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Abstract The apolipoprotein E gene knockout (apoE~/")
mouse develops atherosclerosis that shares many features
of human atherosclerosis. Increased levels of glycosphin-
golipid (GSL) have been reported in human atherosclerotic
lesions; however, GSL levels have not been studied in the
apoE~/~ mouse. Here we used HPLC methods to analyze
serum and aortic GSL levels in apoE~/~ and C57BL/6] con-
trol mice. The concentrations of glucosyl ceramide (GlcCer),
lactosyl ceramide (LacCer), GalNAcf1-4Gal31-4Glc-Cer
(GA2), and ceramide trihexoside (CTH) were increased by
approximately 7-fold in the apoE~/~ mouse serum compared
with controls. The major serum ganglioside, N-glycolyl
GalNAcpB14[NeuNAco2-3]1Gal14Glc-Cer (N-glycolyl GM2),
was increased in concentration by approximately 3-fold. A re-
distribution of GSLs from HDL to VLDL populations was also
observed in the apoE~/~ mice. These changes were accompa-
nied by an increase in the levels of GSLs in the aortic sinus and
arch of the apoE~/~ mice. The spectrum of gangliosides
present in the aortic tissues was more complex than that found
in the lipoproteins, with the latter represented almost entirely
by N-glycolyl GM2 and the former comprised of NeuNAca2-
3Gal14Glc-Cer (GM3), GM2, Nglycolyl GM2, GM1, GD3,
and GD1a.HR In conclusion, neutral GSL and ganglioside lev-
els were increased in the serum and aortae of apoE~/~ mice
compared with controls, and this was associated with a prefer-
ential redistribution of GSL to the proatherogenic lipoprotein
populations. The apoE~/~ mouse therefore represents a use-
ful model to study the potential role of GSL metabolism in
atherogenesis.—Garner, B., D. A. Priestman, R. Stocker, D. J.
Harvey, T. D. Butters, and F. M. Platt. Increased glycosphin-
golipid levels in serum and aortae of apolipoprotein E gene
knockout mice. J. Lipid Res. 2002. 43: 205-214.
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The development of the apoE gene knockout (apoE~/")
mouse has provided a widely used animal model of
human atherosclerosis (1). The apoE™/~ mouse sponta-
neously develops hypercholesterolemia on a standard
chow diet, and this is associated with a striking increase
in cholesterol-rich, BVLDL-like, remnant lipoproteins
and a decreased concentration of HDL (2, 3). The mor-
phology of atherosclerotic lesions that develop at specific
sites of the apoE™/~ mouse aorta has also been studied in

detail and found to share similarities with human athero-
sclerosis at all stages of lesion development (4-6). At 3
weeks of age, signs of lesion development (lipid retention)
are detectable in the intimal layer of the aortic arch, and by
5 months of age, foam cells accumulate in the aortic sinus
and fatty streaks are present in the proximal aorta (3-6).
After 9 months, complex atherosclerotic lesions with fi-
brous caps develop and the lesion size, as well as the rate of
formation, is exacerbated when the apoE~/~ mouse is fed a
high fat diet (0.15% cholesterol and 21% fat) (4, 5).

In addition to the morphological similarities of athero-
sclerotic lesions in the apoE’/ ~ mouse and humans, sev-
eral pathophysiological processes thought to contribute to
atherosclerosis in humans also occur in the apoE™/~
mouse. These include infiltration of CD4* T cells into the
artery wall (7) and the partial oxidation of plasma lipo-
proteins and artery wall components (8—10). Inter-crossing
of apoE_/_ mice with P-selectin-deficient mice, immuno-
deficient (scid/scid) mice, or mice containing the osteo-
petrotic (op) mutation in the macrophage colony stimulat-
ing factor gene has been used to reveal the potential pro-
atherogenic roles of P-selectin, CD4+ T cells, and mac-
rophages, respectively, in lesion development (11-13).
The apoE™/~ mouse also provides a model to assess phar-
maceutical and dietary interventions that could be poten-
tially anti-atherogenic in humans (1, 14, 15).

