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Abstract The serine palmitoyl transferase inhibitor myrio-
cin potently suppresses the development of atherosclerosis
in apolipoprotein E (apoE) gene knockout (apoE2/2) mice
fed a high-fat diet. This is associated with reduced plasma
sphingomyelin (SM) and glycosphingolipid levels. Further-
more, oral administration of myriocin decreases plasma
cholesterol and triglyceride (TG) levels. Here, we aimed to
determine whether myriocin could inhibit the progression
(or stimulate the regression) of established atherosclerotic
lesions and to examine potential changes in hepatic and
plasma lipid concentrations. Adult apoE2/2 mice were fed a
high-fat diet for 30 days, and lesion formation was histolog-
ically confirmed. Replicate groups of mice were then trans-
ferred to either regular chow or chow containing myriocin
(0.3 mg/kg/day) and maintained for a further 60 days.
Myriocin significantly inhibited the progression of estab-
lished atherosclerosis when combined lesion areas (aortic
sinus, arch, and celiac branch point) were measured. Al-
though the inhibition of lesion progression was observed
mainly in the distal regions of the aorta, regression of lesion
size was not detected. The inhibition of lesion progres-
sion was associated with reductions in hepatic and plasma
SM, cholesterol, and TG levels and increased hepatic and
plasma apoA-I levels, indicating that the modulation of path-
ways associated with several classes of atherogenic lipids may
be involved.—Glaros, E. N., W. S. Kim, C. M. Quinn, W.
Jessup, K-A. Rye, and B. Garner. Myriocin slows the
progression of established atherosclerotic lesions in apolipo-
protein E gene knockout mice. J. Lipid Res. 2008. 49: 324–331.
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Atherosclerosis is a major cause of cardiovascular
disease and accounts for ?50% of all deaths in Western-
ized countries (1). Atherosclerosis develops as a conse-

quence of multiple pathways that involve inflammation,
dysregulated cellular proliferation, and lipid accumulation
(2, 3). It is established that 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitors (statins) reduce plasma cholesterol lev-
els and that this is clearly associated with reduced cardio-
vascular events and the stabilization of vulnerable plaques
(4, 5). However, pharmacologic approaches to stimulate
the regression of atherosclerotic lesions (rather than halt-
ing progression) remain an area of intense investigation.
There is evidence that very high-intensity statin therapy
may indeed stimulate the regression of atherosclerosis in
humans; however, this area is controversial, and very high
statin doses may not be tolerated well by all patients (6, 7).
Thus, the search for novel antiatherosclerotic therapies
that could induce lesion regression continues.

In addition to cholesterol, the accumulation of sphingo-
myelin (SM) and glycosphingolipids (GSLs) in atheroscle-
rotic lesions is well known (8–10). Similar to cholesterol,
plasma SM and GSL levels are also correlated with athero-
sclerosis risk (11–13). There is also evidence for proathero-
genic effects of both SM and GSLs. For example, LDL
extracted from human atherosclerotic lesions is highly en-
riched with SM compared with plasma LDL (14), and SM
carried into the arterial wall (associated with LDL) is acted
upon by sphingomyelinase, increasing lesion ceramide
levels and promoting LDL aggregation (15). In the case of
GSLs, several proatherogenic properties have been pro-
posed. These include the findings that lactosylceramide
promotes cholesterol accumulation in macrophage foam
cells (16), inhibits cellular cholesterol removal via the
ABCA1/apolipoprotein A-I (apoA-I) pathway (17), induces
monocyte adhesion to endothelial cells (18), and stimulates
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vascular smooth muscle cell proliferation (19). Other stud-
ies have reported that ganglioside GM3 accelerates LDL
uptake by macrophages, which results in the generation
of lipid-laden foam cells (20). In more general terms, the
vascular accumulation of GSLs could affect atherogenesis
via the regulation of cellular signaling, activation, recogni-
tion, differentiation, fibrinolytic activity, nitric oxide pro-
duction, and response to growth factors (13, 21).

