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Inflammation plays a critical role in atherogenesis, yet the medi-
ators linking inflammation to specific atherogenic processes re-
main to be elucidated. One such mediator may be secretory
sphingomyelinase (S-SMase), a product of the acid sphingomyeli-
nase gene. The secretion of S-SMase by cultured endothelial cells
is induced by inflammatory cytokines, and in vivo data have
implicated S-SMase in subendothelial lipoprotein aggregation,
macrophage foam cell formation, and possibly other atherogenic
processes. Thus, the goal of this study was to seek evidence for
S-SMase regulation in vivo during a physiologically relevant in-
flammatory response. First, wild-type mice were injected with
saline or lipopolysaccharide (LPS) as a model of acute systemic
inflammation. Serum S-SMase activity 3 h postinjection was in-
creased 2- to 2.5-fold by LPS (P < 0.01). To determine the role of IL-1
in the LPS response, we used IL-1 converting enzyme knockout
mice, which exhibit deficient IL-1 bioactivity. The level of serum
S-SMase activity in LPS-injected IL-1 converting enzyme knockout
mice was '35% less than that in identically treated wild-type mice
(P < 0.01). In LPS-injected IL-1-receptor antagonist knockout mice,
which have an enhanced response to IL-1, serum S-SMase activity
was increased 1.8-fold compared with LPS-injected wild-type mice
(P < 0.01). Finally, when wild-type mice were injected directly with
IL-1b, tumor necrosis factor a, or both, serum S-SMase activity
increased 1.6-, 2.3-, and 2.9-fold, respectively (P < 0.01). These data
show regulation of S-SMase activity in vivo and they raise the
possibility that local stimulation of S-SMase may contribute to the
effects of inflammatory cytokines in atherosclerosis.

The inflammatory response is not only an important compo-
nent in the defense against pathogens, but it is also an

important contributor to pathophysiologic processes such as
atherosclerosis, autoimmune diseases, and endotoxic shock (1–
10). In atherosclerosis, both clinical and biochemical evidence
strongly suggest that lesion development, which is initiated by
lipoprotein retention and aggregation within the vessel wall (11,
12), can be accelerated by local actions of inflammatory cyto-
kines, notably on endothelial cells (13–17). For example, both
lipopolysaccharide (LPS), the mediator of Gram-negative en-
dotoxic shock, and systemic lupus erythematosus have been
associated with the development of atherosclerotic lesions
(18, 19).

The hallmarks of cytokine biology are pleiotropism and
redundancy. Although a number of signaling pathways have been
implicated in mediating the cellular effects of inflammatory
cytokines, there is still considerable uncertainty about the
relative importance of each of these pathways during inflam-
matory processes in vivo, including atherosclerosis and endotoxic
shock (1, 2). One class of signaling pathways that has received
considerable attention over the last few years involves the
generation of ceramide by the action of cytokine-stimulated

sphingomyelinase (SMase) (20, 21). Ceramide generated from
SMase activation has been reported to play roles in cytokine-
mediated apoptosis, cellular differentiation, and cellular senes-
cence (20, 21), each of which may be important in the inflam-
matory response. Whereas studies in vitro have suggested roles
for several different mammalian SMase activities in various
ceramide signaling pathways (20, 21), a product of the acid
SMase (ASM) gene has been implicated in several specific
processes in vivo by molecular genetic studies using the ASM
knockout mouse (22, 23). In particular, ASM knockout mice are
relatively resistance to endothelial apoptosis induced by radia-
tion (22) or LPS (23), both of which act through ceramide
signaling.

ASM knockout mice on a hypercholesterolemic genetic back-
ground also show marked resistance to atherosclerotic lesion
development (24). There are two possible scenarios linking ASM
gene products to atherosclerosis. First, inflammation plays an
important role in atherogenesis (13–17), and, given the evidence
cited above, ASM-mediated ceramide signaling may be respon-
sible for certain inflammatory responses in the developing
lesion, such as smooth muscle cell proliferation (25) and apo-
ptosis of macrophages and smooth muscle cells (26, 27). Second,
one of the products of the ASM gene—secretory SMase (S-
SMase; see below)—has been linked directly to extracellular
subendothelial lipoprotein aggregation, an event that promotes
both retention of lipoproteins in the arterial wall and macro-
phage foam cell formation (25, 28–39).