Abbreviations: apoE~/~, apolipoprotein E gene knockout; 2-AB, 2-
aminobenzamide; CTH, ceramide trihexoside Gala1-4GalB1-4Glc-Cer;
GA2, GalNAcB1-4GalB14Glc-Cer; GDla, NeuNAca2-3GalB1-3GalNAcB 14
[NeuNAca2-3]1GalB1-4Glc-Cer; GD3, NeuNAca2-8NeuNAca2-3GalB1-
4Glc-Cer; gGM2, GalNAcB1-4[NeuNGca2-3] GalB1-4Glc-Cer; GlcCer, glu-
cosyl ceramide; GMI1, GalB1-3GalNAcB14[NeuNAca2-3]GalB31-4Glc-Cer;
GM2, GalNAcB14[NeuNAca2-3] GalB1-4Glc-Cer; GM3, NeuNAca2-
3GalB1-4Glc-Cer; GSL, glycosphingolipid; G.U., glucose unit; HPTLC,
high performance thin layer chromatography; LacCer, lactosyl ceramide
GalB1-4Glc-Cer; MALDI-CID, matrix-assisted laser desorption-collision in-
duced dissociation; MS, mass spectrometry; NP-HPLC, normal phase
high-performance liquid chromatography; Q-Tof, quadrupole-time-of-
flight; TC, total cholesterol.
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Glycosphingolipid (GSL) metabolism represents another
potential contributing factor in human atherosclerosis that
has not been studied in a relevant mouse model. The plasma
GSLs are based on the glucosyl ceramide (GlcCer) core
structure (16), reflecting their site of synthesis in the liver
(17). In humans, more than 90% of plasma GSLs are trans-
ported in lipoproteins, with approximately 66% associated
with LDL (18). Although GSL exchange between LDL and
HDL has been observed in vitro (19), the factors that may
regulate such transfers in plasma remain unknown. It is well
recognized that both neutral GSLs and gangliosides accumu-
late in human atherosclerotic tissue and that there is a posi-
tive correlation between plasma cholesterol and GSL con-
centrations in humans (20-29). Several hypotheses have
been proposed to account for a direct proatherogenic ef-
fect of specific GSLs. Lactosyl ceramide (LacCer) induces
smooth muscle cell proliferation in vitro (30), and other
studies show that ganglioside NeuNAca2-3GalB31-4Glc-Cer
(GM3) can markedly accelerate LDL uptake by macro-
phages, leading to the generation of lipid-laden foam cells
(31). A recent study has revealed an important role for GM3
and GD3 in the adhesion of platelets to sites of atheroscle-
rotic lesion formation (32). In general terms, both neutral
and acidic GSLs could have myriad effects related to athero-
genesis, including regulation of cellular signaling (33), acti-
vation (34), recognition (35), glucose metabolism (36), dif-
ferentiation (37), fibrinolytic activity (38), phagocytosis (39),
nitric oxide production (40), surface expression of GPI-
anchored proteins (41), and response to growth factors (42).

Although many of the biological activities of GSLs
could play a role in atherogenesis, lack of a suitable ani-
mal model has restricted the investigation of these path-
ways in vivo. The present work examined whether the
apoE™/~ mouse exhibits any of the changes in GSL levels
that are associated with human atherosclerosis, with the
aim of assessing the potential utility of this animal model
for investigating the role of GSLs in atherogenesis.

MATERIALS AND METHODS

Materials

Acetonitrile (chromosolv) and hexane were from Riedel-de
Haen (Haen, Germany). Methanol, chloroform, and KBr were
from BDH (Poole, UK). Acetone was from Fisher Chemicals
(Loughborough, UK). Phosphate buffered saline was prepared
using Oxoid (Basingstoke, UK) tablets. Ceramide glycanase
(E.C. 3.2.1.123) was from Calbiochem (La Jolla, CA).

Animals and diet

C57BL/6] mice and homozygous apoE ™/~ mice (kindly pro-
vided by Peter Carmeliet, Katolieke Universiteit Leuven, Bel-
gium) were fed a standard chow diet (RM1 diet, Special Diet Ser-
vices, Witham, UK) ad libitum for 26 weeks. Serum samples were
then collected and the hearts and arterial trees carefully dis-
sected as described previously (10) under a Zeiss Stemi 2000 dis-
secting microscope (Carl Zeiss, Munich, Germany). Gross lesion
formation was assessed by microscopic examination of the intact
formalin-fixed proximal aorta and sections of the aortic sinus.
Images were digitally captured using an Axioscop-2 plus micro-
scope and Axiovision software (Carl Zeiss). The presence of ath-
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erosclerosis in the aortic sinus was determined in tissue sections
stained with Weigert’s hematoxylin-van Gieson’s stain (43).

