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Elevation of Serum Acid Sphingomyelinase Activity in Acute
Kawasaki Disease
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Kawasaki disease (KD) is an acute systemic vasculitis that affects both small and medium-sized vessels
including the coronary arteries in infants and children. Acid sphingomyelinase (ASM) is a lysosomal
glycoprotein that hydrolyzes sphingomyelin to ceramide, a lipid, that functions as a second messenger in
the regulation of cell functions. ASM activation has been implicated in numerous cellular stress responses
and is associated with cellular ASM secretion, either through alternative trafficking of the ASM precursor
protein or by means of an unidentified mechanism. Elevation of serum ASM activity has been described in
several human diseases, suggesting that patients with diseases involving vascular endothelial cells may
exhibit a preferential elevation of serum ASM activity. As acute KD is characterized by systemic vasculitis
that could affect vascular endothelial cells, the elevation of serum ASM activity should be considered in
these patients. In the present study, serum ASM activity in the sera of 15 patients with acute KD was
determined both before and after treatment with infusion of high-dose intravenous immunoglobulin (IVIG), a
first-line treatment for acute KD. Serum ASM activity before IVIG was significantly elevated in KD patients
when compared to the control group (3.85 + 1.46 nmol/0.1 ml/6 h vs. 1.15 £ 0.10 nmol/0.1 ml/6 h, p <
0.001), suggesting that ASM activation may be involved in the pathophysiology of this condition. Serum
ASM activity before IVIG was significantly correlated with levels of C-reactive protein (p < 0.05). These
results suggest the involvement of sphingolipid metabolism in the pathophysiology of KD.
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reduces the incidence of CALs (Furusho et al. 1984;

Introduction Newburger et al. 1986, 1991).

Kawasaki disease (KD) is an acute systemic vasculitis
of unknown etiology that predominantly affects infants and
children younger than 5 years of age (Newburger et al.
2004). Clinical manifestations of KD include prolonged
fever, conjunctival injection, oral lesions, polymorphous
skin rashes, extremity changes, and cervical lymphadenopa-
thy, all of which comprise the condition’s diagnostic criteria
(Ayusawa et al. 2005). Vasculitis in KD affects both small
and medium-sized arteries and includes the coronaries
arteries — indeed, the development of coronary artery
lesions (CALs) such as aneurysms and ectasias is a major
complication, determining the prognosis of this disease
(Newburger et al. 2004). High-dose intravenous immuno-
globulin (IVIG) therapy is a standard treatment for KD and

Approximately 10% of patients fail to respond to
IVIG, and higher CAL incidence rates are observed in these
cases (Burns et al. 1998; Han et al. 2000; Tremoulet et al.
2008; Uehara et al. 2008). While the etiology of KD
remains unknown, numerous studies have shown that serum
levels of various inflammatory cytokines, such as interleu-
kin-6 (IL-6) and tumor necrosis factor-a (TNF-a), are ele-
vated in acute cases (Suzuki et al. 2001; Jang et al. 2003;
Hui-Yuen et al. 2006; Wu et al. 2011; Sato et al. 2013;
Wang et al. 2013; Weng et al. 2013). Some studies have
reported elevated serum IL-6 levels in patients with acute
KD and a correlation between these serum levels and
responsiveness to high-dose IVIG treatment has further
been observed (Sato et al. 2013; Wang et al. 2013).
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Acid sphingomyelinase (ASM) is a lysosomal glyco-
protein that catalyzes the hydrolysis of the lipid sphingomy-
elin (a major component of the cellular membrane) to
ceramide and phosphocholine (Schuchman 2010).
Ceramide is a bioactive lipid that functions as a second
messenger in the regulation of cell proliferation, survival,
and death (Zeidan and Hannun 2010). Inherited ASM defi-
ciency thus results in Niemann-Pick disease types A and B,
lysosomal storage disorders characterized by the accumula-
tion of sphingomyelin in various cells and tissues
(Schuchman 2010).

