, are unlikely to be beneficial and could be

1210
detrimental. (Am J Pathol 2011, 178:1210–1220; DOI:

10.1016/j.ajpath.2010.11.054)

Kawasaki disease (KD) is an acute inflammatory disease
marked by vasculitis of small and medium arteries, most
commonly affecting the coronary arteries. Kawasaki dis-
ease remains a leading cause of acquired heart disease
in children,1,2 with approximately 25% of untreated and
5% of treated patients developing coronary artery lesions
(CALs), including aneurysms. Although episodic out-
breaks suggest an infectious cause, a specific pathogen
has not been identified.3 Genetic factors appear to influ-
ence disease susceptibility and severity, with an in-
creased incidence in patients of Japanese heritage and
in children whose relatives have a history of4; in addition,
there is a greater risk of giant coronary artery aneurysms
in patients with recurrent KD.5 Therefore, it is likely that an
inflammatory stimulus in combination with specific host
factors is required for CAL development.

In Marfan syndrome (MS), aortic aneurysms form as a
result of a genetic defect in fibrillin-1, a microfibrillar protein
important in elastin assembly. Fibrillin-1 binds the cytokine
transforming growth factor (TGF) � in an inactive form. De-
ficiency of fibrillin-1 leads to inappropriate activation of
TGF-� and appears to be critical to the development of
aneurysms observed in MS. However, the mechanisms re-
sponsible for this pathological effect remain unknown. In the
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murine model of MS, TGF-� blockade with either a neutral-
izing antibody (nAb) or the angiotensin-II receptor antago-
nist, losartan, effectively prevented aortic dilation and in-
duced regression of established disease.6 Furthermore, in a
clinical study7 in pediatric patients with MS, losartan therapy
was effective in decreasing the rate of aortic root dilation. As
a result of these studies, there has been speculation that
increased TGF-� activation is related to non-MS aneurysm
formation, leading to interest in extrapolating the use of
TGF-� blockade to treat conditions such as abdominal aor-
tic aneurysm and KD.8

However, this therapeutic strategy may be detrimental in
aneurysms that form in response to inflammatory stimuli,
such as KD, considering the anti-inflammatory properties of
TGF-� (ie, inhibition of T-cell proliferation and inflammatory
cytokine expression).9,10 Moreover, TGF-� induces genes
important in elastin fiber assembly (eg, tropoelastin)11–13

and limits elastin degradation by increasing tissue inhibitors
of matrix metalloproteinases (TIMPs) and plasminogen ac-
tivator inhibitor (PAI) 1.14,15 In fact, in a xenograft model of
aortic aneurysm marked by inflammation and proteolysis,
transfection of TGF-� limited aortic dilation by preserving
medial elastin and decreasing matrix metalloproteinase
(MMP) 2 and MMP-9 activity.16 Therefore, better defining
the role of TGF-� in diseases marked by inflammation and
aneurysm formation will have major therapeutic implica-
tions. The role of TGF-� in the pathogenesis of aneurysms
occurring in young patients is particularly unclear, given
that our knowledge is almost exclusively derived from ani-
mal models of aneurysm formed by caustic chemical infu-
sions17,18 or that develop in association with atherosclero-
sis.19

To address these issues, we used a murine model of KD,
in which the injection of Lactobacillus casei wall extract
(LCWE) induces coronary arteritis.20–22 Because KD is al-
most exclusively a pediatric illness, we treated mice in the
first few weeks of life with LCWE and determined the effect
of blocking TGF-� during this process. We hypothesized
that, in contrast to the effect in MS, the induction of TGF-� in
response to LCWE would be protective, stimulating new
tropoelastin synthesis and decreasing proteolytic activity.
Consistent with this hypothesis, we show that TGF-� block-
ade worsens elastin degradation and decreases levels of
medial elastin, without affecting the expression of tropoelas-
tin or increasing the degree of coronary arteritis. We at-
tribute this protective effect to the ability of TGF-� to pre-
serve the levels of the plasmin inhibitor, PAI-1, and thereby
to suppress activation of the elastolytic protease, MMP-9.
Interestingly, LCWE induces similar pathological character-
istics in adult mice that are also aggravated by TGF-� inhi-
bition, suggesting that, in addition to KD, these results may
be generalizable to forms of inflammatory aneurysms affect-
ing older patients.