Isolation of lipoprotein fractions

Murine lipoprotein fractions were isolated by density ultracen-
trifugation, essentially as described previously (44). Briefly, serum
samples were pooled from two mice for each lipoprotein prepara-
tion, and 1 ml of each of the pooled samples was adjusted to a den-
sity of 1.24 g/ml with KBr. The lipoprotein fractions were then sepa-
rated by density ultracentrifugation (417,000 g 4 h, 15°C) using a
TL-100 bench-top ultracentrifuge with a TLA-100.4 rotor (Beck-
man, Palo Alto, CA) (45). As mouse serum contains a low concen-
tration of carotenoids, the lipoprotein bands are difficult to localize
after ultracentrifugation. The positions of the murine HDL, LDL/
IDL, and VLDL fractions were, therefore, estimated by comparison
with human plasma samples that were treated in parallel. Because
the apoE™/~ mouse serum contains a continuum of particles in
the LDL/IDL density range (3, 44), these fractions were pooled
in the present study. The following volumes were collected from
each of the 5 ml centrifuge tubes, beginning from the top of the
tube: 1.0 ml (VLDL), 1.5 ml (LDL/IDL), 0.3 ml (discarded), 1.0 ml
(HDL), and the remaining fraction in the bottom of the tube (1.2
ml) was discarded. Using this approach, approximately 90% of the
serum cholesterol was recovered in the lipoprotein fractions.

The cholesterol and triglyceride concentrations of the serum
samples and the isolated lipoprotein fractions were determined
by enzymatic methods using Randox assay kits (Randox Crum-
lin, Antrim, UK).

Analysis of serum and lipoprotein GSL concentrations

Forty microliters of serum or lipoprotein fraction was ex-
tracted in 4 ml chloroform-methanol (2:1, v/v) by 15 s vigorous
shaking in a glass tube followed by 15 min sonication in a water
bath at 22°C. The samples were then placed on ice for approxi-
mately 2 min and subsequently centrifuged at 4000 rpm for 10
min at 4°C in a Beckman Allegra 6R centrifuge. The supernatant
(3.6 ml) was removed and evaporated to dryness under vacuum
(Howe, GyroVap). The crude lipid fraction was redissolved in
200 pl chloroform and passed over a silicic acid column pre-
pared by adding 1 ml of silicic acid-chloroform suspension
(10%, w/v) to a plastic cartridge containing a frit at the outlet.
The lipid fractions were eluted from the column in the following
order: 5 ml chloroform was used to elute neutral lipids (predom-
inantly cholesteryl esters and triglycerides); 1.8 ml of methanol-
acetone (1:9, v/v) was then used to elute neutral glycolipids
(predominantly LacCer and GlcCer); and the ganglioside frac-
tion (predominantly GM2) was eluted with 1.8 ml methanol.
The neutral and ganglioside fractions were evaporated to dry-
ness under vacuum and redissolved in 50 pl of 50 mM sodium
actetate buffer (pH 5) containing 1 mg/ml sodium cholate and
0.1 units ceramide glycanase. The mixtures were then incubated
in a sterile atmosphere at 37°C for 18 h to release the carbohy-
drate moiety from ceramide (46), passed over an Oasis HLB car-
tridge (Waters), fluorescently labeled with 2-aminobenzamide
(2-AB) (47), and analyzed by normal phase high-performance
liquid chromatography (NP-HPLC) as described below. The in-
cubation conditions have been previously optimized for com-
plete GSL hydrolysis as assessed by thin layer chromatography
and scanning densitometry (46). The quantification of GSLs was
achieved by comparison with a commercial GM3 standard
(Sigma) and was accurate over a linear range from 1 pmol to at
least 10 wmol. Recovery of exogenously added GM3 to serum
samples was assessed in three experiments and found to be 75 *
10% (mean * SE). In the case of serum GlcCer analysis, free
glucose was found to interfere with the HPLC assay. Conse-
quently, the serum samples were pooled (up to five mice to give
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a sample volume of 0.5 ml), and the isolated GSLs analyzed by
high-performance thin layer chromatography (HPTLC). Briefly,
samples were dissolved in 5 pl chloroform-methanol (2:1, v/v)
and loaded on Silica Gel 60 HPTLC plates (Merck, Damstadyt,
Germany) with GlcCer, LacCer, ceramide trihexoside (CTH),
and globoside run in parallel lanes (Matreya, Pleasant Gap, PA).
The samples were then separated in chloroform-methanol-water
(65:25:4, v/v/v) until the solvent front reached the top of the
plate. The plates were air-dried and GSLs visualized by spraying
with 0.2% (v/v) orcinol in 1 M sulphuric acid, followed by drying
for 10 min at 80°C. The plates were scanned and GlcCer was
quantified densitometrically (NIH Image 1.62 software).

Measurement of aortic GSL concentrations

Sections of the aortic sinus (sectioned either side of the aortic
valve and carefully trimmed of cardiac muscle) and proximal
aorta (dissected from the aortic root to just past the left subclavian
artery before the first single intercostal artery) were weighed, then
extracted in chloroform-methanol as follows. Aorta samples
were freeze-dried overnight, then chopped finely with bow-
spring scissors in 50 Wl chloroform-methanol (2:1, v/v). The scis-

sors were then rinsed with 150 pl chloroform-methanol that was
added to the solvent extract. The samples were then sonicated in
a water bath for 3 h prior to centrifugation at 10,000 gfor 5 min.
The supernatant was retained and the pellet re-extracted for 2 h
on a vibrating shaker. The samples were centrifuged as above,
the supernatants were pooled and then dried under a stream of
nitrogen. The dried samples were then resuspended in 0.5 ml
chloroform, and the lipid fractions were separated by silicic acid
column chromatography as described above. The isolated neu-
tral and ganglioside fractions were then subjected to ceramide
glycanase treatment, and the recovered glycans were labeled
with 2-AB and analyzed by NP-HPLC as described below.

