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Summary

Superantigens have been implicated in a number of diseases including
Kawasaki disease (KD), a multi-system vasculitis resulting in coronary artery
aneurysms. We have characterized a murine disease model in which coronary
arteritis is induced by a novel superantigen found in Lactobacillus casei cell
wall extract (LCWE). Using this animal model of KD, we have identified three
pathogenic steps leading to coronary artery aneurysm formation. These steps
include T cell activation and proliferation, production of the proinflamma-
tory cytokine tumour necrosis factor (TNF)-a and up-regulation of matrix
metalloproteinase 9 (MMP-9), an elastolytic protease. In addition to their
cholesterol-lowering effects, 3-hydroxy-3-methylglutaryl (HMG) coenzyme A
(CoA) reductase inhibitors (statins) have pleotropic immunomodulatory
properties. Thus, we examined the effect of atorvastatin in modulating each of
these three critical pathogenic processes leading to aneurysm formation in the
disease model. Atorvastatin inhibited lymphocyte proliferation in response to
superantigen stimulation in a dose-dependent manner. This inhibition was
also observed for production of soluble mediators of inflammation including
interleukin (IL)-2 and TNF-a. The inhibitory effect on proliferation was
rescued completely by mevalonic acid, confirming that the mechanism
responsible for this inhibitory activity on immune activation was inhibition
of HMG-CoA reductase. Similarly, TNF-a-induced MMP-9 production was
reduced in a dose-dependent manner in response to atorvastatin. Inhibition
of extracellular-regulated kinase (ERK) phosphorylation appears to be the
mechanism responsible for inhibition of MMP-9 production. In conclusion,
atorvastatin is able to inhibit critical steps known to be important in the
development of coronary aneurysms, suggesting that statins may have thera-
peutic benefit in patients with KD.
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Introduction

Kawasaki disease (KD) is the leading cause of acquired heart
disease of children in the industrialized world. This multi-
system vasculitis is characterized by prolonged fever, poly-
morphous skin rash, non-purulent conjunctival infection,
extremity changes, oral–mucosal changes and cervical lym-
phadenopathy [1]. These classic signs and symptoms of sys-
temic inflammation are prominent during the acute phase of
illness, although KD then becomes a localized phenomenon
with inflammation focused primarily at the coronary artery
(CA), resulting in the development of aneurysms. Although
the exact aetiology of KD is still debated [2,3], evidence

suggests that the initial infectious trigger of KD may possess
superantigenic activity leading to stimulation of the immune
system. Evidence of a superantigen (SAg)-mediated disease
process in KD includes identification of SAg-producing
organisms in, isolation of bacterial SAgs from, or finding the
hallmarks of SAg activation in the immune system of
affected children. Specifically, the footprint of a SAg, T cell
receptor (TCR)-Vb skewing, has been identified during
some outbreaks of KD, with skewing of TCR-Vb2 and Vb8
observed in children with KD, reflecting the TCR-Vb foot-
print of toxic shock syndrome toxin-1 (TSST-1) and strep-
tococcal pyrogenic exotoxin (SPE)-B and SPE-C [4–8]. SAgs
encompass a group of proteins that are able to elicit a
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dramatic T cell-dependent immune response [9] via inter-
action with the TCR-Vb chain. Exposure to SAgs leads to
production of massive amounts of proinflammatory cytok-
ines, including interferon (IFN)-g, tumour necrosis factor
(TNF)-a, interleukin (IL)-1a and IL-2 [10]. The resultant
inflammatory cytokine cascade leads to many downstream
effector functions, including up-regulation of matrix
degrading enzymes. The most studied prototypical bacterial
SAg is staphylococcal enterotoxin B (SEB), and it has been
shown to induce the rapid production of IL-2, IFN-g, TNF-a
and TNF-b by splenocytes as soon as 30 min after injection
in mice [11].

SAgs have been implicated in many human diseases, most
notably food poisoning and toxic shock syndrome, as well as
a number of inflammatory/autoimmune diseases, including
insulin-dependent diabetes mellitus (IDDM) [12], rheuma-
toid arthritis (RA) [13], multiple sclerosis (MS) [14] and KD
[6,15]. Common to each of these inflammatory diseases is the
production of TNF-a, which mediates a number of impor-
tant events during the inflammatory immune response.
TNF-a is a pleiotropic cytokine with multiple down-
stream effects, one of which is up-regulation of matrix
degrading proteases, including members of the matrix-
metalloproteinase (MMP) family. MMPs are capable of
degrading extracellular matrix proteins, and have been found
to play a role in tissue destruction in RA, KD and MS [16–18].