Materials and Methods

Murine Model of KD

Coronary arteritis was induced in neonatal (7-day) C57/

BL6/129S mice by injection of 20 mg/kg (rhamnose
equivalent) of LCWE i.p. or an equal volume of vehicle
(PBS), as used previously in an accepted animal model
of KD.21,22 Mice were sacrificed at 2 and 14 days, the
hearts were perfused with PBS, and then either prepared
for histological analysis or snap frozen for RNA and pro-
tein extraction. At 42 days, mice were anesthetized and
sacrificed by exsanguination and the coronary circulation
was perfused under physiological perfusion pressure by
injecting barium gelatin through the left ventricle after
ligating the ascending aorta. The heart and aortic root
were then fixed en bloc in formalin for assessment of
coronary artery morphological features and elastin integ-
rity. All surgical and animal care procedures and exper-
imental protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of Stanford
University, Stanford, California.

Elastin Staining and Determination of Elastin
Content

The integrity of the coronary elastin was visualized by light
microscopy after Hart’s elastin staining.23 Cross sections of
the large coronary arteries under �40 magnification were
evaluated in a blinded fashion, and the number of visible
breaks was measured per 1000-�m length of vessel wall.
The amount of medial elastin was quantified by determining
the total amount of stained elastin versus total medial area
using a commercially available system (Bioquant True Color
Windows Image Analysis system; R & M Biometrics, Nash-
ville, TN) in cross sections of the large and medium coro-
nary branches in a blinded fashion.

Masson Trichrome Staining

To assess collagen and the nonelastin matrix, formalin-
fixed sections of the large coronary arteries were soaked
in Bouin’s solution overnight and then stained using a kit
(Accustain Trichrome Kit; Sigma, St Louis, MO). Repre-
sentative images of the large coronary arteries were ob-
tained under �40 magnification. The total percentage
matrix area versus the total cross-sectional area of the
vessel was determined in a blinded fashion using Meta-
morph Image Analysis software (Leeds Precision Instru-
ments, Minneapolis, MN).

Immunostaining for Phosphorylated Smad2/3

Immunohistochemical staining was performed on FFPE
sections after antigen retrieval by heating sections in
citrate buffer at 95°C for 10 minutes. Sections were
then incubated with anti–phosphorylated mothers
against decapentaplegic homolog 2/3 (pSmad2/3) anti-
body (1:200; Cell Signaling, Danvers, MA) overnight at
4°C, followed by detection with a commercially available
system (Vectastain ABC system; Vector Laboratories,
Burlingame, CA), and counterstained with hematoxylin
(Sigma Aldrich, Mountain View, CA). Images were quan-
tified by determining the percentage of brown- versus
total-stained nuclei in a blinded fashion with computer

software (MetaMorph Imaging).
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Inhibition of TGF-� Signaling

Additional neonatal mice were used in experiments to
determine the effect of blocking TGF-� activity on LCWE-
mediated coronary pathological features. Mice were in-
jected with either 10 mg/kg i.p. pan-sensitive TGF-� nAb
or rabbit IgG (R&D Systems, Minneapolis), daily (three
doses), beginning 24 hours before LCWE treatment, and
then weekly thereafter for 2 weeks, a strategy previously
described as effective in blocking the TGF-� activity ob-
served in the murine model of MS.6 Additional groups of
animals were treated with either the TGF-� nAb or rabbit
IgG on an identical schedule but without LCWE. The mice
were sacrificed at 2, 14, and 42 days after treatment for
the analyses previously described. A similar experimen-
tal design was used to study the impact of LCWE with or
without TGF-� nAb in adult mice (aged 5 weeks).

Immunoblotting

Protein was extracted from frozen heart tissue using a kit
(NE-PER kit; Pierce, Rockford, IL) containing protease
inhibitors, and 60 �g was resolved on 4% to 12% gels
(NuPage Bis-Tris gels; Invitrogen, Carlsbad, CA) and
electrotransferred to nitrocellulose membranes.24 Mem-
branes were incubated overnight at 4°C with primary
antibodies for PAI-1 (1:1000; BD Biosciences, San Jose,
CA), incubated with anti–mouse horseradish peroxidase
(1:5000; Santa Cruz Biotechnology, Santa Cruz, CA) and
Enhanced Chemiluminescence (ECL) substrate (GE
Health Care, Piscataway, NJ), and the signal was then
developed by exposure to Hyperfilm. Membranes were
stripped and reprobed for �-tubulin (1:10,000; Sigma) as
a housekeeping gene.