Analysis of 2-AB labeled glycans by NP-HPLC

HPLC separations were performed on a 0.46 X 25 cm Glycosep-
N chromatography column (Oxford GlycoSciences) using low-salt
conditions, and structures were assigned to the glycans based on
their elution positions [converted to glucose unit (G.U.) values] as
compared with known G.U. values for previously characterized gly-
cans (29, 47, 48). A compound isolated from apoE =/~ mouse aor-
tae (and eluting from the NP-HPLC column very close to the car-

Fig. 1. Gross morphology of proximal aortae. C57BL/6] (A and B) and apolipoprotein E gene knockout (apoE /) (C and D) mice were
maintained on a normal chow diet for 6 months, after which their hearts and aortae were perfusion-fixed with formalin, dissected, and pho-
tographed under a dissecting microscope (original magnification 6.5X). The presence of atherosclerotic lesions (whitish plaques) are
clearly observed at the inner curvature of the aorta and the branch points in the apoE ™/~ mice (C and D).

Garner et al.
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bohydrate moiety of glycolyl GM2 but with a G.U. value of 3.77)
appeared to be the carbohydrate moiety of the lactone form of gly-
colyl GM2, based on its co-elution with synthetic N-glycolyl GM2
lactone. The latter compound was generated by treating purified
glycolyl GM2 (derived from apoE~/~ serum) with 1 N acetic acid
for 4 days at 22°C according to an established method (49). We
were unable to recover sufficient material from the aortic tissues to
conduct structural analysis by mass spectrometry (MS). Lactoniza-
tion of gangliosides has been proven to occur in vivo (50).

Analysis of 2-AB-labeled glycans by matrix-assisted
laser desorption-collision induced dissociation MS

A fragmentation spectrum of 2-AB-labeled GM2 was obtained
with a tandem quadrupole-time-of-flight (Q-Tof) mass spectrom-
eter fitted with an experimental matrix-assisted laser desorption
ion (MALDI) source (51) [Micromass (UK) Ltd, Manchester].
The sample, in 1 pl of water, was mixed with 2,5-dihydroxyben-
zoic acid (0.9 pl of a saturated solution in acetonitrile) on the
MALDI probe and allowed to dry. The probe was introduced
into the ion source of the mass spectrometer via a vacuum lock
and the laser was fired at 20 Hz. Signals were accumulated for 5 s
for each spectrum, and positive ion spectra were accumulated
until a satisfactory signal-noise ratio was obtained. For MS/MS
collision induced dissociation (CID) spectra, the precursor ion
([IM+H]*) was selected with a mass window of about 3 Da,
argon was used as the collision gas, and the collision energy was
set to record fragments across the entire mass range.

Statistical analysis

Statistical significance was determined using the 2-tailed #test
for unpaired data. A Pvalue of <0.05 was considered significant.

RESULTS

Confirmation of the presence of atherosclerotic
lesions in apoE~/~ mice

Previous studies have shown that apoE~/~ mice develop
atherosclerotic lesions in the proximal aorta and aortic sinus

Fig. 2. Cross-section of the aortic root of an apoE~/~ mouse
heart. A section of the aortic root of a 6-month-old apoE ™/~ mouse
heart stained with Weigert’s hematoxylin-van Gieson’s stain is
shown (original magnification 10X). Lipid deposits and cholesterol
crystals are present in the intima (indicated by arrows).
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after 5 months on a normal chow diet (3). We confirmed the
presence of atherosclerotic disease in the present study of
6-month-old apoE~/~ mice. Figure 1 shows that atheroscler-
sotic lesions were visible at the inner curvature of the aortic
arch and at the principal branches of the aorta in the
apoE’/ ~ mice but not in C57BL/6] wild-type mice. The le-
sions were macroscopically visible after tissue fixation, even
without histological staining. The presence of atherosclerosis
in the aortic root was also confirmed by histological examina-
tion of three apoE ™/~ mice. Figure 2 illustrates a marked in-
timal lipid accumulation in the aortic sinus, again confirm-
ing earlier studies (3). Having confirmed the presence of
atherosclerotic disease in the apoE_/ ~ mice, we conducted a
detailed examination of the GSLs present in the sera and
aortae of apoE_/ ~and C57BL/6] mice.