The sphingomyelin phosphodiesterase 1 (SMPDI)
gene, which encodes lysosomal ASM, has also been attrib-
uted to another form of ASM via differential protein traf-
ficking of a common precursor, secretory ASM (S-ASM)
(Schissel et al. 1996). Lysosomal ASM binds zinc (Zn*")
ions during trafficking to lysosomes and is therefore inde-
pendent of exogenous Zn*', while S-ASM is dependent on
the exogenous addition of Zn*" for enzyme assay (Schissel
et al. 1998). ASM activation has been implicated in many
cellular stress responses, including cell death and inflamma-
tory signaling, and is in fact associated with cellular ASM
secretion, either through alternative trafficking of the ASM
precursor protein or by means of an unidentified mecha-
nism (Jenkins et al. 2010). In experimental mouse models,
elevated levels of S-ASM in response to the administration
of lipopolysaccharide or pro-inflammatory cytokines (such
as interleukin-14 or TNF-a) have been described (Wong et
al. 2000). In addition, recent studies have shown that serum
S-ASM is increased in several human diseases including
systemic inflammation, sepsis, hemophagocytic lymphohis-
tiocytosis, type 2 diabetes mellitus, chronic heart failure,
alcohol-dependency, chronic hepatitis C infection, and non-
alcoholic fatty liver (Takahashi et al. 2002; Gorska et al.
2003; Claus et al. 2005; Doehner et al. 2007; Reichel et al.
2011; Jenkins et al. 2013; Grammatikos et al. 2014).

Reports on the relationship between S-ASM and

human diseases suggest that diseases with endothelial
involvement appear to preferentially present a marked ele-
vation of peripheral S-ASM activity (Kornhuber et al.
2015). An in vitro study also showed that human vascular
endothelial cells are a rich source of S-ASM (Marathe et al.
1998). As acute KD is characterized by systemic vasculitis
that could affect the vascular endothelial cells, S-ASM
should be evaluated in these patients.

The aim of the present study was to evaluate the serum
levels of S-ASM in patients with acute KD during treatment
with IVIG, as well as to investigate the clinical significance
of S-ASM activity in acute KD patients.

Methods

Patient sampling

Fifteen children in the acute phase of KD were enrolled in this
study: 10 boys and 5 girls between 4 months and 4 years of age.
Demographic patient characteristics are summarized and presented in
Table 1. Patients were diagnosed in accordance with the Diagnostic
Guidelines for Kawasaki Disease and were admitted to our hospitals
between November 2012 and May 2014 (Ayusawa et al. 2005). All
patients were initially treated with oral aspirin or flurbiprofen fol-
lowed by administration of 2 g/kg IVIG infusion. Three patients
required more than double the initial IVIG infusion dose (4-6 g/kg in
total) for resolution of fever. Blood samples were collected prior to
treatment and upon admission as well as 24 to 48 h after the final
IVIG treatment. ASM serum levels were determined in 5 healthy
children (6 to 8 years of age) and 4 healthy adults (39 to 42 years of
age) as a control for this study. S-ASM levels were also determined
in 4 children with an adenovirus infection (1.3 to 4 years of age;
C-reactive protein [CRP], 2.0 + 2.8 mg/L) included as disease con-
trols. These 4 children presented with fever and upper respiratory
symptoms and were diagnosed with adenovirus infection by using
rapid antigen detection kit.

Medical records were reviewed for age, sex, clinical symptoms,
complications, responsiveness to IVIG therapy, and laboratory data
including white blood cell (WBC) count, platelet count, and levels of
hemoglobin, alanine aminotransferase, aspartate aminotransferase,

Table 1. Demographic characteristics of 15 KD patients.

Age (months) 289+16.0 (7-57)
Sex

Male 10 (66.7%)

Female 5(33.3%)

Coronary artery change (Echocardiography)

Yes 1 (6.7%)

No 14 (93.3%)
White blood cells (/uL) 14,493.3 £ 5,406.4 (6,500-28,400)
Neutrophil (%) 69.7+17.7 (48.5-97.0)
Hematocrit (%) 33.7+3.7 (28.7-40.5)
Platelet (x 10%/uL) 302+134 (13.8-54.8)
C-reactive protein (mg/L) 7.9+6.0 (1.74-24.8)
AST (IU/L) 81.5+130.6 (23-438)
Na (mEq/L) 1344+3.5 (128-140)

AST, aspartate aminotransferase; Na, serum sodium.
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lipids, electrolytes, and CRP. Coronary artery evaluation was per-
formed using two-dimensional echocardiography (Research
Committee on Kawasaki Disease 1984).