The potential for sphingolipid synthesis inhibitors to
prevent atherosclerosis recently received attention (13,
22), and data from our group and others indicate that the
serine palmitoyl transferase inhibitor myriocin dramati-
cally reduces the development of atherosclerotic lesions
in apoE gene knockout (apoE2/2) mice (23–25). More-
over, myriocin administered by intraperitoneal injection
reduces plasma SM and GSL levels without affecting cho-
lesterol levels, and this results in dramatic inhibition of
atherosclerotic lesion size (ranging from ?40% to 70% in-
hibition depending on the aortic site assessed) (24, 25). In
studies by Park et al. (23), reductions in lesion area were
even more impressive, with a 93% reduction in lesion area
observed when mice received myriocin orally (a dose of
0.3 mg/kg body weight per day, mixed in the diet),
although in this case oral myriocin reduced plasma cho-
lesterol levels by 41%, thereby potentially confounding the
specific antiatherogenic effects associated with reducing
plasma SM and GSL levels. Although these studies
examined the impact of myriocin during disease develop-
ment, the potential for this compound to retard the pro-
gression of (or promote the regression of) preexisting
atherosclerotic lesions has not been examined. In the
present study, we addressed this important issue and show
that with a 60 day 0.3 mg/kg/day oral treatment regime,
myriocin significantly inhibits the progression of preexist-
ing lesions but does not promote lesion regression.

MATERIALS AND METHODS

Materials

All organic solvents were of analytical grade and purchased
from Merck (Darmstadt, Germany). Purified leech (Macrobdella
decora) ceramide glycanase (EC 3.2.1.123) was from V-Labs
(Covington, LA) and myriocin was from Sigma (Castle Hill,
Australia). All other reagents were of the highest purity available
and purchased through standard commercial suppliers.

Animals and diet

Male apoE2/2 mice were supplied by the Animal Resources
Centre (Canning Vale, Australia). From 8 weeks of age, three
groups of 10 mice were fed high-fat chow [HF; 22% (w/w) fat,
0.15% (w/w) cholesterol] (Diet No. SF00-219; Specialty Feeds,
Glen Forest, Australia) for 30 days. A control group was culled to
establish lesion severity, and the remaining two groups were
continued for 60 days on a standard chow (Diet No. SF06-055;
Specialty Feeds) or standard chow containing 2.2 mg/kg myrio-
cin. The concentration of myriocin in the diet was calculated on
the assumption that the mice would consume an average of 6 g
of chow per day, resulting in a myriocin dose of 0.3 mg/kg/day
(23). This study was approved by the University of New South
Wales Animal Care and Ethics Committee (approval No.

ACEC05/39A) and conforms with the U.S. Public Health Service
Policy on the Humane Care and Use of Laboratory Animals.

Assessment of atherosclerotic lesions

All mice were fasted overnight. Plasma was collected and
perfusion-fixed hearts and aortas were dissected, and the sinus,
arch, and abdominal (at the celiac branch point) aortic sections
were prepared for the assessment of lesion area as described
previously (25). Morphometric data were collected for the three
sites after sections were subjected to Verhoeff staining. The data
from the different aortic sites were used to provide site-specific
aortic lesion data and, after pooling for each individual mouse, to
give average values for aortic lesion severity (see the supplemen-
tary data for additional details).

Analysis of plasma lipids and glucose

Plasma triglyceride (TG), phosphatidylcholine, and SM
analysis was achieved by enzymatic methods described previously
(13, 25, 26). Plasma cholesterol was analyzed using a commer-
cially available kit according to the manufacturer’s instructions
(Amplex Red Cholesterol Assay Kit; Invitrogen, Mount Waverley,
Australia). Plasma GSL analysis was achieved by normal-phase
HPLC (13, 25) with minor modifications. In the present study,
0.1 unit of ceramide glycanase was used to hydrolyze total neutral
and charged GSLs in 40 ml of plasma, and the resultant GSL-
derived glycans were fluorescently labeled with 2-aminobenza-
mide and analyzed as a single sample (rather than analyzing
neutral and charged glycans separately). Plasma glucose concen-
tration was analyzed using a commercially available kit according
to the manufacturer’s instructions (Infinity Glucose Reagent;
Thermo Scientific, Noble Park, Australia).