Serum GSL, cholesterol, and triglyceride concentrations
A novel technique was used to determine serum GSL
composition and concentration. This procedure was based
on the enzymatic removal of the ceramide moieties of
GSLs followed by HPLC separation of the remaining fluo-
rescently labeled glycan moieties (48). The method is
ideal for mouse studies, as only 40 ul of serum is required
for GSL analysis. Three prominent neutral GSLs were ana-
lyzed in mouse serum. These were identified as LacCer,
GA2, and CTH by comparison of the G.U. values of their
respective glycans with those of known standards and pre-
viously characterized GSLs derived from mouse liver and
human plasma (Fig. 3). GlcCer is also present in mouse
serum; however, due to contamination of the samples with
glucose, reliable measurements of this GSL could not be
achieved using the HPLC method. Serum GlcCer was,
therefore, analyzed by HPTLC (Fig. 4). Analysis of the
ganglioside fraction of murine serum revealed a single
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Fig. 3. HPLC analysis of neutral glycosphingolipids (GSL) iso-
lated from mouse serum. GSLs were isolated by solvent extraction,
and the glycan portion was released by ceramide glycanase treat-
ment. The released glycan pool was then 2-aminobenzamide (2-AB)
labeled and analyzed by normal phase HPLC (NP-HPLC). The ma-
jor neutral GSLs were identified as lactosyl ceramide Galp1-4Glc-
Cer (LacCer), GalNAcB1-4GalB1-4Glc-Cer (GA2), and ceramide
trihexoside Galal-4GalpB1-4Glc-Cer (CTH). GSL profiles of repre-
sentative C57BL/6] wild-type control (A) and apoE~/~ (B) mice
are shown. The asterisks indicate unidentified compounds.
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Fig. 4. HPTLC analysis of neutral GSLs isolated from pooled
mouse sera. GSLs were isolated by solvent extraction from 500 wl of
pooled mouse serum, separated on Silica Gel-60 HPTLC plates,
and visualized by orcinol staining. Lane A: C57BL/6] control mice;
lane B: apoE ™/~ mice; lane C: GSL standards are indicated.

dominant glycan species with a G.U. value of 3.67 (Fig. 5).
The structure of this glycan was determined by MALDI-
MS/MS to be GalNAcB14[NeuNGca2-3]GalB1-4Glc (Fig. 6),
indicating that the predominant murine serum ganglio-
side is GM2 containing N-glycolyl neuraminic acid. The
presence of N-glycolylneuraminic acid was revealed by the
loss of 307 mass units from the ions at m/2973.5 and 770.4
(Fig. 6). Nacetylneuraminic acid would have produced
losses of 291 mass units.

There were no differences in the spectra of either neu-
tral GSLs or gangliosides present when the apoE ™/~ sam-
ples were compared with those from the C57BL/6] mice;
however, serum GSL concentrations were increased in the
apoE™/~ mice (Figs. 3 and 5, compare chromatograms A
and B). Serum GSL, cholesterol, and triglyceride concen-
trations in apoE’/ ~ and C57BL/6] mice are summarized
in Table 1. Cholesterol and triglyceride levels were signifi-
cantly higher in the apoE_/_ mice, in accordance with
previous work (3). For the first time, we show that both
the neutral GSL and ganglioside levels were also signifi-
cantly higher in sera derived from the apoE™/~ as com-
pared with the C57BL/6] mice (Table 1). The higher ratio
of ganglioside to neutral GSL and the absolute amounts
of GSLs detected in the normal mice are in general agree-
ment with studies conducted in mice and humans (18,

52-54).

Analysis of GSL fractional concentration
in the major lipoprotein classes

The apoE’/ ~ mouse displays a serum lipoprotein phe-
notype characterized by a redistribution of cholesterol

Garner et al.
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Fig. 5. HPLC analysis of gangliosides isolated from mouse serum.
Gangliosides were isolated by solvent extraction, and the glycan
portion was released by ceramide glycanase treatment. The re-
leased glycan pool was then 2-AB labeled and analyzed by NP-
HPLC. The major ganglioside present was identified as GalNAcp1-
4[NeuNGca2-3]Gal1-4Glc-Cer (glycolyl GM2). Ganglioside pro-
files of representative C57BL/6] wild-type control (A) and apoE =/~
(B) mice are shown.

from the HDL to the LDL, IDL, and VLDL fractions (3,
44). The increased plasma concentrations of cholesterol-
rich, BVLDL-like particles are thought to be particularly
atherogenic (3). Figure 7 shows that in the apoE~/~
mouse, approximately 90% of serum cholesterol is trans-
ported in the LDL, IDL, and VLDL fractions compared
with approximately 24% of serum cholesterol in the
C57BL/6] mouse. Figure 7 also shows that the fractional
distribution of the GSLs throughout the lipoprotein classes
is dramatically altered in the apoE ™/~ mouse where, collec-
tively, approximately 80% of the major neutral and
charged GSLs (LacCer and glycolyl GM2, respectively) are
transported in the “pro-atherogenic” LDL, IDL, and
VLDL fractions. Overall, the greatest change in the frac-
tional distribution of GSLs in the different lipoprotein
classes that we have isolated was a redistribution of both
LacCer and glycolyl GM2 from HDL to VLDL (Fig. 7).