Ethical approval was obtained from the Ethics Committee of
Akita University, Graduate School of Medicine in Akita, Japan.
Written informed consent was obtained from the parents of the
patients enrolled.

Measurements of serum ASM and IL-6

S-ASM levels were measured using an assay buffer with Zn**as
Zn**-dependent S-ASM. Zn*'-independent ASM was concurrently
measured using an assay buffer with ethylenediaminetetraacetic acid
(EDTA) because the activation of ASM can be confirmed when Zn*'-
dependent S-ASM activity is higher than Zn?*-independent ASM
activity. Assays for Zn?'-independent ASM and Zn*'-dependent
S-ASM activity were performed using “C-labeled sphingomyelin
(PerkinElmer, MA, USA) (Goiii and Alonso 2002). A standard 200
1L assay mixture consisting of 100 uL serum and 50 uL assay buffer
with 4% Triton X-100 (1.0 M sodium acetate, pH 5.0) was used (final
concentration of Triton X-100, 1%). Final concentrations of EDTA
and Zn®" in the assay buffer were 0.02 mM and 0.1 mM, respectively.
For investigating the effect of buffer pH on the sphingomyelin hydro-
lysis by serum, assays were performed using 0.1 M glycine HCI-
buffer (pH 3.0), 0.1 M acetate buffer (pH 4.0 and pH 5.0), and 0.1 M
phosphate buffer (pH 6.0 and pH 7.0) with either EDTA or Zn®".

The reaction was initiated by addition of 50 uL of substrate (20
nmol, '“C-labeled sphingomyelin, and 0.08 xCi/20 nmol) in 0.2%
taurodeoxycholic acid. Assay mixtures were incubated at 37°C for 6
h. The assay was terminated with 200 4L ice-cold 30% trichloroace-
tate and 400 uL 2.5% bovine serum albumin. Tubes were briefly vor-
texed and allowed to settle for 5 min at room temperature before cen-
trifugation (5 min, 3,000 rpm). The supernatant (500 uL) was
carefully aspirated and transferred into glass scintillation vials.
Radioactivity was measured directly after mixing with 4.5 mL Clear-
sol II (Nakalai Tesque, Kyoto, Japan) in a liquid scintillation counter
LSC 950 (Aloka, Tokyo, Japan).

Serum IL-6 was measured using human IL-6 chemiluminescent
enzyme immunoassay (CLEIA) kits (Fujirebio, Tokyo, Japan).

Risk scoring of acute KD using the Kobayashi Score

The risk scoring method for acute KD was used in this study
(Kobayashi et al. 2006). Two points were assigned for each of the
following: a serum sodium concentration of < 133 nmol/L, < 4 days
of illness at diagnosis, an aspartate aminotransferase concentration of
> 100 U/L, and WBCs with a neutrophil count of > 80%. One point

was assigned for each of the following: platelet count of < 30 x 10Y
1L, CRP concentration of > 100 mg/L, and age < 12 months. If the
risk score is > 5 points, the positive predictive value of non-response
to initial IVIG infusion is emphasized.

Statistical analysis

Data were analyzed using the IBM SPSS Statistics 22.0 soft-
ware package and are presented as the mean + standard deviation
(SD). A Students’ unpaired t-test was used to compare the mean dif-
ferences between 2 groups and a Pearson’s correlation coefficient test
was used to examine the correlation between ASM serum levels and
laboratory data. A p-value < 0.05 was considered statistically signifi-
cant.