The ASM gene encodes a single mRNA and protein precursor
that gives rise to both S-SMase and lysosomal SMase (L-SMase)
via differential trafficking: if the protein precursor is mannose-
phosphorylated, it will be trafficked to lysosomes, whereas if that
same precursor is not mannose-phosphorylated, it is trafficked
to the secretory pathway, generating S-SMase (40). Both L-
SMase and S-SMase are absent in ASM knockout mice and in
patients with types A and B Niemann–Pick disease (40, 41).
Although defects in ASM-deficient states often are assumed to
be caused by an absence of L-SMase (42), it is possible that some
of these defects may be the result of the absence of S-SMase,
which is the only known extracellular SMase in higher organisms
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(43). In this light, subendothelial lipoprotein aggregation is an
extracellular event. Similarly, most cellular SM is on the external
leaflet of the cellular membrane (44), where it would be inac-
cessible to L-SMase. Moreover, any ceramide generated by
L-SMase is unable to escape lysosomes (45), raising doubts about
its participation as a second messenger. Furthermore, several
cell types involved in atherosclerosis and the inflammatory
response are rich sources of S-SMase, such as endothelial cells
and macrophage (32, 41). Endothelial cells, in particular, have
the highest levels of S-SMase secretion of any cultured cell type
tested in vitro (32) and the most intense immunostaining of any
cell type within vascular tissue samples (34). Finally, several
inflammatory cytokines, such as IL-1b, tumor necrosis factor a
(TNF-a), and IFN-g (46), increase the already high levels of
S-SMase secretion from cultured endothelial cells and, impor-
tantly, decrease the levels of L-SMase in these cells (32).

Thus, we propose that S-SMase is a key mediator linking the
inflammatory response to atherogenesis and possibly other
cytokine-mediated events. An essential test of this hypothesis
would be to examine the regulation of S-SMase by cytokines in
vivo during a physiologically relevant inflammatory response.
The goal of this study, therefore, was to determine whether
S-SMase activity is regulated in vivo during the course of acute
systemic inflammation. Our data show that S-SMase activity in
the serum of mice is, indeed, increased by injection of LPS or by
the inflammatory cytokines IL-1b and TNF-a. Furthermore,
using two induced mutant mouse models, we show that the effect
of LPS injection on serum S-SMase levels is mediated in part by
the endogenous production of IL-1. These findings, which
provide evidence for the regulation of S-SMase in vivo, raise the
possibility that local stimulation of S-SMase may play a role in
the action of inflammatory cytokines in atherosclerosis.

Experimental Procedures
Animals. Pathogen-free 20- to 35-g female mice housed in a
light-controlled (12-h ony12-h off) and temperature-controlled
environment with food and water ad libitum were used. Wild-
type C57BLy6J mice were obtained from The Jackson Labora-
tory. IL-1 converting enzyme (ICE) knockout mice were
created, characterized, and provided by BASF Bioresearch
(Cambridge, MA; ref. 47). IL-1 receptor antagonist (IL-1ra)
knockout mice were created and characterized as described (48).
All induced mutant mice and wild-type littermate controls used
in this study were bred by at least 10 serial backcrosses onto the
C57BLy6 background.