Quantitative real-time PCR analysis of hepatic apoB,
apoA-I, and ABCA1 mRNA

Mice were euthanized and the liver was dissected free of con-
taminating tissues; half was placed immediately in RNALater
(Ambion) for mRNA analysis, and the other half was snap-
frozen for protein and lipid analysis (see below). RNA was
isolated from the tissue using TRIzol reagent (Invitrogen)
according to the manufacturer’s protocol. All procedures were
carried out using RNase-free reagents. RNA was reverse-
transcribed into cDNA using Moloney murine leukemia virus
reverse transcriptase and random primers (Promega). cDNA
generated from the reverse transcription of total RNA was used
as a template in the quantitative real-time PCR assay. Quanti-
tative real-time PCR amplification was carried out using a
Mastercycler ep realplex S (Eppendorf) and the fluorescent dye
SYBR Green (Eppendorf) according to the manufacturer’s pro-
tocol. Briefly, each reaction (20 ml) contained 20 pmol of
primers, 13 Real MasterMix, 13 SYBR Green, and 1 ml of tem-
plate. Amplification was carried out with 40 cycles of denatur-
ation (94jC, 30 s), annealing (57jC, 30 s), and extension (72jC,
30 s). All gene expression was normalized to GAPDH. The
primer sequences (5¶–3¶) and PCR product sizes are as follows.
ABCA1 (106 bp) forward, GCTCTGGGAGAGGATGCTGA, and re-
verse, CGTTTCCGGGAAGTGTCCTA; apoA-I (129 bp) forward,
GGCACGTATGGCAGCAAGAT, and reverse, CCAAGGAGG-
AGGATTCAAACTG; apoB (142 bp) forward, TTGGCAAACTGCA-
TAGCATCC, and reverse, TCAAATTGGGACTCTCCTTTAGC;
GAPDH (83 bp) forward, TGGTGAAGCAGGCATCTGAG, and
reverse, TGCTGTTGAAGTCGCAGGAG.

Western blot analysis of liver and plasma apoA-I

Liver samples (50 mg) were homogenized in 1.5 ml Eppendorf
tubes using Pellet Pestles (catalog No. Z359947; Sigma-Aldrich)
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in 1 ml of RIPA buffer [20 mM Tris-HCl, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS,
and protease inhibitors (catalog No. 11836153001; Roche)].
Homogenates were diluted 1:10 in Milli-Q water (3.5 ml in 35 ml
total) and mixed with 7 ml of 53 Laemmli sample buffer (total
volume, 42 ml). Plasma samples were similarly diluted 1:10 with
Milli-Q water and mixed with 7 ml of 53 Laemmli sample buffer.
All samples were heated at 95jC for 5 min and briefly centri-
fuged. Samples (10 ml) were run on 12% SDS-PAGE gels using
a Bio-Rad mini gel system. The proteins were transferred to
0.45 mm Trans-Blot nitrocellulose membranes (catalog No. 162-
0115; Bio-Rad), and the membranes were probed with 1:1,000-
diluted rabbit anti-human apoA-I polyclonal antibody that
cross-reacts strongly with mouse apoA-I (catalog No. 178422;
Calbiochem) and detected with 1:750-diluted HRP-conjugated
anti-rabbit secondary antibody (catalog No. 2012-09; DAKO) and
ECL advanced detection reagents (GE Healthcare). The intensity
of the apoA-I bands was measured using ImageJ software, which
is available in the public domain (http://rsb.info.nih.gov/ij/).