Analysis of GSL composition in aortic sinus and arch

In a final series of experiments, the neutral and acidic
GSL composition of the aortic sinus and arch of both the
apoE~/~ and C57BL/6] mice was examined. The predomi-
nant neutral GSLs present were GlcCer and LacCer (Fig. 8).
The ganglioside HPLC profiles were more complex, and we
were able to identify six of the glycan moieties present (Fig.
9). The peak identified by the arrow in Fig. 9B co-eluted
with the lactone form of the carbohydrate moiety of glycolyl
GM2 (see Materials and Methods for further details). Be-
cause the lactone forms of GSL glycans are formed in vivo
(50), it is possible that this peak (and possibly some of the
other quantitatively minor peaks) represent the lactone
forms of the ganglioside carbohydrates. Table 2 indicates
that both the neutral GSLs and gangliosides accumulated in
the atherosclerostic lesions present in the aortic arch of the
apoE™/~ mouse. Although all of the values for LacCer were
higher in the apoFf/ ~ aortic arch samples, this was not sta-
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Fig. 6. Positive ion matrix-assisted laser desorption-collision induced dissociation (MALDI-CID) spectrum
of the [M+H]™* ion from the 2-AB derivative of GM2. The symbols above the arrows show the carbohydrate
residues lost to give the major fragment ions. Symbols are: GalNAc (closed diamond), galactose (open dia-
mond), glucose (open square), N-glycoylneuraminic acid (star). The presence of Nglycolylneuraminic acid

is indicated by the losses of 307 mass units from the ions at m/z 973.5 and 770.4.

tistically significant due to the large variation observed (Ta-
ble 2). The levels of neutral GSLs detected in the aortic
sinus did not appear to be significantly higher in the
apoE’/’ mice. In the case of the gangliosides, the data
are derived from the total of the areas under each of the
HPLC peaks. In both the aortic arch and sinus, ganglio-
side levels were significantly increased in the apoE~/~
mice (Table 2). When the increases in each of the known
gangliosides were considered independently, it was clear
that the largest increases were in glycolyl GM2 and GM1

TABLE 1. Concentrations of the major lipids and glycolipids
of C57BL/6] and apoE™/~ mouse serum

Analyte n C57BL/6] ApoE~/~ Fold+t
Cholesterol® 8 2.34 £ 0.12 13.69 = 1.41¢ 59
Triglyceride® 8 1.35 = 0.10 3.75 = 0.37¢ 2.8
GM2* 3 13.3 = 0.6 34.6 = 3.4¢ 2.6
GlcCerh* Pooled 3 38 12.7
LacCer?® 3 0.68 = 0.02 4.14 + 0.36¢ 6.1
GA2Y 3 0.21 £ 0.05 1.61 + 0.31/ 7.7
CTH? 3 0.06 = 0.01 0.55 = 0.10° 9.2

GM2, GalNAcB1-4[NeuNGca2-3]GalB1-4Glc-Cer; GlcCer, gluco-
syl ceramide; LacCer, lactosyl ceramide GalB1-4Glc-Cer; GAZ2,
GalNAcB1-4Galp1-4Glc-Cer; CTH, ceramide trihexoside Galal-
4GalB1-4Glc-Cer. Where indicated, data are means * SE, n = number
of mice. Statistical significance was determined using the Student’s +
test.

¢Values are mmol/1.

bValues are wmol/1.

“Pooled sera from five mice in each group determined by HPTLC.

4pP<0.001.

¢P<0.01.

/P <0.05.
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for both the aortic sinus and arch (Fig. 10). Interestingly,
the levels of GD3 were increased in the aortic sinus but
not in the arch (Fig. 10).