A murine model of KD was first developed by Lehman
et al. [19]. Lactobacillus casei cell wall extract (LCWE) con-
taining SAg activity induces coronary arteritis in mice, which
mimics closely that which develops in children with KD
[19,20]. The disease induced in mice resembles that in
human in terms of its time–course, susceptibility in the
young, pathology and response to treatment with intrave-
nous immunoglobulin (IVIG), the therapeutic agent used in
KD children. The ability of LCWE to induce disease is
dependent on its supergenic activity, with stimulation and
expansion of the T cell subset expressing TCR-Vb2, 4 and 6
[20]. Using this animal model of KD, we identified three
critical steps involved in disease progression and aneurysm
formation: T cell proliferation, TNF-a cytokine production
and TNF-a-mediated MMP-9 production. The localized
production of MMP-9 at the coronary artery results in
elastin breakdown and aneurysm formation [21,22].

The 3-hydroxy-3-methylgultaryl co-enzyme A (HMG-
CoA) reductase inhibitors, also known as statins, are very
powerful inhibitors of the mevalonate pathway, which
directs the biosynthesis of isoprenoids and cholesterol. They
are the leading therapeutic regimen for treating hypercho-
lesterolaemia and reducing cardiovascular morbidity and
mortality in the setting of atherosclerotic cardiovascular
disease [23]. Interestingly, a pilot study has reported that
statin therapy appeared to improve chronic vascular inflam-
mation and endothelial dysfunction significantly in children
complicated with coronary arterial abnormality late after KD
[24]. Recent evidence suggests that statins have multiple

effects and are able to modulate the immune response inde-
pendent of their cholesterol attenuating ability [25]. The
anti-inflammatory and immunomodulatory effects of
statins stem from downstream effects of inhibiting the meva-
lonate pathway leading to decreased activity of the small
guanosine triphosphate (GTPases) Rac, Ras and Rho [26],
which are crucial for many cellular functions including pro-
liferation and transcriptional regulation [27], key processes
in inflammation. We hypothesize a beneficial therapeutic
effect of statins in SAg-mediated diseases through the modu-
lation of T cell activation and MMP-9 production.

In this study, we studied the role of atorvastatin in modu-
lating three critical steps in the pathogenesis of coronary
artery inflammation and aneurysm formation in a disease
model of KD. These include T cell proliferation, TNF-a
cytokine production and TNF-a-mediated MMP-9 produc-
tion [28,29]. We show that atorvastatin inhibits each one of
these critical processes leading to aneurysm formation, sug-
gesting a potential beneficial effect of statins in the treat-
ment of KD.

Materials and methods

Reagents

Atorvastatin calcium (Pfizer, Kirkland, Quebec, Canada) was
dissolved in dimethyl sulphoxide (DMSO) (Sigma-Aldrich,
St Louis, MO, USA). Mevalonic acid (MVA) (Sigma-Aldrich)
was also dissolved in DMSO, and Staphylococcal enterotoxin
B (SEB) (Toxin Technology Inc, Sarasota, FL, USA) was dis-
solved in phosphate-buffered saline (PBS).

Preparation of LCWE

LCWE was prepared as described previously [19]. Briefly,
Lactobacillus casei (ATCC 11578) was harvested after ~18 h
and washed in PBS. Bacteria lysis by overnight sodium
dodecyl sulphate (SDS) incubation was followed by incuba-
tion with DNAase I, RNAse and trypsin (Sigma Chemicals)
to remove any adherent material from the cell wall. The cell
wall was fragmented through sonication in a dry ice/ethanol
bath for 2 h. Phenol-sulphuric colorimetric determination
assay was used to determine the measurement of rhamnose
concentration, which was expressed in mg/ml PBS. Total
protein concentration was determined using the Bio-Rad
Protein Assay (Bio-Rad Laboratories, Mississauga, ON,
Canada) following the manufacturer’s instructions.