Liver lipid analysis

Liver samples (200 mg) were homogenized in 1 ml of
methanol using a Pellet Pestle (Sigma-Aldrich). Samples were
transferred to a glass extraction tube and 5 ml of hexane was
added. Samples were vortexed and centrifuged at 1,000 g for
5 min. The hexane phase was removed to a clean glass tube and
evaporated to dryness under vacuum. The process was repeated
with a second 5 ml of hexane, which was added to the residue of
the first extraction and again dried under vacuum. The residue
was resuspended in 200 ml of isopropanol, and 10 ml was analyzed
by reversed-phase HPLC using a Supelcosil LC 18 column
and UV absorbance detection at a wavelength of 120 nm. HPLC
solvent conditions were as follows: mobile phase composition,
isopropanol-acetonitrile-water (54:44:2, v/v/v); flow rate, 1 ml/min;
total run time, 140 min. HPLC profiles were quantified for cho-
lesterol, TG, and cholesteryl ester fractions as described previously
(27, 28). Liver SM was analyzed by removing 50 ml of the 1 ml
methanol phase remaining after the two 5 ml hexane extractions
described above. The 50 ml sample was dried at 22jC under a

stream of nitrogen gas, and the residue was analyzed for SM using
the enzymatic method described previously (25, 26).

Statistical analysis

All data are presented as means 6 SEM. Statistical significance
for differences in lesion areas and plasma lipid concentrations
was determined using the Mann-Whitney U test and Student’s
t -test, respectively. Differences were considered significant at
P , 0.05.

RESULTS

To assess the potential for myriocin to inhibit the pro-
gression of established atherosclerosis, adult male apoE2/2

mice were fed a HF diet for 30 days to induce aortic lesions.
Assessment of the aorta at the sinus, arch, and celiac branch
point confirmed that lesions were clearly detectable at all
sites in the first group of 10 mice (Fig. 1). Significant lesions
were present at the aortic sinus and the inner curvature of
the aortic arch and at the proximal branch points of the
arch as well as in the abdominal aorta at the celiac branch
(Fig. 1). Although atherosclerotic lesions were clearly de-
tectable in the mice fed a HF diet for 30 days (Fig. 1), they
were not as complex or extensive as those seen after long-
term HF feeding and are therefore referred to here as
“established” atherosclerotic lesions. The moderate extent
of lesion development at this time point is consistent with
previous data (29). By contrast, long-term feeding with a
HF diet (i.e., .6 months) produces advanced lesions in
apoE2/2 mice that are calcified and contain an extensive
lipid-rich necrotic core and frequent intraplaque hemor-
rhages (30). Fasted plasma and liver samples were collected
and stored at 280jC for future lipid analysis at the same
time that the first group (group I) of mice were euthanized
for baseline lesion assessment.

Fig. 1. Histological assessment of atherosclerosis at
the aortic sinus, arch, and celiac branch point. Apolipo-
protein E gene knockout (apoE2/2) mice were fed a
high-fat diet for 30 days (Grp I) and then switched to
regular chow (Grp II) or regular chow containing myrio-
cin (0–3 mg/kg/day) (Grp III) for a further 60 days. Le-
sions were assessed at the aortic sinus, arch, and celiac
branch point. The lumen of the abdominal aorta (a) and
celiac artery (c) are marked at the celiac branch. The
dashed lines indicate the region of the arch that was
assessed for lesion area. Representative sections are
shown after Verhoeff staining. Bars 5 250 mm.
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After 30 days of the HF diet, the remaining two groups
of 10 mice were switched to either regular chow or regular
chow plus myriocin for a further 60 days. After both groups
were euthanized, fasted plasma and liver tissues were col-
lected and aortas were removed and assessed for athero-
sclerotic lesion development (Fig. 1). Mice were also
weighed at the start of the study and at the time of death.
All three groups of mice gained weight during the study
(Fig. 2). A significant weight gain was also detected when
the mice fed the HF diet for 30 days (group I) were
compared with mice receiving regular chow (group II) or
regular chow plus myriocin (group III) (Fig. 2). The aver-
age weight of mice receiving myriocin (group III) was
4.9% lower than that of control mice (group II) at the time
of death (30.41 6 0.56 g vs. 31.96 6 0.29 g; P 5 0.031),
indicating that oral myriocin treatment had a minor im-
pact on weight gain. This is consistent with previous re-
ports indicating that myriocin is well tolerated by apoE2/2