Quantitative PCR

Total RNA was extracted from the upper heart (including the
aortic root), and 2 �g of RNA was reverse transcribed to
cDNA using (Superscript III; Invitrogen) per the manufac-
turer’s protocol. Quantitative PCR was performed using
primers (TaqMan; Applied Biosystems, Foster City, CA) for
tumor necrosis factor (TNF) � (Mm00443258_m1), MMP-9
(Mm00442991_m1), collagen1-�1 (Mm011302043_g1),
collagen1-�2 (Mm00483937_m1), collagen6-�1
(Mm00487160_m1), fibrillin-1 (Mm00514908_m1),
laminin-�5 (Mm01222029_m1), and laminin-�2
(Mm00493080_m1), using the relative standard curve
method of analysis with expression of the target genes
normalized to 18S and a real-time PCR instrument (model
7900HT; Applied Biosystems).

Gelatin Zymography

Total heart tissue obtained from the four groups (IgG,
TGF-� nAb, LCWE plus IgG, and LCWE plus TGF-� nAb)
was homogenized in ice-cold PBS. A total of 30 �g of
protein was then resolved on 10% SDS gels containing
0.1% gelatin (Invitrogen).25 The gels were stained with

Coomassie blue, and the bands of gelatinolytic activity
were quantified using imaging software (Quantity One;
Bio-Rad, Hercules, CA).

Statistical Analysis

All data are presented as the mean � SEM. The number of
animals used in each determination is given in the legends
for the figures. Statistical differences between the two
groups were determined by the Student’s t-test. Statistical
differences involving comparison of more than two groups
were determined by one-way analysis of variance, followed
by Bonferroni’s multiple comparison post hoc analysis. P �
0.05 was considered statistically significant.

Results

LCWE Increases TGF-� Signaling in the
Coronary Wall and Induces Coronary Arteritis

To study to role of TGF-� in inflammatory aneurysm for-
mation, we injected neonatal mice with LCWE, an agent
that produces coronary arteritis and elastin degradation
similar to that observed in KD.21,22,26,27 We first exam-
ined the activation of TGF-� in the coronary arteries by
performing immunohistochemistry to detect pSmad2/3,
the intracellular molecule that translocates into the nu-
cleus in response to TGF-� signaling. A moderate
amount of nuclear pSmad2/3 was observed in the neo-
natal coronary artery endothelium, adventitia, and car-
diac myocytes in vehicle-treated controls 2 days after the
start of the experiment (Figure 1A). The LCWE induced
marked nuclear pSmad2/3 staining in the coronary
smooth muscle cells and augmented basal signaling in
the endothelium, adventitial cells, and cardiac myocytes
(P � 0.0001). By 14 days, the nuclear pSmad2/3 had
decreased in the LCWE-treated mice, with a similar
degree of pSmad2/3 expression observed in the coro-
nary endothelium and smooth muscle cells in LCWE-
treated and control animals (Figure 1B). However, per-
sistent prominent immunoreactivity remained in the
perivascular cells of the LCWE mice. At this same
point, examination of H&E-stained sections revealed
that LCWE treatment caused a modest degree of
perivascular inflammation in the coronary arteries (Fig-
ure 1C).

LCWE Induces Fragmentation of the Coronary
Artery Elastin

Next, we evaluated the integrity of the coronary elastin by
Hart’s staining 42 days after LCWE, the point when pre-
vious studies21,22 have demonstrated that LCWE causes
elastin breakdown, an early feature of CAL. Compared
with vehicle controls, the coronary arteries of the LCWE-
treated mice demonstrated thinning and flattening of the
internal elastic lamina and fraying of the external elastic
lamina, with multiple areas of fragmentation (Figure 2A).