Experimental mice

Wild-type 6–12-week-old C57BL/6 mice were purchased
from Charles River Laboratories (Wilmington, MA, USA)
and housed under specific pathogen-free conditions at the
Hospital for Sick Children under an approved animal use
protocol.
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Lymphocyte proliferative assays

Splenocytes (5 ¥ 105) from C57BL/6 mice were cultured in
medium alone (Iscove’s supplemented with 10% heat-
inactivated fetal bovine serum (FBS), sodium pyruvate, non-
essential amino acid, 50 mM 2-mercaptoethanol (ME),
2 mM l-glutamine and 10 mM HEPES), medium contain-
ing 0·03125 mg/ml highly purified SEB (Toxin Technology
Inc., Sarasota, FL, USA), medium containing 0·1 mg/ml anti-
mouse CD3e chain (BD Biosciences, San Jose, CA, USA) plus
0·4 mg/ml anti-mouse CD28 (BioLegend, San Diego, CA,
USA), or medium containing 6·25 mg/ml LCWE, together
with atorvastatin (0–12·5 mM). Cells were incubated at
37°C in 5% CO2 for 72 h and pulsed with 1 mCi/well
[3H]-thymidine (GE General Health, Mississauga, ON,
Canada) during the last 16 h. Disintegrations per minute
(dpm) from triplicate wells were analysed. Data are pre-
sented as mean dpm � standard error of the mean (s.e.m.).
The same experiment was performed three times using five
to eight animals.

Enzyme-linked immunosorbent assays (ELISA)

Culture supernatant was collected from splenocytes 48 h
after incubation with SEB and atorvastatin. IL-2 protein
levels were quantified by the mouse IL-2 Duoset ELISA
(R&D Systems, Minneapolis, MN, USA), as per the manu-
facturer’s protocol, and read using a SpectraMAX 250 plate
reader (Molecular Devices, Sunnyvale, CA, USA). Similarly,
TNF-a concentration was assayed in culture supernatant at
24 h and quantified by the mouse TNF-a Ready-SET-Go Kit
(eBioscience, San Diego, CA, USA), as per the manufactur-
er’s protocol. In some experiments, MVA was also added to
the SEB plus atorvastatin, and supernatants assayed for IL-2
and TNF-a as described. Results presented were representa-
tive of at least three independent experiments.

Quantitative real time reverse
transcription–polymerase chain reaction (RT–PCR)

Mouse vascular smooth muscle cells (SMC) (MOVAS) (gen-
erously provided by Dr M. Husain, Toronto General Hospital
Research Institute, Toronto, Ontario, Canada) were cultured
[Dulbecco’smodified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS), sodium pyruvate, non-essential amino acid, 2 mM
l-glutamine and 10 mM HEPES] for 6 h with atorvastatin in
addition to 25 ng/ml recombinant mouse TNF-a (eBio-
science). In experiments to determine the effect of the
mitogen-activated protein (MEK) 1/2 inhibitor U0126 (Cell
Signaling, Beverly, MA, USA) on MMP-9 production, U0126
was used instead of atorvastatin. After the incubation period,
the MOVAS cells were lysed with TRIzol reagent (Invitrogen
Life Technologies, Carlsbad, CA, USA) and total RNA was
isolated with a standard chloroform extraction method.

Complementary DNA (cDNA) was synthesized using the
GeneAmp RNA PCR kit and murine leukaemia virus reverse
transcriptase (Applied Biosystems, Foster City, CA, USA).
cDNA was then amplified by real-time RT–PCR following the
manufacturer’s protocol with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) primers and probe (Applied Bio-
systems) and the MMP-9 primers and probe set (Assays-on-
Demand; Applied Biosystems) in an ABI PRISM 7900
Sequence Detection System (Applied Biosystems). Data were
collected and analysed using GraphPad Prism 4 software
(GraphPad Software Inc, La Jolla, CA, USA). Relative quanti-
ties of PCR products were determined off the standard curve
generated in each run from cDNA known to contain MMP-9
and expressed as a ratio against the housekeeping gene
GAPDH. Real-time RT–PCR was performed in at least three
independent experiments.