mice (23–25, 31).
Fasted plasma lipid and glucose data for all three groups

of mice are presented in Table 1. The mice that were
switched from the HF diet to regular chow for 60 days
exhibited a significant 15% decrease in plasma cholesterol
and a significant 58% increase in plasma phosphatidyl-
choline. No significant changes in TG, SM, GSL, or glu-
cose levels were detected between group I and group II
mice (Table 1). The presence of myriocin in the diet dra-
matically altered the plasma lipid profile. Most notably,
compared with the mice switched to regular chow alone,
the myriocin-treated group showed significant decreases
in cholesterol, TG, SM, and GSL concentrations (57, 18,
54, and 21%, respectively). In the case of cholesterol and
SM, the myriocin-treated group also exhibited lower levels
than measured in the “baseline” group of mice euthanized
directly after 30 days on the HF diet. The reductions in
cholesterol, TG, and SM induced by myriocin in the reg-

ular chow diet are in general agreement with previous data
demonstrating reductions in these lipids when myriocin
was given as a component of a HF diet (23, 31). The dem-
onstration that oral delivery of myriocin also significantly
reduced plasma GSL levels confirms and extends our re-
cent work showing that intraperitoneally administered
myriocin reduces plasma GSL levels in apoE2/2 mice fed a
HF diet (25).

The primary aim of this study was to examine whether
myriocin could affect the further development of estab-
lished atherosclerotic lesions. When overall lesion sever-
ity was assessed by combining the morphometric data
derived from the three aortic sites in each mouse (see
Materials and Methods), there was a significant advance-
ment of lesion severity when mice with established lesions
were fed regular chow for a further 60 days (Fig. 3A).
Myriocin treatment did not completely halt the progres-
sion of atherosclerosis over this time; however, the in-
crease in relative lesion area observed in mice fed regular
chow for 60 days was inhibited by 60% with oral myriocin
treatment (Fig. 3A). The site-specific action of myriocin
was also examined in the mice fed regular chow for 60 days
compared with the myriocin-treated group, and it was
clear that the greatest effects of the drug were observed in
the abdominal aorta (Fig. 3B). When the data for the arch
and sinus were analyzed alone, a nonsignificant trend for
reduced lesion severity with myriocin treatment was ob-
served (Fig. 3B). This analysis indicates that the significant
inhibition of lesion progression observed overall (Fig. 3A)
was primarily influenced by the inhibition of atheroscle-
rosis in the abdominal aorta. The propensity for myriocin
action to be more pronounced at the distal aortic sites is
also consistent with our previous data showing that intra-
peritoneal administration of myriocin predominantly in-
hibits atherosclerosis in the abdominal aorta (25).

Previous data indicate that myriocin (0–3 mg/kg/day
administered as diet admix) reduces hepatic SM levels
by ?50% and also (0–3 mg/kg/day administered by oral
gavage for 5 days) induces hepatic apoA-I mRNA expres-
sion in apoE2/2 mice (23, 31). To examine whether similar
changes occurred in the liver under our present experi-
mental conditions, we investigated the impact of myriocin
treatment on liver SM as well as the major hepatic stor-
age lipids cholesterol and TG. In addition, hepatic apoA-I
expression at both the mRNA and protein levels was also
assessed. Myriocin treatment (group III compared with
group II) reduced hepatic SM concentration by 39%
(Fig. 4), confirming that the potent serine palmitoyl trans-
ferase inhibitor was active in vivo. In addition, statistically
significant reductions in hepatic cholesterol (10%) and TG
(30%) concentrations were also observed in the myriocin-
treated mice compared with the control animals (group III
versus group II) (Fig. 4). The cholesteryl ester fraction
accounted for a minor proportion of total liver choles-
terol and was also reduced significantly with myriocin treat-
ment (Fig. 4). These data indicate that myriocin modulates
hepatic lipid homeostasis and suggest that this is likely to
make an important contribution to the antiatherogenic ac-
tivity of this compound.