DISCUSSION

Our results show, for the first time, that serum GSL levels
are increased in the apoE™/~ mouse model of atheroscle-
rosis. The concentrations of neutral GSLs in C57BL/6]
mice are somewhat lower than those observed in humans
[e.g., LacCer concentrations of 1 uM and 5 uM, respec-
tively (52, 53)], whereas the levels of the major ganglio-
side species (glycolyl GM2 for the mouse and GM3 for the
human) are present at comparable concentrations (5 to
10 pM) (18, 54). In agreement with earlier work (54), we
found that murine serum contained one predominant
ganglioside, GM2 containing glycolyl neuraminic acid. In
the apoE’/ ~ mouse, the GSL levels were increased com-
pared with those in the C57BL/6] mice; however, there
were no qualitative differences in the GSL species identi-
fied. This is consistent with the idea that the increased
serum GSL concentration is due to increased hepatic syn-
thesis and not due to alterations in extra-hepatic tissue, as
has been observed in mice bearing tumors (54, 55).

The accumulation of the most abundant ganglioside,
GM3, in human atherosclerotic lesions is suggested to be
due to both the direct accumulation of LDL-derived GM3
and locally synthesized GM3 (25). A detailed analysis of
the fatty acid composition of GM3 derived from human
atherosclerotic intima revealed a high content of C22-24
acids that are virtually absent from plasma LDL (20), thus
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Fig. 7. Fractional distribution of cholesterol, GM2, and LacCer in
the major lipoprotein classes. The major lipoprotein classes were
isolated from murine serum by ultracentrifugation, and the choles-
terol content was analyzed enzymatically. GSLs were isolated by sol-
vent extraction, and their glycan moieties were released by cera-
mide glycanase treatment. The released glycan pool was then 2-AB
labeled and analyzed by NP-HPLC. The values shown represent the
fractional distribution of each of the analytes in the various lipopro-
tein classes. The LDL and IDL are represented as a single com-
bined fraction (see Materials and Methods for further details). The
data represent the mean * SE of three samples, where each sample
is derived from the pooled serum of two mice. Black bars represent
C5H7BL/6] control mice and the white bars the apoE ™/~ mice.

supporting the idea that local synthesis contributes to the
GSL levels found in human atherosclerotic plaque. Oxi-
dized LDL has been shown to stimulate GalT-2 transferase
activity and LacCer synthesis (56). It is possible that a pro-
portion of the newly synthesized LacCer in the vessel wall
might also serve as a precursor for the formation of gan-
gliosides in this tissue. Regardless of the origins of the ac-
cumulated GSLs in the vessel wall, in vitro studies imply
that the overall biological effect would be to promote ath-
erosclerosis, for example, by stimulating smooth muscle
cell proliferation in the case of LacCer and by stimulating
foam cell formation in the case of GM3 (30, 31).

Garner et al.
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Fig. 8. HPLC analysis of neutral GSLs isolated from mouse aor-
tae. GSLs were isolated by solvent extraction, and the glycan por-
tion was released by ceramide glycanase treatment. The released
glycan pool was then 2-AB labeled and analyzed by NP-HPLC. The
major GSLs present were identified as GlcCer and LacCer. Neutral
GSL profiles of the aortic sinus (A and B) and arch (C and D) of re-
presentative C57BL/6] wild-type control (A and C) and apoE~/~
(B and D) mice are shown. The asterisk indicates an unidentified
compound.

The profile of artery wall gangliosides determined in
our studies indicates that, in the non-diseased vessels
(both the sinus and arch), GM3, GM2, and GMI1 are the
most abundant gangliosides. Interestingly, in the athero-
sclerotic tissue, glycolyl GM2 also makes a significant con-
tribution (Fig. 9). Because there is little evidence that ves-
sel wall cells constitutively synthesize glycolyl neuraminic
acid, and because this ganglioside is only present in trace
amounts in healthy aortae, one interpretation is that the
presence of glycolyl GM2 in the diseased tissue may reflect
the GSL composition of macrophage foam cells. Analo-
gous observations have been made where tumor-infiltrating
macrophages were found to alter dramatically the gangli-
oside composition of murine brain (57). Of possible sig-
nificance, murine macrophages have the capacity to pro-
duce a spectrum of gangliosides, including glycolyl GM2,
GM1b, and GD1a (57, 58). It is also likely that lipoprotein-
derived glycolyl GM2 contributes to the increased ganglio-
side levels observed in the atherosclerotic lesion (20). In-
filtrating monocytes that have differentiated to macro-
phages could utilize both lipoprotein-derived and locally
synthesized GSLs to form new gangliosides. An example
of the latter could be the formation of GDla from GM3
via the following pathway: GM30 GM20 GMlall GDla
(57, 58).