Western blotting

MOVAS cells were serum-starved for 48 h and then preincu-
bated with various concentrations of atorvastatin for 2 h
prior to the addition of 25 ng/ml recombinant TNF
(rTNF)-a for 15 min. Cells were exposed immediately to
ice-cold lysis buffer [50 mM Tris (pH 7·6), 2% sodium
dodecyl sulphate, 0·1 mM phenylmethylsulphonyl fluoride,
10 mg/ml leupeptin] and sonicated for 5 s. Standard immu-
noblotting with peroxidase-based detection was performed
with equal amounts of total protein (10 mg). Blots were incu-
bated with antibodies specific for the active p44/42 MAP
kinase (Cell Signaling). Once the results were analysed, the
blot was stripped with Restore Western Blot Stripping Buffer
(Thermo Scientific, Rockford, IL, USA) and incubated with
antibodies specific for p44/42 MAP kinase (Cell Signaling) in
order to normalize the results.All bands were semi-quantified
by reverse image scanning densitometry with Adobe Photo-
shop CS3 (Adobe Systems, San Jose, CA, USA). Four indepen-
dent Western blotting experiments were performed.

Statistical analysis

All values are expressed as mean � standard error (s.e.),
unless specified otherwise. For the comparison of multiple
groups, a one-way analysis of variance and a Tukey post-hoc
test were performed. P-values less than 0·05 were considered
significant.

Results

Atorvastatin inhibits superantigen-mediated T cell
activation in a dose-dependent manner

To investigate the effect of atorvastatin on lymphocyte acti-
vation, we measured the proliferative response to different
TCR agonists including: anti-CD3 + anti-CD28; SEB; and
LCWE together with atorvastatin. Both pan-stimulation of T
cells, using aCD3 + aCD28, and stimulation by superanti-
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gens, both SEB and LCWE [20], produced a marked prolif-
erative response which maximized at day 3. Atorvastatin was
able to inhibit this proliferative response to all three mito-
gens in a dose-dependent fashion (Fig. 1a–c). Interestingly,
the dose–response to atorvastatin had a direct correlation
with the strength of TCR activation. Anti-CD3 + anti-CD28
cultures exhibits the most robust proliferative response, and
thus higher concentrations of atorvastatin (12·5–8·7 mM)
were required to exert an inhibitory effect, whereas much
lower atorvastatin amounts (0·16–2·5 mM) were effective at
inhibition in LCWE cultures. Similarly, SEB cultures prolif-
erated moderately to SEB, and thus correspondingly
moderate atorvastatin concentrations (1·72–6·9 mM) were
sufficient. T cell activation is also characterized by produc-
tion of the growth/proliferative cytokine, IL-2. Production of
IL-2 by superantigen-activated T cells was assayed by ELISA
on the supernatant of splenocytes cultured with SEB. Ator-
vastatin decreased IL-2 production in a dose-dependent
manner (Fig. 1d). The observed inhibitory effects were not
due to the diluant (DMSO) used to deliver atorvastatin to
the cell culture system. DMSO was assayed for potential toxic
effects and was found to have no effect on cell proliferation
at the concentrations used (data not shown).

Atorvastatin inhibits T cell activation
via the mevalonate pathway

To determine whether atorvastatin inhibits lymphocyte pro-
liferation through the inhibition of the mevalonate pathway,

mevalonic acid (MVA) was added to the culture conditions
described above. The addition of MVA rescued the inhibi-
tory effect on cell proliferation caused by atorvastatin in a
dose-dependent manner (Fig. 2a). Similarly, the addition of
MVA also abrogated the inhibitory effect of atorvastatin on
IL-2 production in response to SEB in a dose-dependent
manner (Fig. 2b), confirming that atorvastatin inhibits both
superantigen-mediated lymphocyte proliferation and IL-2
production through inhibition of the mevalonate pathway
acting at HMG-CoA reductase.