Genotyping. Tail DNA was isolated and genotyping was per-
formed by PCR. For ICE knockout mice, PCR was performed
to distinguish the endogenous from the disrupted ICE locus by
using (a) an intronic forward primer complementary to bases
5538–5557 in the published sequence (49) (gaagagatgttaca-
gaagcc), (b) an intronic reverse primer corresponding to bases
6054–6074 (catgcctgaataatgatcacc) (49), and (c) a reverse
primer for the insert used to create the disrupted null allele
(gcgccttcccctacccgg). Wild-type animals have a single band at
about 0.6 kb (a–b reaction), and homozygous knockout animals
have a single band at around 0.6 kb (a–c reaction). For IL-1ra
knockout mice, PCR was performed to distinguish the wild-type
and disrupted IL-1ra alleles by using a sense primer comple-
mentary to part of exon II (genomic bases 2149–2171; aaccagct-
cattgctgggtactta) and an antisense primer corresponding to part
of exon III (genomic bases 3175–3198; gcccaagaacacactatgaag-
gtc) (50). Wild-type animals have a single band at '1.1 kb, and
homozygous knockout animals have a single band at '2.2 kb.

LPS and Cytokine Administration. Groups of C57BLy6J, ICE
knockout, and ICE wild-type mice were given Escherichia coli
LPS (055:B5, Sigma) prepared in 0.2 ml of sterile saline and

administered i.p. by single injection at a dose of 50 mgykg.
Groups of IL-1ra knockout and IL-1ra wild-type were given 25
mgykg LPS i.p., also in 0.2 ml of saline. Control groups received
0.2 ml of saline i.p. Animals were studied 3 h after the injections.
LPS administration at these doses induces cytokine-mediated
systemic inflammation in rodents and is a widely used model of
a systemic inflammatory response syndrome (47, 51). In separate
experiments, groups of C57BLy6J mice were injected i.p. with
human recombinant IL-1b (0.5 mgykg; R & D Systems), human
recombinant TNF-a (0.5 mgykg; R & D Systems), both, or saline,
and animals were studied 1–3 h after the injections. Blood, used
to prepare serum for the SMase assay described below, was
obtained by either tail bleed or by intraventricular cardiac
puncture after the mice were killed; SMase activity was not
affected by the mode of blood acquisition.

Serum SMase Assay. The 200-ml assay mixture consisted of 20 ml
of a 1:10 dilution of serum in assay buffer (0.1 M sodium
acetatey0.1 mM ZnCl2, pH 5.0), an additional 140 ml of assay
buffer, and 40 ml of [N-palmitoyl-9–10-3H]sphingomyelin (50
pmol at 50,000 cpmypmol) in 0.25 M sucrosey0.1 mM ZnCl2y3%
Triton X-100 (final concentration of Triton X-100 in the 200-ml
assay mix 5 0.6%) (41). The [3H]sphingomyelin was synthesized
as described (41, 52, 53). In experiments to demonstrate Zn21

dependence, 5 mM EDTA was substituted for 0.1 mM ZnCl2 in
all components of the 200-ml assay mixture. Assay mixtures were
incubated at 37°C for 1 h and then extracted by the method of
Bligh and Dyer (54); the lower, organic phase was harvested,
evaporated under N2, and fractionated by TLC by using chlo-
roformymethanol (95:5). The ceramide spots were scraped and
directly counted to quantify [3H]ceramide.

Fig. 1. Serum Zn21-dependent SMase activity is increased by LPS injection.
Wild-type mice were injected i.p. with 50 mgykg LPS or saline as control, and
3 h later serum was assayed for SMase activity in the presence of EDTA
(hatched bars) or Zn21 (solid bars). There were three mice in each group. Each
of the four possible pairwise comparisons between groups in this figure (EDTA
vs. Zn21 in the saline and LPS groups and saline vs. LPS in the EDTA and Zn21

groups) indicated a significant difference (P , 0.01).
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Statistics. Unless otherwise indicated, results are given as
means 6 SEM. For comparisons between a single experimental
group and a control, the unpaired, two-tailed t test was used. For
comparisons involving several groups simultaneously, ANOVA
was used initially. When ANOVA indicated differences among
the groups, pairwise comparisons between groups were per-
formed by using the Student–Newman–Keuls q statistic (55).