The finding that GD3, but not LacCer, appears to accu-
mulate in the aortic sinus of the apoE™/~ mice is consis-
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Fig. 9. HPLC analysis of gangliosides isolated from mouse aortae.
Gangliosides were isolated by solvent extraction, and the glycan
portion was released by ceramide glycanase treatment. The re-
leased glycan pool was then 2-AB labeled and analyzed by NP-
HPLC. The major gangliosides present were identified as GM3,
GM2, glycolyl GM2, GM1, GD3, and GD1a. Ganglioside profiles of
the aortic sinus (A and B) and arch (C and D) of representative
C57BL/6] wild-type control (A and C) and apoE~/~ (B and D)
mice are shown. The arrow indicates a compound that was tenta-
tively assigned as glycolyl GM2 lactone.

tent with the idea that there could be regional differences
in the mechanisms of atherosclerosis development. It is
possible that Gal T-2 transferase activity (which catalyzes
the formation of LacCer from GlcCer) is specifically up-
regulated in the smooth muscle cells of the aortic arch,
but not in the aortic sinus. Differences in the cellular com-
position of the vessel wall at different stages of atheroscle-
rosis may also underlie the altered GSL profiles observed
as the severity of disease increases (25).

Site-specific differences in lesion development in the
apoE~/~ mouse have been observed (43). Unexpectedly,
the lipid-lowering drug probucol was found to increase
lesion size in the aortic root, but to inhibit lesion size in
the aortic arch (43). Hypothetical explanations for site-
specific differences in the effects of probucol on lesion
development could also be considered relevant in terms
of site-specific mechanisms of atherogenesis per se (e.g.,
hemodynamic factors) and have been discussed previ-
ously (43).

Studies of human atherosclerotic tissue indicate that
the accumulation of GSL in the artery wall is selective and
site specific (25). For example, compared with control tis-
sue, GD3 levels are dramatically decreased in the intima
and increased in the media of lesions (25). Our studies
represent an overall picture of GSL accumulation. “Nor-
mal” regions of the aortic arch, as dissected in our work,
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TABLE 2. Cholesterol and glycolipid levels in C57BL/6]
and apoE~/~ mouse aortic tissue

Arch Sinus
C57BL/6] ApoE~/~ C57BL/6] ApoE~/~
Tissue mass® 2.12 £0.16 2.03 +0.24 054 £0.16 1.33 = 0.18¢
Cholesterol? 55 *0.4 10.6 =0.3° 4.3 £ 0.4 15.0 = 2.24
Gangliosides’ 0.67 = 0.08 1.00 = 0.05¢ 0.38 = 0.09 1.37 * 0.13¢
GlcCer? 0.32 +0.05 1.14 £0.29° 0.43 =0.06 0.66 £ 0.13
LacCer? 0.35 = 0.07 2.20=0.92 0.35*0.08 0.38 = 0.03

Data are means = SE, n = three mice analysed for all compounds.
Statistical significance was determined using the Student’s #test.

“Values are mg wet weight.

®Values are nmol.

‘P<0.05.

4P <0.001.

*P<0.01,

would make a significant contribution to the diseased tis-
sue GSLs analyzed, because lesions were not as severe as
can be induced by feeding a high fat diet. It is also inter-
esting to note that whereas total ganglioside levels were in-
creased more in the aortic sinus than arch (360% vs. 49%
increase, respectively), the concentration of LacCer was
not significantly increased in the aortic sinus. This could
indicate that in the sinus, LacCer is used as a substrate for
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Fig. 10. Aortic ganglioside composition. The relative concentra-
tions of individual gangliosides, identified as illustrated in Fig. 9,
are represented by each of the bars in the histograms. The ganglio-
side composition of the aortic sinus (A and B) and arch (C and D)
are shown for both the C57BL/6] control (black bars) and apoE =/~
(white bars) mice. Data are means = SE, n = 3.
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ganglioside synthesis or that in the arch, gangliosides are
degraded. Studies of glycosyl transferase activity in the var-
ious tissues would be required to investigate this proposal.

In vitro studies indicate that GSLs can play an impor-
tant role in cell biology, for example, in the modulation of
transmembrane signaling (35, 59). Although in vitro studies
also point toward a proatherogenic role for GSLs (56, 60),
it should be emphasized that there is no evidence that, in
an animal model, disease progression can be modulated
via selective manipulation of GSL metabolism by pharma-
cological interventions or genetic manipulations. The use
of the apoE™/~ mouse may help to bridge this gap in un-
derstanding the potential role of GSLs in atherogenesis.

In conclusion, the present study shows that, in the
apoE_/_ mouse, there is an increase in the serum concen-
trations of both neutral and charged GSLs, a redistribu-
tion of these GSLs from HDL to VLDL particles, and an
accumulation of specific GSLs in atherosclerosis-prone re-
gions of the aorta. These observations are in concordance
with the observations that plasma and artery wall GSL con-
centrations are increased in humans who are at increased
risk for the development of atherosclerosis or who have
clinically established atherosclerosis (20—29). The apoE =/~
mouse, therefore, provides a convenient animal model to
study the potential role of GSLs in atherogenesis. B
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