Atorvastatin inhibits superantigen-mediated
TNF-a production

The inflammatory response in acute KD is characterized by
high levels of circulating TNF-a. TNF-a production is a key
proinflammatory cytokine in the pathogenesis of coronary
artery inflammation and elastin breakdown in the LCWE
model of KD [21]. Local production of TNF-a at the coro-
nary artery leads to up-regulation of MMP-9 production by
vascular smooth muscle cells and localized elastolytic activ-
ity and matrix breakdown of affected coronary arteries
[22,28]. To investigate the effect of atorvastatin on SAg-
mediated TNF-a production, the supernatant of splenocytes
co-cultured with SEB and atorvastatin was assayed by ELISA.
Atorvastatin was able to inhibit TNF-a production dramati-
cally (Fig. 3a). Furthermore, the addition of MVA abrogated
the inhibitory effect of atorvastatin on TNF-a production in
a dose-dependent manner (Fig. 3b) indicating that, as in the

Fig. 1. Atorvastatin inhibits T cell proliferation

and interleukin (IL)-2 production in a

dose-dependent manner. Splenocytes from

C57BL/6 mice were cultured in the presence of

either (a) anti-CD3 + anti-CD28 antibodies

(b) staphylococcal enterotoxin B (SEB) or

(c) Lactobacillus casei cell wall extract (LCWE)

and atorvastatin for 72 h, with [3H]-thymidine

added for the last 16 h of incubation. Cells were

harvested and radioactivity measured in a

liquid scintillation counter. Data representative

of at least three independent experiments.

***P < 0·001, **P < 0·01 versus control (no

atorvastatin). (d) Splenocytes from C57BL/6

mice were cultured in the presence of SEB and

various concentrations of atorvastatin for 48 h,

supernatant collected and concentration of IL-2

determined by enzyme-linked immunosorbent

assay. Data represent at least three independent

experiments. ***P < 0·001, **P < 0·01 versus

control (no atorvastatin), by analysis of

variance.
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case of IL-2, atorvastatin inhibits TNF-a production in
response to SAg by interfering with the mevalonic pathway.

Atorvastatin inhibits TNF-a-mediated
MMP-9 production

In the LCWE disease model, MMP-9 production by vascular
SMC at the coronary artery is directed by TNF-a. The pro-
duction of MMP-9 leads to elastin breakdown and coronary
vessel wall destruction [22,28]. To determine whether ator-
vastatin modulates TNF-a-induced MMP-9 production,
MOVAS cells were stimulated with TNF-a and atorvastatin
and quantitative RT–PCR assay was used to determine
MMP-9 transcription. Atorvastatin inhibited MMP-9 pro-

duction in a dose-dependent fashion (Fig. 4a). The higher
concentrations of atorvastatin required to exert an inhibi-
tory effect may reflect the differential sensitivity to statin of
different cell types (i.e. SMC versus lymphocytes) and/or of
different cellular pathways (i.e. proliferation and cytokine
production versus MMP-9 production). The observed
inhibitory effects were not due to the diluant (DMSO) used
to deliver atorvastatin to the cell culture system. DMSO was
assayed for potential toxic effects and was found to have no
effect on cell proliferation at the concentrations used
(Fig. S1; see Supporting information at end).

Atorvastatin inhibits signalling via the
MEK/ERK pathway

To determine whether the MEK/extracellular-regulated
kinase (ERK) signalling pathway was responsible for
atorvastatin-mediated inhibition of MMP-9 production, the
effects of atorvastatin on ERK phosphorylation was deter-
mined by phospho-Western blots on MOVAS cells stimulated
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with TNF-a and given atorvastatin. Atorvastatin inhibited
the phosphorylation of ERK 1/2 in a dose-dependent
manner, at the same concentrations in which MMP-9 tran-
scription is inhibited by atorvastatin (Fig. 4b). Nuclear factor
(NF)-kB signalling is also involved in TNF-a-mediated
MMP-9 production, but interestingly, this pathway was not
affected by atorvastatin (Fig. 4c).

The MEK/ERK signalling pathway mediates
TNF-a-induced MMP-9 production

To determine whether the MEK/ERK signalling pathway
mediates TNF-a-induced MMP-9 production by MOVAS
cells, cultures were co-incubated with a MEK inhibitor,
U0126 and MMP-9 message levels assayed by quantitative
RT–PCR. U0126 effectively inhibited MMP-9 production in
a dose-dependent manner (Fig. 4d), indicating that the sig-
nalling via the MEK/ERK pathway is necessary for TNF-a-
mediated MMP-9 production by MOVAS cells.