Fig. 2. Total body weight of mice. ApoE2/2 mice were fed a high-
fat diet for 30 days (GI) and then switched to regular chow (GII) or
regular chow containing myriocin (0–3 mg/kg/day) (GIII) for a
further 60 days. Body weight was measured at 0 days (0 d) when
all mice were 2 months old and at the time of death, 30 days (30 d)
for GI and 90 days (90 d) for GII and GIII. * P , 0.05, ** P , 0.01,
*** P , 0.0001, assessed by Student’s t -test.
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We also examined the impact of myriocin on the ex-
pression of hepatic genes known to regulate lipoprotein
metabolism. For this analysis, we focused on apoB, ABCA1,
and apoA-I. Hepatic apoA-I mRNA expression was in-

creased significantly (2.6-fold) by myriocin, whereas apoB
and ABCA1 mRNA levels were unaltered (Fig. 5A). To
confirm that the myriocin-induced upregulation of apoA-I
gene expression translated to the protein level, liver and
plasma apoA-I levels were analyzed by Western blotting.
The data indicate that both hepatic and plasma apoA-I
concentrations were increased significantly (45% and 38%,
respectively) in the myriocin-treated mice (group III) com-
pared with the control group (group II) (Fig. 5B, C). These
data suggest that under our experimental conditions, at

Fig. 3. Morphometric analysis of atherosclerotic lesions. A:
ApoE2/2 mice were fed a high-fat diet for 30 days. A control
group of 10 mice was euthanized at 30 days, and baseline lesion
areas for the sinus, arch, and celiac branch point were established
and assigned a value of 1.0 (GrpI). Two replicate groups of 10 mice
were placed on a regular chow diet for 60 days (GrpII) or regular
chow plus myriocin (0–3 mg/kg/day) for 60 days (GrpIII). B:
Relative lesion areas were also analyzed site-specifically for groups
II and III to determine whether myriocin affects lesion progression
uniformly (within the proximal and distal aorta). Group II lesion
areas for each site were assigned a value of 100% and are
represented by the horizontal line. The SEM values associated
with each of the group II 100% values were 4.6, 10.8, and 10.3% for
sinus, arch, and celiac, respectively. Data shown are means 6 SEM.
* P , 0.05, ** P , 0.01, assessed by Mann-Whitney U test.

TABLE 1. Plasma lipid and glucose concentrations

Group Total Cholesterol Triglyceride Phosphatidylcholine Sphingomyelin Glycosphingolipid Glucose

mM lM mM

Group I, baseline (n 5 9) 20.9 6 0.42 0.82 6 0.05 2.04 6 0.07 1.26 6 0.09 16.6 6 1.5 7.37 6 0.28
Group II, control (n 5 10) 17.8 6 1.03 0.95 6 0.05 3.24 6 0.21 1.44 6 0.11 20.0 6 1.4 7.69 6 0.34
P (group I vs. group II) 0.017 NS ,0.0001 NS NS NS
Group III, myriocin (n 5 10) 7.64 6 0.41 0.78 6 0.04 2.87 6 0.16 0.66 6 0.04 15.9 6 0.7 8.02 6 0.36
P (group II vs. group III) ,0.0001 0.03 NS ,0.0001 0.014 NS
P (group I vs. group III) ,0.0001 NS 0.0002 0.0003 NS NS

Apolipoprotein E gene knockout mice were fed a high-fat diet for 30 days. A control group of 10 mice was euthanized at 30 days (group I). Two
replicate groups of 10 mice were placed on a regular chow diet for 60 days (group II) or regular chow plus myriocin to yield a dose of 0.3 mg/kg/day
for 60 days (group III), and fasted plasma lipids and glucose were determined for all groups as described in Materials and Methods. Data shown are
means 6 SEM. Significance was assessed by Student’s t -test.