When we quantified the number of visible breaks in the
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elastic lamina and the total amount of elastin within the
coronary media, we found that while LCWE caused a
significant disruption of the integrity of the external elastic
lamina (Figure 2B), the total amount of medial elastin was
not significantly lower than that found in control mice

Figure 1. The LCWE induces TGF-� signaling in the coronary wall and
coronary arteritis in neonatal mice. A: Representative sections of the coronary
arteries after immunostaining to detect pSmad2/3 after either PBS or LCWE
injection at 2 days (A) and 14 days (B). Total area of brown-stained versus
total nuclei quantified within the coronary wall and expressed as fold change
over control. ***P � 0.0001 versus control. Bars represent mean � SEM (n �
4 to 11 sections counted per group). C: Representative H&E sections of the
coronary arteries 14 days after PBS or LCWE demonstrate perivascular in-
flammatory cell infiltration (arrows) in the LCWE-treated animals. Scale
bars � 100 �m.
(Figure 2C).
TGF-� Blockade Increases LCWE-Mediated
Elastin Degradation Without Increasing Arteritis
or Suppressing Tropoelastin Expression

To determine whether the LCWE-mediated induction of
TGF-� contributed to the pathological features observed
(ie, inflammation and elastin fragmentation) or served a
protective role, we blocked TGF-� by administering a
pan-sensitive TGF-� nAb to the neonatal mice beginning
1 day before LCWE treatment and continuing through the
induction of arteritis at 14 days. Additional groups of mice
were treated with isotype control IgG in addition to LCWE
or with either IgG or TGF-� nAb in the absence of LCWE.
Immunostaining for nuclear pSmad2/3 demonstrated that
TGF-� nAb administration reduced the LCWE-mediated
induction of TGF-� signaling in the coronary wall at 2
days (P � 0.013) (Figure 3).

Transforming growth factor � is an important regulator
of inflammation; therefore, we examined whether block-
ing TGF-� altered the extent of coronary arteritis induced
by LCWE at 14 days. Evaluation of H&E-stained sections
of the coronary arteries taken from LCWE plus IgG and
LCWE plus TGF-� nAb-treated mice at 14 days demon-
strated similar degrees of perivascular inflammation in
both groups (Figure 4A). As an additional measure of the
inflammatory response, we determined whether the ex-
pression of TNF-�, a proinflammatory cytokine increased
in the heart after LCWE and necessary for the induction of
LCWE-mediated coronary arteritis,20 was modulated by
neutralizing TGF-�. Increased TNF-� mRNA levels were

Figure 2. The LCWE induces fragmentation of coronary elastin. A: Repre-
sentative sections of the coronary arteries after Hart’s stain to stain the elastin
brown, 42 days after PBS or LCWE. Insets demonstrate visible breaks in the
external elastic lamina in LCWE-treated mice. Scale bars � 50 �m. B:
Quantification of the number of visible breaks in the elastic lamina under
�40 magnification per 1000 �m. Bars represent mean � SEM (n � 5 to 8
sections counted per group). *P � 0.05 versus control. C: Quantification
of the percentage of elastin-stained media versus the entire medial area
using imaging software (Bioquant) in sections of the coronary arteries in

PBS- and LCWE-injected mice at 42 days. Bars represent mean � SEM
(n � 4 to 6 per group).
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found in the hearts of the LCWE-treated mice as early as
7 days, and persisted to 14 days, coinciding with the
development of coronary arteritis (Figure 4B). Inhibition of
TGF-� did not further increase TNF-� mRNA levels but
rather decreased levels slightly so that they were no
longer significantly elevated at either 7 or 14 days after
LCWE administration, although a strong trend persisted.

Then, we evaluated the effect of inhibiting TGF-� on
the degree of elastin degradation induced by LCWE at 42
days. Interestingly, blocking the basal TGF-� activity in
the controls resulted in marked dilation of the coronary
vessels (P � 0.001) and thinning of the coronary arterial
media in these developing mice (Figure 5, A and B). As
observed in the previous experiments, treatment with IgG
in addition to LCWE resulted in thinning, fraying, and
fragmentation of the external elastic lamina. In accor-
dance with our hypothesis, inhibition of TGF-� accentu-
ated the LCWE-mediated pathological characteristics in
these animals, with areas of complete loss of the internal
elastic lamina and marked disruption and dissolution of
the external lamina. Interestingly, in contrast to the dilated
coronary arteries of the mice treated with the TGF-� nAb
alone, the coronary arteries of the mice receiving LCWE
in addition to TGF-� appeared relatively constricted, de-
spite the marked disruption of the elastic lamina evident
in this group.