Results
Induction of S-SMase in Vivo During Acute Systemic Inflammation. To
determine whether S-SMase is regulated in vivo during an acute
inflammatory response, we examined the effects of LPS injection
on serum levels of this enzyme. The assays were conducted in the
absence or presence of Zn21, because S-SMase activity, but not
L-SMase activity, depends on exogenous Zn21 (40, 41). As
shown in Fig. 1, the serum of saline-injected control C57BLy6J
mice has measurable Zn21-dependent SMase activity; in previ-
ous experiments, we had shown that this activity is linear within
our assay conditions and that there is no detectable SMase
activity in the serum of ASM knockout mice. Remarkably,
Zn21-dependent serum SMase activity was increased approxi-
mately 2.5-fold (P , 0.01) in C57 mice 3 h after an i.p. injection
of E. coli LPS. Note that the additional serum SMase activity in
LPS-treated mice was as dependent on exogenous Zn21 as the
activity in saline-injected control mice. Thus, the increase in
serum SMase activity by LPS treatment was not caused by the
release of L-SMase from damaged cells, but rather by a true
increase in S-SMase activity in the serum of mice.

The Role of Inflammatory Cytokines in Inflammation-Induced S-SMase
in Vivo. To assess the role of inflammatory cytokines in this
effect, we examined ICE knockout mice, which have a 75%
reduction in IL-1a immunoactivity, demonstrate no detectable
IL-1b secretion, and show partial resistance to endotoxic shock
(47). Similar to the data in Fig. 1, Zn21-dependent serum SMase
activity was increased '2-fold in LPS-injected wild-type mice
(P , 0.01) (Fig. 2). In ICE knockout mice, however, the level of
serum S-SMase activity after LPS injection was decreased '35%
compared with LPS-treated wild-type mice (P , 0.01). Impor-
tantly, the difference between serum SMase activity in LPS-
injected ICE knockout mice and the basal level of activity (i.e.,
in saline-injected wild-type mice) did not reach statistical sig-
nificance. These data indicate that the increase in serum S-
SMase activity in response to LPS in vivo is mediated in part
through the induction of IL-1.

The response of cells and tissues to LPS-induced processes is
blunted partly by IL-1ra, an endogenous competitive inhibitor of
the type I IL-1 receptor (IL-1RI) (56). To independently confirm
the contribution of IL-1 to the LPS-induced increase in serum
S-SMase activity, we measured serum S-SMase levels after LPS
injection in IL-1ra knockout mice. These animals lack endoge-
nous antagonism to bioactive IL-1 and therefore demonstrate a
heightened response to the biological effects of that cytokine,
including increased susceptibility to lethal endotoxemia after
LPS injection (48). As shown in Fig. 3, the increase in serum
S-SMase activity induced by LPS was 1.8-fold greater in the
IL-1ra knockouts compared with LPS-injected wild-type mice
(P , 0.01). These data, like those in Fig. 2, indicate a substantial

Fig. 2. LPS-induced serum S-SMase activity partially depends on ICE, an
enzyme involved in IL-1 secretion. Wild-type (wt) and ICE knockout (KO) mice
were injected i.p. with 50 mgykg LPS or saline as control, and 3 h later serum
was assayed for SMase activity in the presence of Zn21. There were seven mice
in each group. A significant difference (P , 0.01) was found between the
following groups: LPS vs. saline (both in wild-type and ICE knockout mice) and
LPS ICE knockout vs. LPS wild type.

Fig. 3. The absence of IL-1 receptor antagonist enhances serum S-SMase
activity after LPS injection. Wild-type (wt) and IL-1ra knockout (KO) mice were
injected i.p. with 25 mgykg LPS, and a group of wild-type mice was injected
with saline. Serum was collected 3 h later and assayed for SMase activity in the
presence of Zn21. There were five mice in the saline-wt and LPS-wt groups and
three mice in the LPS–IL-1ra KO group. Each of the three possible pairwise
comparisons between groups in this figure indicated a significant difference
(P , 0.01).
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role for IL-1 in LPS-induced regulation of S-SMase in vivo during
systemic inflammation.