Results

ASM in acute KD patients: serum levels and optimal pH

To our knowledge, serum ASM activity in KD patients
has not been previously investigated. In the present study,
serum ASM activity was shown to be significantly elevated
in patients with acute KD (Table 2). In a group of 5 healthy
control children (6 to 8§ years of age), the serum ASM activ-
ity was measured using two assay buffers with either EDTA
or Zn*": 0.42 + 0.04 nmol/0.1 mL/6 h and 1.15 £ 0.10
nmol/0.1 mL/6 h, respectively. In the second group of 4
healthy control adults (39-42 years of age), the serum ASM
activity was measured as above and shown to be 0.36 + 0.05
nmol/0.1 mL/6 h and 0.99 + 0.23 nmol/0.1 mL/6 h, respec-
tively. In the third group of 4 children with adenovirus
infection, the serum ASM activity was measured as 0.68 +
0.32 nmol/0.1 ml/6 h and 1.60 = 0.69 nmol/0.1 ml/6 h,
respectively.

In contrast, the serum ASM activity before IVIG treat-
ment measured using the same methodology was 1.28 +
0.59 nmol/0.1 mL/6 h and 3.85 £ 1.46 nmol/0.1 mL/6 h,
respectively (Table 2). The serum ASM activity after IVIG
treatment was 1.31 = 0.45 nmol/0.1 mL/6 h and 3.84 + 1.19
nmol/0.1 mL/6 h, respectively.

The effects of buffer pH on the hydrolysis of sphingo-
myelin by serum were examined in 2 patients. Under assay
conditions, ASM activity was optimal at approximately pH
5 in both EDTA and Zn*" assay buffers (Fig. 1).

Table 2. ASM activity in acute KD patients and healthy controls.

Activity (nmol/ 0.1 mL/ 6 h)

Zn*' (—-)EDTA(+) Zn* (H)EDTA(-)

Normal adult (n = 4)
Normal children (n =5)
Children with adenovirus infection (n = 4)

Pre-IVIG in acute KD patients
Post-IVIG in acute KD patients

0.36 £0.05 0.99 +0.23
0.42 £ 0.04 1.15+0.10
0.68 £0.32 1.60 + 0.69
1.28 +0.59* 3.85 £ 1.46%*
1.31 +0.45%* 3.84 £ 1.19%*

*p <0.01 vs. normal children, **p <0.001 vs. normal children (Unpaired t-test).
ASM, acid sphingomyelinase; IVIG, intravenous immunoglobulin; EDTA, ethylenediaminetetraacetic acid.
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ASM activity (nmol/0.1 ml/6 h)

Patient 1
""""""" Patient 2

pH

Fig. 1. Optimal pH for sphingomyelin hydrolysis by sera from patients with acute KD.
Effect of buffer pH on sphingomyelin hydrolysis by serum samples from two patients with acute KD was examined.
Sphingomyelin was incubated with 100 L serum in ethylenediaminetetraacetic acid (EDTA) or Zn>* buffer.

IL-6 in acute KD patients: serum levels before and after
IVIG infusion

In the present study, serum IL-6 levels were signifi-
cantly elevated before IVIG treatment in all enrolled
patients and were normalized to baseline levels after IVIG
treatment as described above (Fig. 2). However, serum
IL-6 levels were not significantly correlated with the
responsiveness of the disease to high-dose IVIG in our
small group of acute KD patients. No correlation was
observed between ASM activity and serum IL-6 levels.

Serum ASM activity after IVIG infusion

In the present study, 12 patients were shown to be
responsive to an initial high-dose IVIG infusion, while 3
patients were found to be nonresponsive. Serum ASM
activity in responsive and nonresponsive patients was not
significantly different.

Risk-scoring systems such as the Kobayashi score
have been created and evaluated for their clinical efficacy
in predicting the nonresponsiveness of acute KD patients to
high-dose IVIG treatment (Kobayashi et al. 2006; Sleeper
et al. 2011). The relationship between serum ASM activity
and the Kobayashi score (a widely used risk scoring system
in Japan) was investigated. In the present study, no correla-
tion of serum ASM activity was observed between groups
with a risk score < 5 and with a risk score > 5 or higher
(indicating high risk for nonresponsiveness to high-dose
IVIG) (Fig. 3).

A single acute KD patient with high-dose IVIG resistance:
serial measurement of serum ASM

The serum ASM activity was serially determined in a
single nonresponsive KD patient suffering from inflamma-
tion, from the time of hospital admission up to discharge
(Fig. 4). Throughout the clinical course, ASM activity
remained elevated until the second high-dose IVIG infu-
sion, after which measurements did appear to gradually
decrease toward basal levels. However, while the serum
ASM activity was not immediately altered following reso-
lution of inflammation in response to high-dose IVIG infu-
sion, IL-6 levels did reflect an immediate change in the
inflammatory state of this acute KD patient.