Quantification of elastin integrity and overall elastin
content morphometrically demonstrated that although
administration of the TGF-� nAb alone resulted in thinning
and dilation of the coronary wall, it did not result in frag-
mented elastin nor did it significantly decrease the level

Figure 3. Administration of TGF-� nAb suppresses the LCWE-mediated
induction of TGF-� in the coronary arteries. Representative sections of the
coronary arteries are shown after immunostaining to detect pSmad2/3, 2 days
after LCWE plus IgG or LCWE plus TGF-� nAb. Total area of brown-stained
nuclei versus total nuclei was quantified within the coronary wall. **P �
0.0013 versus LCWE plus IgG. Bars represent mean � SEM (n � 6 to 7
sections counted per group). Scale bars � 100 �m.
of medial elastin (Figure 5, C and D). Similarly, although
LCWE plus IgG induced fragmentation of the coronary
elastin in the mice, the overall elastin content was not
changed. However, blocking TGF-� activity in combina-
tion with LCWE resulted in significantly greater fragmen-
tation of the elastin compared with mice treated with
LCWE plus IgG (Figure 5C) and significantly reduced the
medial elastin content (Figure 5D) (P � 0.001). Because
TGF-� can regulate elastin fiber assembly by stimulating
the expression of tropoelastin,13,28 we determined
whether blocking TGF-� induced loss of the coronary
elastin by suppressing tropoelastin protein expression.
However, inhibition of TGF-� did not affect tropoelastin
protein levels in the LCWE-treated mice (data not shown).

Treatment of adult mice with LCWE with or without
TGF-� nAb induced similar vascular pathological fea-
tures to those observed in the neonates, except that
TGF-� nAb alone did not cause dilation of the arteries,
suggesting that this effect was developmentally re-
stricted. However, increased fragmentation of elastin was
evident in the adult mice treated with LCWE plus TGF-�

Figure 4. Inhibition of TGF-� does not increase LCWE-mediated coro-
nary arteritis. A: Representative H&E sections of the coronary arteries 14
days after LCWE plus IgG or LCWE plus TGF-� nAb demonstrate a similar
degree of perivascular inflammatory cell infiltration. Scale bars � 100 �m.
B: Quantitative PCR to detect the expression of TNF-� in the heart 7 and

14 days after LCWE. Bars represent mean � SEM (n � 4 to 6 per group).
*P � 0.05 versus IgG.
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nAb. In addition, the trend toward reduced medial elastin
observed with either LCWE or TGF-� nAb in the neonates
became significant in the adult; like the infants, the effect
was greatest when the two agents were combined (see
Supplemental Figure S1 at http://ajp.amjpathol.org).

To further explore the mechanism by which TGF-�
inhibition caused dilation of the developing coronary ar-
teries, we evaluated the expression of matrix proteins that
are essential to the strength and integrity of the vessel
wall and regulate vascular tone and diameter.29 There
were no significant changes in the gene expression of the
various matrix components that we examined after either
TGF-� nAb or LCWE treatment at 7 days (see Supple-
mental Figure S2 at http://ajp.amjpathol.org). By 14 days,
TGF-� nAb resulted in a marked reduction in laminin-�5
(P � 0.05), an important regulator of vascular tone,29 but
did not alter levels of collagen1-�1 and collagen-�2 or
laminin �2 (Figure 6). Although LCWE plus IgG induced
an increase in collagen1-�1 and collagen1-�2, only the
increase in collagen1-�2 was evident with LCWE plus
TGF-� nAb. There were no significant changes in colla-
gen6-�1 or fibrillin-1 in any of the four treatment groups
nor did LCWE with or without TGF-� nAb alter levels of
laminin.

Then, we evaluated the deposition of extracellular ma-
trix components in the coronary adventitia by Masson’s
trichrome staining, 42 days after LCWE, the point when
TGF-� nAb caused a significant loss of medial elastin.
Treatment with the TGF-� nAb in the control animals
resulted in a significant reduction of adventitial matrix
versus IgG-treated controls (P � 0.001) (Figure 7B). De-
spite the LCWE-mediated increase in collagen1-�1 and
collagen1-�2 mRNA expression at 14 days, extracellular
matrix deposition was not significantly increased in the
LCWE plus IgG-treated animals. In contrast, LCWE plus
TGF-� nAb increased matrix deposition in the coronary
adventitia (P � 0.05), perhaps serving to prevent the
vascular dilation despite the severe fragmentation and
loss of the coronary elastin (Figure 7B).