Induction of S-SMase in Vivo by Direct Exposure to Inflammatory
Cytokines. The effects of direct injection of specific cytokines on
serum S-SMase activity are shown in Fig. 4A. Injection with
either human recombinant IL-1b or human recombinant TNF-a
led to '2- to 3-fold increases in serum S-SMase activity (P ,
0.01), and the effect of these two cytokines given together was
partially additive. The induction by the combined cytokines was
seen as early as 90 min postinjection and continued to increase
in a linear fashion for at least 3 h postinjection (Fig. 4B). Thus,
IL-1b is involved in serum S-SMase activity in vivo, but other
cytokines, such as TNF-a, also contribute to that effect.

Discussion
Our results show that in an animal model of acute systemic
inflammation there is marked S-SMase induction in the circu-
lation. Animals with an induced mutation that increases IL-1
bioactivity had increased S-SMase induction by inflammation,
whereas those with a mutation that decreases IL-1 bioactivity
had reduced levels of inflammation-induced S-SMase activity.
Injection of either recombinant IL-1b or recombinant TNF-a
induced S-SMase in vivo. Thus, we show that IL-1 is involved, but
not required, for the induction of S-SMase in acute systemic
inflammation.

The clinical association between inflammatory events and
atherosclerosis has been an area of intense study. However, the
mechanism by which inflammatory events lead to specific
atherogenic events, such as lipid deposition within the arterial
wall, remain to be elucidated. With the burgeoning interest in the
role of SMase in key cell-signaling pathways (20, 21) and in
atherogenesis (24, 28–31), and the realization that S-SMase may
be centrally involved in these processes (22–24, 30–32, 34, 41,
45), elucidation of S-SMase regulation by inflammatory medi-

ators takes on added significance. Tissue culture studies thus far
have revealed only two regulatory events: monocyte-to-
macrophage differentiation is associated with marked increases
in both L-SMase and S-SMase (41), and treatment of cultured
human umbilical vein endothelial cells with specific inflamma-
tory cytokines leads to an increase in S-SMase but a decrease in
L-SMase (32). Findings with cultured cells, however, often
do not apply to realistic circumstances in living organisms. In
this study, we have shown that serum S-SMase activity is
stimulated by LPS injection, an in vivo model of acute systemic
inflammation, and that this effect is mediated by IL-1 and
possibly by TNF-a.

The results of this study not only provide evidence for S-SMase
regulation in vivo but also raise the possibility that the proposed
roles of inflammatory cytokines in atherosclerosis may involve
local stimulation of S-SMase. We recently have shown that a
product of the ASM gene, most likely S-SMase, is an important
mediator of atherogenesis in a mouse model of atherosclerosis,
the apolipoprotein E knockout mouse (24). Inflammatory cy-
tokines, including IL-1b and TNF-a, are both present in ath-
erosclerotic lesions and are thought to play important roles in
atherogenesis, particularly at the level of the endothelium (13–
17). Interestingly, LPS itself may accelerate atherogenesis by
enhancing the inflammatory components of developing athero-
sclerotic lesions (18), and a polymorphism in the gene encoding
LPS receptor, CD14, has been associated with acute myocardial
infarction in humans (57, 58). Our results suggest that a possible
mechanism for the atherogenicity of inflammatory cytokines
and LPS is through their ability to stimulate secretion of S-SMase
from the overlying endothelium. Because S-SMase is secreted
both apically and basolaterally from endothelial cells (32), it is
likely that the LPS-induced increase in serum SMase shown
herein is paralleled by an increase in subendothelial S-SMase. In
this regard, the subendothelium of atherosclerotic lesions has
abundant immunostainable extracellular SMase (34). S-SMase