Discussion

We have identified previously three key steps in the devel-
opment of coronary artery damage in a disease model of
KD [30]. These pathogenic steps include T cell activation
and proliferation, production of TNF-a and TNF-a-
mediated MMP-9 production. In the mouse model of KD, T
cell activation triggers a massive inflammatory response

characterized by marked lymphocyte proliferation and
cytokine production. Local inflammation and production
of TNF-a at the coronary arteries stimulates the production
of MMP-9 by SMC, resulting in elastin breakdown and
aneurysm formation. All three steps in concert lead to coro-
nary artery damage and aneurysm formation in the animal
model of KD.

Atorvastatin inhibited lymphocyte proliferation in
response to superantigen stimulation in a dose-dependent
manner. This inhibition was also observed for production of
soluble mediators of inflammation including IL-2 and
TNF-a. The inhibitory effect on both proliferation and
cytokine production was rescued completely by mevalonic
acid, confirming that the mechanism responsible for this
inhibitory activity on immune activation was at HMG-CoA
reductase, a similar mechanism of action in inhibiting cho-
lesterol metabolism. Similarly, TNF-a-induced MMP-9 pro-
duction was reduced in a dose-dependent manner in
response to atorvastatin. Inhibition of ERK phosphorylation
appears to be the mechanism responsible for inhibition of
MMP-9 production.

The ability of atorvastatin to modulate these key patho-
genic steps stems from its ability to inhibit the conversion of
HMG-CoA to l-mevalonate. Consistent with previous find-
ings, our data confirm that the inhibition of T cell prolifera-
tion is dependent on the mevalonate pathway, as the addition
of mevalonic acid to statin-treated cells rescued the inhibi-
tory effect observed [31]. The inhibition of the mevalonate
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pathway by statins leads to the loss of isoprenoid inte-
rmediates, such as geranyl pyrophosphate and farnesyl
pyrophosphate. These isoprenoid intermediates act as essen-
tial lipid attachments for the post-translational modification
of several small GTP-binding proteins, one of which is Ras
[32]. The Ras/Raf/Mek/Erk pathway has been demonstrated
previously to be a key element involved in T cell activation, as
it is involved in production of the activator protein 1 (AP1)
transcription factor. AP1 activity is necessary for the
up-regulation of proinflammatory genes such as IL-2 and
TNF-a [33–35], but also necessary for TNF-a-mediated
MMP-9 production by SMC [36]. Our previous study sug-
gested that IVIG, the therapeutic agent of choice in acute
KD, may prevent aneurysm formation through its ability to
reduce TNF-a production and, thus, inhibit MMP-9 pro-
duction indirectly. However, IVIG has no direct effect on
MMP-9 production mediated by TNF-a [37]. Thus, the
ability of atorvastatin to mitigate MMP-9 production both
indirectly through inhibition of TNF-a production and
directly via inhibition of TNF-a-mediated ERK phosphory-
lation in SMC is very noteworthy and has important clinical
implications.

Our earlier studies in the animal model of KD revealed
that whereas T cell proliferation and TNF-a production in
the periphery occurred early following LCWE stimulation,
TNF-a and MMP-9 production at the coronary arteries were
detected days later, corresponding to the late stage of the
acute or subacute phase of KD in children indicating
ongoing inflammation leading to elastin breakdown and
end-organ damage [21,22]. Our results demonstrate a
modulatory effect of atorvastatin at early (e.g. T cell activa-
tion and/or TNF-a production) as well as later (e.g. TNF-a-
mediated MMP-9 production by SMC) events during disease
progression, thus pointing to a potential therapeutic role of
this agent even after immunological activation has taken
place. This is relevant clinically, as systemic inflammation is
well under way at diagnosis of KD, and atorvastatin, with its
ability to interfere with both early and late pathogenic
events, may be of added therapeutic value. There remain
many factors to consider prior to clinical use of statin
therapy in children with KD, especially in the acute phase.
The potential benefits of statin therapy during the acute
inflammation of KD include its role in reducing both the
cellular proliferative response and production of proinflam-
matory soluble mediators. Additionally, statin treatment can
inhibit elastin degradation and matrix breakdown via down-
regulation of MMP-9 production. Potential contraindica-
tions include hepatic toxicity evidenced by raised liver-
derived enzymes. Liver dysfunction evidenced by elevation
of transaminases is already common during acute KD, and in
fact is one of the supportive laboratory criteria to help iden-
tify children with incomplete KD [1]. Additionally, limited
toxicity data are available on statin use in young children,
and young children comprise the at-risk population for KD.
In children and adolescents with familial hypercholestero-