TGF-� Blockade Increases MMP-9 Activity and
Reduces PAI-1 Expression

Blocking TGF-� in combination with LCWE caused a sig-
nificant loss of medial elastin without affecting tropoelas-
tin levels, thereby suggesting that the mechanism was
the result of enhanced degradation of insoluble elastin
rather than impaired synthesis. Matrix metalloproteinases
2 and 9 have direct elastolytic activity, and their levels are
increased in animal models of aneurysm and in patients
with an abdominal aortic aneurysm.30,31 Furthermore,
TNF-�–mediated induction of MMP-9 activity is neces-
sary for the elastin breakdown observed in the LCWE
murine model of KD.22 We evaluated the expression of
MMP-9 by quantitative RT-PCR in the heart at 14 days
and found no significant difference in MMP-9 expression
in any of the four treatment groups (Figure 8A).

Transforming growth factor � can inhibit proteolytic
degradation of the extracellular matrix in two ways: i) by
Figure 5. Inhibition of TGF-� increases LCWE-mediated elastin degradation.
A: Representative sections of the coronary arteries after Hart’s elastin staining
42 days after IgG, TGF-� nAb, LCWE plus IgG, or LCWE plus TGF-� nAb.
B: Quantification of the internal diameter of the cross sections of the coro-
nary arteries in each group. ***P � 0.001 versus IgG, LCWE plus IgG, and
LCWE plus TGF-� nAb. C: Quantification of the number of visible breaks in
the elastic lamina under �40 magnification per 1000 �m. Bars represent
mean � SEM (n � 5 to 11 sections counted per group). ***P � 0.001 versus
IgG. D: Quantification of the percentage of media staining for elastin versus
the entire medial area using imaging software (Bioquant) in sections of the
inducing the expression of TIMPs; and ii) by increasing

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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inhibitors of plasmin, such as PAI-1, thereby decreasing
plasmin-mediated MMP activation.14,15,32,33 Both are
mechanisms that affect MMP activity, independent of
mRNA levels. Therefore, to determine whether TGF-� in-
hibition increased LCWE-mediated loss of elastin by aug-
menting either MMP-2 or MMP-9 activity, we performed
gelatin zymography on heart homogenates 14 days after
LCWE. We found no difference in either pro- or active
MMP-2 in any of the groups (data not shown). Further-
more, neither TGF-� nAb nor LCWE alone significantly
increased active MMP-9 levels in the mice at 14 days.
However, blocking TGF-� in addition to LCWE resulted in
a greater than threefold increase in MMP-9 activity (P �
0.001) (Figure 8B).

The mechanism accounting for this increase in MMP-9
activity could not be attributed to changes in the protein
expression of the MMP-9 inhibitors, TIMP-1 and TIMP-2,
as determined by Western immunoblot (data not shown).
However, TGF-� blockade markedly reduced levels of
PAI-1 in the LCWE-treated mice (P � 0.05) (Figure 8C),
suggesting that plasmin-mediated activation of MMP-9
likely contributes to the loss of medial elastin in this

Figure 6. The LCWE increases collagen-1 expression. Quantitative PCR to de
(B), collagen6-�1 (C), fibrillin-1 (D), laminin-�5 (E), and laminin-�2 (F). Ba
group.
Discussion

In this study, we demonstrate that TGF-� signaling pro-
tects the coronary arteries against the destruction of elas-
tin induced by coronary arteritis. This is in contrast to the
pathological role of TGF-� in the aortic aneurysms that
form in MS,6 as assessed by the efficacy of TGF-� block-
ade in both preventing aneurysms in the murine model of
MS and slowing disease progression in patients with
MS.7 In marked contrast to the MS model, our data sug-
gest that with an inflammatory stimulus, loss of elastin is
prevented by induction of TGF-� and PAI-1–mediated
repression of MMP-9 activation by plasmin. An unex-
pected observation is that TGF-� signaling is essential
during this postnatal window of coronary artery develop-
ment because TGF-� inhibition caused marked coronary
wall thinning and dilation. We attribute this dilation to
suppression of adventitial matrix deposition, including
reduced expression of laminin-�5 (not to accentuated
MMP-9 activity).