Correlation analyses of serum ASM levels in acute KD
patients

We further examined any correlations between pre-
IVIG serum ASM activity and other clinical and biochemi-
cal parameters, including serum sodium concentration, days
of illness at diagnosis, aspartate aminotransferase concen-
tration, percentage of neutrophils among WBCs, platelet
count, CRP concentration, and ages at onset. Correlation
analyses revealed that the serum ASM activity is signifi-
cantly associated with CRP levels in patients with acute KD
(Table 3).

Discussion
In the present study, we investigated the role of serum
ASM activity in acute KD patients. Serum levels of both
lysosomal and secretory ASM were significantly elevated in
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Fig. 2. Serum interleukin-6 levels in patients with acute KD.

post-IVIG

Pre- and post-intravenous immunoglobulin (IVIG) serum levels of interleukin-6 (IL-6) were compared using a Students’
paired t-test. Levels were significantly elevated before IVIG and normalized to baseline levels after responsive IVIG

infusion in all patients enrolled in the study.
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Fig. 3. Serum acid sphingomyelinase (ASM) activity and Kobayashi risk score.
Acid sphingomyelinase (ASM) activity between patients with a Kobayashi risk score <5 and those with a risk score > 5

was compared (p > 0.05).

patients with acute KD. In humans, several forms of sphin-
gomyelinase exist, encoded by independent genes, and with
different optimal activities at acidic, neutral, or alkaline pH
levels (Gofii and Alonso 2002). The sphingomyelinase
forms identified in this study demonstrated optimum activ-

ity at approximately pH 5. These forms were stimulated
with the addition of Zn®" to the assay buffer, thus confirm-
ing the authenticity of ASM. The upregulation of ASM as a
cellular response, caused by the stimulation of inflamma-
tory cytokines, and elevation of serum S-ASM has been
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Fig. 4. Clinical course of an acute KD patient resistant to high-dose IVIG.
Shown is the clinical course of an acute KD patient with inflammation resistant to initial infusion of high-dose intrave-
nous immunoglobulin (IVIG). In this case, the patient required second IVIG infusion for resolution of fever. Serum
acid sphingomyelinase (ASM) activity and serum interleukin-6 (IL-6) levels were measured on five occasions through-

out the clinical course.

Table 3. Correlation Analysis of Zn**-~ASM activity in acute KD patients.

Parameter r p
Serum sodium (mmol/L) -1.102 0.299
Days of illness 1.154 0.278
AST (IU/L) 0.067 0.948
Neutrophils (%) 2.069 0.068
CRP (mg/mL) 2.775 0.022*
Platelet count (x10%/ul) 0.186 0.857
Age (months) 1.286 0.230

*p < 0.05 (Pearson correlation coefficient).

AST, aspartate aminotransferase; CRP, C-reactive protein.

described in several human diseases, including sepsis, heart
failure, and diabetes. To the best of our knowledge, this is
the first study to report the elevation of serum S-ASM in
patients with acute KD. Acute KD affects the vascular
endothelial cells through systemic vasculitis; therefore,
S-ASM could originate from the vascular lesions, including
vascular endothelial cells, which are known to be a rich
source of S-ASM.

S-ASM elevation was observed prior to IVIG infusion
and this was sustained even after resolution of inflamma-
tion. Once serum S-ASM levels were elevated in acute
KD, it did appear to take a long time to return to baseline
even after resolution of inflammation. This responsiveness
differs from that observed in serum IL-6 levels under simi-
lar conditions; these were elevated prior to IVIG infusion