laemia who are more than 8 years old, current evidence
suggests that statin treatment is well tolerated without sig-
nificant adverse concerns [38–41]; however, no data are
available for those less than 5 years old, corresponding to the
majority of children with KD. Before statin treatment can be
initiated in very young children, additional pharmacokinetic
and toxicity data are needed. Interestingly, a pilot study
reported that short-term statin therapy improved chronic
vascular inflammation and endothelial dysfunction with no
detectable adverse effects in a small population of children
with ages ranging from 9·25 to 16·67 years, and complicated
with coronary arterial abnormality late after KD [24].

Another important consideration in translating the
in vitro murine data to the bedside is the dosing regimen.
Serum concentrations of atorvastatin, for lipid lowering, are
in the nanomolar range [42], while inhibition of T cell acti-
vation and MMP-9 production occurs only at micromolar
concentrations in tissue culture. Direct comparisons of
human serum concentrations to in vitro experiments are not
appropriate, especially for a lipophilic drug such as
atorvastatin. Additionally, previous work has shown that
statin treatment inhibits MMP-9 production indirectly in
the vessel wall of abdominal aortic aneurysms [43,44], thus
serum levels may not reflect accurately local tissue concen-
trations at work, similar to the disconnect between serum
and tissue levels of MMP-9 in KD [45].

An altered lipid profile has been reported in children with
KD. During the acute phase of disease a pro-atherogenic
lipid profile [46,47], with a decrease in total cholesterol,
high-density lipoprotein-cholesterol (HDL-C), apoA1 and
apoA2 and an increase in triglycerides and apoB, is observed
[46,48,49]. Total cholesterol returns quickly to normal, but
HDL-C recovery is slow and remains significantly lower than
expected up to years later [46]. In addition to the observed
mild dyslipidaemia in patients with KD, arterial function
may be abnormal with abnormal measures of endothelial
dysfunction even in those without aneurysms [50–53].
Carotid artery intima-media thickness among KD patients is
greater, and endothelial dysfunction has been reported both
in children with persistent coronary lesions as well as in
those without detectable early coronary artery involvement,
indicated by decreased brachial artery flow-mediated dilata-
tion [40,48,49,53]. Thus, all patients with KD, even in the
absence of echocardiographic evidence of coronary artery
involvement, may be at risk for premature atherosclerosis
even if managed appropriately during the acute phase of the
illness. The potential benefits of statin therapy are recog-
nized outside the acute phase of illness.

Recognizing the limitations of the in-vitro results reported,
confirmation of the immunomodulatory effects of atorvas-
tatin are needed in vivo using the LCWE-induced coronary
arteritis animal model of KD. This model, which mimics
accurately the histopathological changes seen in the coronary
arteries of KD patients [19,20,54], provides a unique oppor-
tunity to study treatment protocols and potential side effects
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of statin therapy in young animals, providing important
insight prior to human studies.

In conclusion, our results show that atorvastatin is able to
inhibit critical pathogenic steps in the development of coro-
nary artery damage in KD. The use of statins in treating KD
may be beneficial due to its observed immunomodulatory
properties, including the inhibition of T cell proliferation
and cytokine production as well as inhibiting MMP-9 pro-
duction, suggesting that statins may have benefit beyond that
of cholesterol-lowering in Kawasaki disease. More study is
needed to determine the safety and efficacy of this class of
therapeutic agents in young children.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Cytotoxicity assay. Mouse vascular smooth muscle
cells (MOVAS) cells were cultured [Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), sodium pyruvate,
non-essential amino acid, 2 mM l-glutamine and 10 mM
HEPES] for 6 h in a 96-well culture plate with 25 ng/ml
recombinant mouse tumour necrosis factor (TNF)-a
(eBioscience, San Diego, CA, USA), and with either various
atorvastatin concentrations or of the drug vehicle, dimethyl
sulphoxide (DMSO). After the incubation period, cytotox-
icity was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) using a commercial
kit, following the manufacturer’s protocol (Roche Applied
Science, Mannheim, Germany). Open and solids bars rep-
resent cultures in the presence of atorvastatin and corre-
sponding concentrations of DMSO, respectively.
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