In this model of KD, LCWE caused an activation of
TGF-� beginning at 2 days and continuing through 14

expression of matrix components at 14 days: collagen1-�1 (A), collagen1-�2
sent mean � SEM (n � 4 to 6 per group). *P � 0.05 versus IgG.
days, concurrent with the induction of inflammatory cyto-
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kines and the development of coronary arteritis previ-
ously demonstrated.21 Tissue samples from the coronary
arteries of patients with KD are limited and were obtained
only from patients with fatal complications, making iden-
tification of the molecular mediators leading to CALs
challenging. Evidence suggests that dysregulation of
TGF-� signaling occurs in patients with KD. Increased
TGF-�1 protein expression is found in the coronary
smooth muscle cells in patients with KD.34,35 However,
although one study36 found that serum levels of TGF-�1
were increased in patients with acute KD compared with
febrile controls, another study37 documented that levels
were decreased. Therefore, the role that TGF-� plays in
the pathogenesis of inflammatory arteritis, such as KD,
remains unclear.

We observed that the LCWE-mediated induction of
TGF-� was followed by the fragmentation of coronary
elastin and that the inhibition of TGF-� markedly in-
creased the loss of elastin in association with accentua-

Figure 7. Increased matrix deposition in the coronary adventitia of LCWE
plus TGF-� nAb–treated mice. A: Representative sections of the coronary
arteries taken at �40 magnification after Masson’s trichrome staining 42 days
after IgG, TGF-� nAb, LCWE plus IgG, or LCWE plus TGF-� nAb. B: Quan-
tification of the percentage matrix versus total cross-sectional area of the
coronary arteries for each group. Bars represent mean � SEM (n � 4 to 6 per
group). *P � 0.05 and ***P � 0.001 versus IgG. Scale bars � 50 �m.
tion of MMP-9 activity. Degradation of elastin is a key
feature of aneurysm development, and extensive clinical
and experimental evidence demonstrates that an imbal-
ance between the proteinases and their endogenous in-
hibitors influences the development and progression of
arterial aneurysms.38 Matrix metalloproteinase 9 appears
to be a key factor affecting this balance, with increased
activity found in aneurysmal tissue taken from patients
with an abdominal aortic aneurysm and MS,39 in the
coronary arteries of children with fatal KD,30 and in ani-

Figure 8. Inhibition of TGF-� increases MMP-9 activity and reduces plas-
minogen activator inhibitor-1 in LCWE-treated mice. A: Quantitative PCR to
detect MMP-9 expression in the heart at 14 days. B: Gelatin zymography was
performed using total heart homogenates obtained 14 days after IgG, TGF-�
nAb, LCWE plus IgG, or LCWE plus TGF-� nAb injection to detect active
MMP-9. Bars represent mean � SEM (n � 4 to 6 per group). ***P � 0.001
versus IgG controls. AU indicates arbitrary unit. C: Western immunoblot
analysis was performed to detect PAI-1 protein expression at 14 days after

IgG, TGF-� nAb, LCWE plus IgG, or LCWE plus TGF-� nAb. Bars represent
mean � SEM (n � 4 to 6 per group). *P � 0.05 versus IgG.
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mal models of abdominal aortic aneurysm.39–41 Height-
ened MMP-9 activity is also found in the coronary arteries
of LCWE-treated animals, localizing to the vascular
smooth muscle cells.22 Interestingly, we observed an
increase in active MMP-9 in the animals treated with
LCWE and TGF-� nAb by 14 days, before the point when
MMP-9 activity is increased in mice treated with LCWE
alone.22 This suggests that TGF-� blockade both en-
hances and accelerates the proteolytic process.

In addition to suppressing proteolysis, TGF-� can
modulate inflammation by repressing the transcription10

and mRNA stability42 of inflammatory cytokines. The crit-
ical role of TGF-� in immune regulation is evident in the
phenotype of TGF-�1–null mice, demonstrating wide-
spread tissue inflammation and persistent T-cell activa-
tion.43 Dysregulation of T-cell activation, resulting from a
polymorphism within the inositol 1,4,5-triphosphate 3-ki-
nase C gene, has recently been identified as a key factor
determining KD susceptibility and risk for coronary artery
aneurysms.44 Patients with the C allele have reduced
levels of inositol 1,4,5-triphosphate 3-kinase C, a protein
that suppresses T-cell activation by decreasing inositol
triphosphate-mediated calcium influx and nuclear factor
of activated T cells signaling. Transforming growth factor
� can decrease inositol triphosphate receptor expression
and calcium influx in vascular smooth muscle.45 There-
fore, although the TGF-� blockade did not increase the
number of infiltrating inflammatory cells or the expression
of TNF-�, future studies could be important to determine
whether TGF-� blockade in this model increases T-cell
activation by derepressing inositol triphosphate receptor
expression and enhancing nuclear factor of activated T
cells signaling.