and quickly returned to normal basal levels after resolution
of inflammation. A previous study has described significant
S-ASM elevation in patients with hypercytokinemia associ-
ated with hemophagocytic lymphohistiocytosis (HLH)
(Takahashi et al. 2002). In HLH patients, elevated S-ASM
levels reverted to baseline levels after successful treatment
and discontinuation of hypercytokinemia. However, a
gradual change in S-ASM levels was observed within the
different states of inflammation throughout the clinical
course. In an HLH patient with hypercytokinemia, elevated
levels of serum ferritin — a biomarker for hypercytokinemia
in human inflammatory diseases — quickly reverted to base-
line levels as a result of treatment with steroids and VP-16,
whereas S-ASM serum levels gradually normalized towards
baseline levels. The present study showed that ASM is
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involved in the pathophysiology of acute KD and that
serum ASM activity is elevated in patients with acute KD;
however, serum ASM may not be an acute biomarker
reflective of the state of inflammation in this condition.
Studies of various diseases concerning S-ASM all sug-
gested a relative slow decrease in S-ASM activity in
response to treatment for diseases in which S-ASM is ini-
tially increased (Kornhuber et al. 2015). This effect may be
related to the slow turnover, but further investigations are
needed to confirm this.

In this study, we investigated the value of serum
S-ASM as a biomarker for the prediction of IVIG resistance
in acute KD. High-dose IVIG infusion is a standard treat-
ment for this condition and is effective at curbing inflam-
mation in acute KD patients, as well as reducing the inci-
dence of CALs. However, some 10% of patients have been
shown to be nonresponsive to initial high-dose IVIG, and a
higher CAL incidence rate is observed in this group.
Nonresponsive KD patients are a high-risk group for the
development of CALs. Recently, there have been several
published reports discussing potential risk scoring systems
or biological markers for predicting nonresponsiveness to
high-dose IVIG in acute KD patients (Kobayashi et al.
2006; Sleeper et al. 2011; Sato et al. 2013; Wang et al.
2013). Serum S-ASM levels did not show any significant
difference between responsive and nonresponsive groups.
Furthermore, the Kobayashi score (a widely-used risk scor-
ing system in Japan) revealed no correlation in terms of
serum S-ASM between groups with risk score < 5 and those
with risk score > 5. Thus, serum S-ASM does not appear to
be an effective biomarker for predicting IVIG resistance in
acute KD. However, a future larger-scale study is recom-
mended in order to clearly delineate the relationship
between serum S-ASM and IVIG resistance in cases of
acute KD.

In the present study, we have demonstrated that ASM
is involved in acute KD. While elevation of serum S-ASM
activity is thought to be a consequence of acute KD-
triggered inflammation, extracellular secreted ASM may in
fact be a contributing factor towards the pathophysiology of
acute KD as well as the post-KD prognosis of complicated
coronary arteries.

Sphingolipids, including sphingomyelin and ceramide,
have now been recognized as potent bioactive molecules
and are implicated in various cellular processes including
differentiation, inflammation, and cell death (Maceyka and
Spiegel 2014). Ceramide elevation is mediated by the rapid
hydrolysis of sphingomyelin by acid or neutral sphingomy-
elinase and this lipid is catabolized by acid or neutral
ceramidase into sphingosine, which can in turn be phos-
phorylated into phingosine-1-phosphate, thus forming a
sphingosine/sphingosin-1-phosphate signaling pathway.
These sphingolipid metabolites exist extracellularly and
have been shown to be associated with several diseases
including atherosclerosis, coronary artery disease, and sep-
sis (Maceyka and Spiegel 2014). A recent study reported

the results of serum analyses of bioactive sphingolipids
using tandem sphingolipid metabolomic profiling in
patients with hypercytokinemia associated with HLH
(Jenkins et al. 2013). In that study, elevated ASM levels
with concomitant elevations in sphingosine as well as sev-
eral ceramides was observed, while levels of sphngosine-
1-phosphate were significantly decreased. Interestingly, the
ratio of Cjs-ceramide to sphingosine was shown to have
prognostic value in cases of HLH. While the present study
confirmed the involvement of ASM in acute KD, the signif-
icance of ASM upregulation in acute KD should be further
investigated and sphingolipid analysis could provide com-
prehensive information concerning sphingolipids metabo-
lism.

In conclusion, this is the first study to show significant
elevation of serum ASM activity in patients with acute KD.
Although the clinical significance of elevated serum ASM
is not yet clear, future studies may demonstrate the involve-
ment of sphingolipid metabolism in the pathophysiology of
KD.
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