Fig. 4. Liver lipid analysis. ApoE2/2 mice were fed a high-fat diet
for 30 days (Grp I) and then switched to regular chow (Grp II) or
regular chow containing myriocin (0–3 mg/kg/day) (Grp III) for
a further 60 days. Hepatic sphingomyelin (SM; A), unesterified
cholesterol (Chol.; B), cholesteryl ester (CE; C), and triglyceride
(TG; D) contents were analyzed as described in Materials and
Methods, and all lipids are expressed as mmol/g liver wet weight.
Data shown are means 6 SEM. ** P , 0.01, *** P , 0.0001
(group III vs. group I); # P , 0.05, ## P , 0.01, ### P , 0.0001
(group III vs. group II), assessed by Student’s t -test.
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least part of the antiatherogenic effect of myriocin is related
to increased hepatic apoA-I production.

DISCUSSION

Hypercholesterolemia is a major risk factor for athero-
sclerosis, and it is clear that HMG-CoA reductase inhibi-
tors (statins) effectively decrease serum total cholesterol
and LDL-cholesterol and reduce cardiovascular morbidity
and mortality (32). However, it is known that a significant
number of patients are either resistant to or intolerant of
statins, and with recent guidelines for LDL-cholesterol
levels to be reduced to ,2 mM, it has been reported that
,50% of patients treated with statins achieve their targets
(33). To address this problem, statin combination ther-
apies are under investigation, for example using the
cholesterol absorption inhibitor ezetimibe (33). An under-
lying tenet of our current work is that, as an adjunct to
statin therapy, approaches targeting proatherogenic path-
ways that are not specifically aimed at reducing choles-
terol synthesis or absorption may result in a two-pronged
approach to treat atherosclerosis. We and others have
proposed that therapeutic targeting of the sphingolipid
biosynthetic pathway represents a feasible approach to treat
atherosclerosis (see Ref. 22 and references cited therein).

Although myriocin has been shown to inhibit the
development of atherosclerosis in apoE2/2 mice when it

is administered before or concomitant with the onset of
lesion formation (23–25, 31), its ability to slow the pro-
gression of existing atherosclerosis (or to induce the
regression of lesion size) was unknown, and we show here
for the first time that whereas lesion progression was in-
hibited significantly, regression was not induced under
the present experimental conditions. We recognize that
myriocin treatment may have additional beneficial effects
on lesion composition that may not be detected by simply
measuring plaque area, such as in macrophage content at
the shoulder regions of the lesion cap or collagen com-
position (23, 31) (both parameters that may affect plaque
stability). However, in a preliminary analysis of macro-
phage and collagen content of lesions, we could not detect
a significant change in the myriocin-treated (group III)
versus the control (group II) group (E. Glaros, W. Kim,
and B. Garner, unpublished data). Interestingly, myriocin
inhibited the progression of atherosclerotic lesions effec-
tively only at the distal regions of the aorta. At present, the
reasons for this site-specific action are unclear; how-
ever, this may be a general phenomenon associated with
the pharmacological treatment of apoE2/2 mice, since
the antiatherogenic actions of other compounds, such as
vitamin E plus coenzyme Q10 (34) and probucol (35), are
also more potent at the distal lesion sites.

Our data indicate that modulation of hepatic and
plasma lipid metabolism may contribute to the anti-
atherogenic action of myriocin. The analysis of plasma
lipids highlights the fact that myriocin targets not only
SM and GSL synthesis but also decreases cholesterol and
TG levels in vivo. The finding that myriocin treatment
reduced cholesterol when mice consumed a regular chow
diet is noteworthy, as previous data showing that myriocin
reduced plasma cholesterol when mice were fed a HF diet
(23, 31) have been suggested to be at least partially at-
tributable to direct effects of myriocin on the gastrointes-
tinal absorption of the high levels of cholesterol present in
a HF diet (24). Our data indicate that the hypocholester-
olemic action of myriocin is in fact not dependent on a
high-cholesterol diet. The finding that myriocin signifi-
cantly increases hepatic and plasma apoA-I levels in the
present study is consistent with the suggestion that in-
creased plasma HDL concentration also contributes to the
antiatherogenic actions of this compound when animals
are fed a HF diet (31).