Interestingly, in the absence of LCWE, TGF-� blockade
in the young mice caused dilation of the coronary arter-
ies. Active TGF-� signaling in the coronary arteries was
found beginning at the age of 1 week and continuing
through the age of 3 weeks. Taken together, these data
suggest that local activation of TGF-� during the early
postnatal period is a requirement of normal coronary
arterial development. Transforming growth factor � reg-
ulates matrix components, such as collagen and
laminin,46–49 that serve to limit blood vessel distention in
response to pulsatile flow. Although we found no differ-
ence in collagen expression in this group, blocking
TGF-� signaling in the developing coronary artery was
associated with a significant reduction of laminin-�5 and
a decrease in adventitial matrix deposition. The laminins
have a specific role in the regulation of blood vessel
diameter because deletion of either laminin-�4 or
laminin-�5 results in vessels with larger vascular lu-
mens.46,50 Laminin-�5 expression in the vascular base-
ment membrane begins in the mouse at E13.5 and in-
creases postnatally, supporting its role in stabilizing the
developing vasculature.

The administration of LCWE in combination with TGF-�
blockade reduced PAI-1, increased MMP-9 activity, and
caused severe fragmentation of the internal elastic lam-
ina and almost complete dissolution of the external elas-
tic lamina; however, coronary dilation did not occur. The

increase in matrix deposition demonstrated by trichrome
staining likely limited dilation. However, collagen synthe-
sis, as judged by mRNA expression, was not greater in
the group treated with LCWE plus TGF-� compared with
those treated with LCWE plus IgG, suggesting that other
matrix components (eg, fibronectin or osteopontin) pre-
dominated in this constrictive remodeling response, sim-
ilar to that seen in the adventitial fibrosis that occurs after
other types of vascular injury.51 Furthermore, although
loss of elastin is an early feature of aneurysm formation,
recent evidence suggests that other factors are likely
required for the vessel dilation that occurs in aneurysm
formation, including apoptosis of vascular smooth mus-
cle cells52 and alterations in smooth muscle cell contrac-
tile proteins.53

It is also possible that a transient phase of coronary
dilation preceded the constrictive remodeling observed
in the LCWE-treated mice, similar to that seen in the
clinical setting. Up to 10% of patients with a history of KD
and CAL subsequently develop coronary stenosis, sug-
gesting that persistent remodeling occurs even after the
initial inflammation resolves. It is this later constrictive
remodeling that accounts for most of the morbidity and
mortality from KD, with affected patients at risk for myo-
cardial ischemia and sudden death and often requiring
interventions such as balloon angioplasty, coronary by-
pass, or cardiac transplantation.54 Interestingly, even pa-
tients with KD without a history of CAL have evidence of
increased stiffness of the coronary arteries compared
with controls55,56; and increased stiffness is observed in
association with reduced elastin.57 In addition, patients
with KD have high levels of endothelin-1 and impaired
coronary artery vasodilation, suggesting that an imbal-
ance in vasoconstrictive and vasodilatory factors contrib-
utes to the disease.58 The coronary circulation of the
mice was not injected with vasodilators before injection of
barium; therefore, it is possible that heightened vasocon-
striction in the LCWE-treated animals was an additional
factor limiting coronary distention in these groups.

In summary, we demonstrate that TGF-� inhibition in a
murine model of KD worsens disease severity, increasing
elastin fragmentation and loss by suppressing PAI-1 and
markedly increasing MMP-9 activity. We also identified a
novel role for TGF-� in the stabilization of the growing
coronary arteries because inhibition during this develop-
mental window caused marked thinning and dilation. This
study has important implications, particularly in light of
the recent identification of TGF-� as a critical pathologi-
cal mediator in the aneurysms forming in MS. First, it
demonstrates that the molecular mechanisms leading to
aneurysms in genetic and inflammatory diseases are dis-
tinct. Second, it suggests that therapeutic strategies to
block TGF-� are unlikely to be of benefit in KD and could
be detrimental, particularly during early development.
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