Fig. 4. Serum S-SMase activity is increased by injection with IL-1b and TNF-a. Wild-type mice were injected i.p. with 0.8 mgykg human recombinant IL-1b, 0.5
mgykg human recombinant TNF-a, both, or saline. Serum SMase activity in the presence of Zn21 was assayed 3 h after cytokine or saline injection in A and 0.5–3
h after combined cytokine (E) or saline (F) injection in B. In A, there were seven mice in the saline group and four mice in each of the other groups. Each of the
six possible pairwise comparisons between groups in A indicated a significant difference (P , 0.01). In B, there were three mice in each group; the 1.5- and 3-h
values from the combined cytokine group were statistically different (P , 0.05) from the respective saline values.
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in the subendothelium then would induce aggregation of low
density lipoprotein (LDL), which, in turn, further promotes LDL
retention in the arterial wall and promotes macrophage foam cell
formation (24, 28–31). S-SMase is also a prime candidate for the
SMase involved in endothelial apoptosis in radiation- and LPS-
treated mice (22, 23, 44, 45). Given the data reported herein, we
suggest that LPS stimulates the secretion of S-SMase from the
endothelium, which then may generate ceramide that acts on
endothelial SM in an autocrine and paracrine manner.

Additional levels of regulation almost certainly contribute to
the overall physiology of S-SMase. For example, although the
enzyme functions optimally at acid pH, we have shown that
lesional lipoproteins are modified in the arterial wall in vivo to
one or more forms (e.g., via an increase in the SMyphospholipid
ratio) that make them susceptible to S-SMase at neutral pH (31,
59). A similar increase in susceptibility may occur to SM in cells
in inflammatory and atherosclerotic lesions. Furthermore, S-
SMase activity against all substrates increases at low pH (31, 60),
and there is evidence that pockets of acidity exist in both
atherosclerotic and inflammatory lesions (61–65). Finally, the
availability of extracellular zinc may regulate the activity of
S-SMase, and there is good evidence that Zn21 levels rise in both
inflammatory and atherosclerotic lesions (66, 67). Indeed, the
zinc requirement of S-SMase is similar to that of matrix metal-
loproteinases (41, 60, 68, 69), and these proteinases have been
shown to be active in atherosclerotic lesions (70).

In addition to showing a role for the proinflammatory cyto-
kines IL-1 and TNF-a in the induction of S-SMase by acute
systemic inflammation in vivo, this study raises several interest-
ing questions concerning the mechanisms of S-SMase regulation
during the inflammatory response, including the cellular source
or sources of the induced S-SMase and the intracellular signaling
pathways involved. Cultured endothelial cells are by far the most
abundant source of S-SMase among the many cell types studied
by us, a finding supported by immunohistochemical analysis of
animal aortae. Moreover, S-SMase from endothelial cells, but

not from macrophages, is induced by cytokines (32, 34). Ap-
proximately half of the secretion of S-SMase from cultured
endothelial cells is from the apical surface (32). Therefore,
secretion of S-SMase from the endothelium into the blood
stream is a likely origin of serum S-SMase.

Another key mechanistic issue is the molecular basis of
cytokine-induced S-SMase induction. The ASM gene gives rise
to a single mRNA and a single protein precursor that is either
mannose-phosphorylated, and thus trafficked to lysosomes
(L-SMase), or not mannose-phosphorylated, and thus trafficked
to the secretory pathway (S-SMase) (40). In cytokine-treated
cultured human umbilical vein endothelial cells, cytokines in-
f luence the trafficking of the SMase precursor, i.e., away from
the lysosomal pathway and into the secretory pathway (32). The
simplest model to explain these data is one in which cytokines
lead to a partial decrease in the activity of the mannose-
phosphorylating enzyme in the cis-Golgi, N-acetylglucosaminyl-
1-phosphotransferase (71). This regulatory event would result in
diminished mannose phosphorylation and thus reduced lysoso-
mal trafficking and increased secretion of SMase. Future studies
are needed to test this hypothesis both in cultured cells and in
vivo and, if proven true, to map out the relevant cytokine
signaling pathways.

In summary, the data presented in this report demonstrate
that S-SMase is regulated in vivo in the setting of a physiolog-
ically relevant inflammatory event. These findings, taken into
consideration with previous work on the biology of S-SMase and
the ASM gene, raise the possibility that local stimulation of
S-SMase may play a role in the action of inflammatory cytokines
in atherosclerosis.
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