Although there is increasing evidence that myriocin in-
duces favorable changes in plasma lipid profile, the domi-
nant mechanism(s) by which myriocin inhibits both the
development of atherosclerosis (23–25) and the progres-
sion of established atherosclerosis (as shown here) is still
not entirely clear, as the levels of several classes of poten-
tially atherogenic sphingolipids (including SM, GSLs, and
sphingosine-1-phosphate) are affected (22–25). When
myriocin is administered orally, reductions in plasma cho-
lesterol may contribute to atherosclerosis inhibition;
however, cholesterol reductions are not crucial for anti-
atherogenic activity, as intraperitoneal administration of
myriocin clearly inhibits lesion formation without any sig-
nificant effect on plasma cholesterol levels. The relative

Fig. 5. Analysis of hepatic gene expression and plasma and he-
patic apoA-I expression. ApoE2/2 mice were fed a high-fat diet for
30 days (Grp I) and then switched to regular chow (Grp II) or
regular chow containing myriocin (0–3 mg/kg/day) (Grp III) for a
further 60 days. A: Hepatic apoB (black bars), ABCA1 (white bars),
and apoA-I (gray bars) mRNA expression was assessed by quantita-
tive real-time PCR, and data are expressed relative to group I values.
B, C: Hepatic (black bars) and plasma (white bars) apoA-I protein
expression was analyzed by Western blotting, and signal intensity
of the apoA-I bands was quantified by ImageJ software. Data are
expressed relative to group I values. Data shown are means 6 SEM
and are derived from a subset of four mice selected at random
from each group. * P , 0.05, ** P , 0.01, *** P , 0.0001 (group III
or group II vs. group I), assessed by Student’s t -test.
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contributions that myriocin-induced reductions in SM and
GSL levels make in the inhibition of atherosclerosis are
also not clear, as both the intraperitoneal and oral delivery
routes significantly reduce levels of both sphingolipids. The
development of more selective compounds to specifically
target these sphingolipids will help resolve this issue (22).
Potentially relevant to this idea, the GSL synthesis inhibitor
N -butyl deoxynojirimycin may provide further informa-
tion in the apoE2/2 atherosclerosis model. One potential
problem with this compound, however, is that it may also
inhibit the N -glycan-processing enzymes a-glucosidases I
and II and through this action enhance macrophage class A
macrophage scavenger receptor expression (which would
be predicted to be proatherogenic) (36).

We previously showed that the GSL synthesis inhibitor
1-phenyl-2-decanoylamino-3-morpholino-1-propanol in-
duces ABCA1 transcription and promotes apoA-I-mediated
cholesterol efflux from human fibroblasts and macro-
phages. A major effect of myriocin on ABCA1 transcription
seems unlikely in the present in vivo setting, as hepatic
ABCA1 mRNA levels were not altered under conditions that
reduced SM synthesis by 40%. In preliminary in vitro ex-
periments, we found that apoA-I-mediated cholesterol
efflux was stimulated by 30% from human fibroblasts and
by 23% from murine macrophages (E. Glaros, W. Kim,
and B. Garner, unpublished data); therefore, a subtle effect
of myriocin on aspects of the reverse cholesterol trans-
port pathway that remain to be defined cannot be ruled
out entirely.

In summary, we have shown that myriocin inhibits the
progression of established atherosclerosis in apoE2/2 mice
and that the antiatherogenic effect is more pronounced
in the abdominal aorta than at the sinus and arch. This
antiatherogenic activity was associated with significant re-
ductions in the concentrations of plasma cholesterol, TG,
SM, and GSL levels and significant increases in plasma and
hepatic apoA-I levels. Although previous data indicated that
lesion development can be inhibited by up to 93% in
apoE2/2 mice (using the same dose and administration
route we used here) (23), this highly efficacious agent does
not appear to promote the regression of established lesions
within the time frame we studied. Whether coadministra-
tion of myriocin and a statin would stimulate lesion regres-
sion in apoE2/2 mice remains to be determined.

This work was supported by the National Heart Foundation of
Australia and the Australian National Health and Medical
Research Council.
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