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Abstract Ceramide is among a number of potential lipo-
toxic molecules that are thought to modulate cellular energy
metabolism. The heart is one of the tissues thought to be-
come dysfunctional due to excess lipid accumulation. Dilated
lipotoxic cardiomyopathy, thought to be the result of diabetes
and severe obesity, has been modeled in several genetically
altered mice, including animals with cardiac-specific over-
expression of glycosylphosphatidylinositol (GPI)-anchored
human lipoprotein lipase (LpLSFY). To test whether excess
ceramide was implicated in cardiac lipotoxicity, de novo cer-
amide biosynthesis was inhibited pharmacologically by myr-
iocin and genetically by heterozygous deletion of LCBI1, a
subunit of serine palmitoyltransferase (SPT). Inhibition of
SPT, a rate-limiting enzyme in ceramide biosynthesis, re-
duced fatty acid and increased glucose oxidation in isolated
perfused LpLS"" hearts, improved systolic function, and
prolonged survival rates.lill Our results suggest a critical role
for ceramide accumulation in the pathogenesis of lipotoxic
cardiomyopathy.—Park, T-S., Y. Hu, H-L. Noh, K. Drosatos,
K. Okajima, J. Buchanan, J. Tuinei, S. Homma, X-C. Jiang,
E. D. Abel, and L. J. Goldberg. Ceramide is a cardiotoxin in
lipotoxic cardiomyopathy. J. Lipid Res. 2008. 49: 2101-2112.
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Increasing caloric intake and greater body mass index
produce a series of diseases due to tissue lipid accumula-
tion. As storage capacity of adipocytes is exceeded, fat be-
gins to infiltrate the liver, skeletal muscle, and heart (1, 2).
In addition to triglyceride (TG), these tissues also have in-
creased levels of FAs, fatty acyl CoA, diacylglycerol (DAG),
and ceramide (3, 4).
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Cardiac ceramide levels are elevated in models of car-
diac lipotoxicity due to cardiac overexpression of long-
chain acyl CoA synthase (5), PPARa (6), PPARy (7), and
FATP (8). Ceramide is produced by two pathways: ) con-
densation of palmitoyl CoA with serine by serine palmitoyl-
transferase (SPT) (9), and 2) sphingomyelinase hydrolysis
of sphingomyelin (SM) (10). Recently, Holland et al. (4)
compared the effects of soybean- and lard-based emulsion
infusions and suggested that the two types of lipids cause
insulin resistance via different mechanisms. Only saturated
fat increased tissue ceramide levels. Genetic and pharmaco-
logic inhibition of the de novo ceramide biosynthetic path-
way ameliorated insulin resistance.

Aside from ceramide, DAG and/or FA could be respon-
sible for dilated lipotoxic cardiomyopathy. DAG activates
protein kinase C in skeletal muscle and aorta, which is as-
sociated with insulin resistance (11-13). Excess FAs, espe-
cially saturated FA, increase reactive oxygen species (ROS)
formation (14), create endoplasmic reticulum stress, and
activate apoptotic pathways in several cell lines, including
adipocytes and cardiomyocytes (15—17). In addition, high
plasma FAs created by infusion of soybean lipid emulsions
and heparin into animals activate toll-like receptors and
NFkB (18).

We have previously studied mice with cardiomyocyte
overexpression of a glycosylphosphatidylinositol (GPI)
membrane-anchored form of lipoprotein lipase, denoted
LpLCPI, that develop dilated cardiomyopathy (19). These
hearts have an accumulation of ceramide. In this report,
we show that ceramide accumulation plays a significant role

Abbreviations: DAG, diacylglycerol; 2-DG, 2-deoxy-p-glucose; GPI,
glycosylphosphatidylinositol; LCB1*/~, heterozygous LCBI knockout;
LVD, left ventricular systolic diameter; LpL, lipoprotein lipase; ROS, re-
active oxygen species; SM, sphingomyelin; SPT, serine palmitoyltrans-
ferase; TG, triglyceride; WT, wild type.
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in the progression of the dilated cardiomyopathy seen in
LpL®"" mice. Using pharmacologic and genetic methods,
we tested whether inhibition of SPT in normal and lipotoxic
hearts altered cardiac ceramide concentrations and cardiac
substrate utilization. Reduction of ceramide was associated
with improved cardiac function, reversal of abnormal sub-
strate use, and improved survival.

MATERIALS AND METHODS

Myriocin treatment of transgenic mice
Generation of LpL®" transgenic mice has been described pre-
viously (19). LpL®"™ and wild-type (WT) C57BL/6] mice (8-
10 weeks old) were fed either a chow diet (Research Diets, New
Brunswick, NJ) or chow mixed with myriocin (Sigma Adrich,
St. Louis, MO, prepared by Research Diets) (0.3 mg/kg/day) for
6 weeks. Heterozygous LCB1 knockout (LCB1"/7) and LCB1"/~
crossed with LpLGPI transgenic mice were fed a normal chow
diet. For survival analyses, the same dose of myriocin was fed to
12 week-old LpL®"" (n = 14) and C57Bl/6] mice (n = 14) for
40 weeks. All animals were maintained on a 12 h light-dark cycle.

AC16 cardiomyocytes

Generation of a human cardiomyocyte cell line, AC16, has
been described previously by Davidson et al. (20). Cells were
grown in DMEM/F12 media containing 12.5% FBS and incu-
bated at 37°C in an atmosphere containing 5% CO9/95% air.
Cardiomyocytes that were 70-80% confluent were switched to
DMEM/F12 media containing 1% FBS and treated with various
concentrations of palmitic acid conjugated with 2% FA-free BSA
in the presence or absence of 1 uM myriocin for 16 h. In other
experiments, cells were treated with C6-ceramide for 16 h after
incubation in DMEM/F12 containing 2% FA-free BSA. mRNA
for RT-PCR was isolated using TRizol (Invitrogen).

Substrate metabolism in isolated working mouse hearts

Cardiac metabolism was measured in hearts isolated from 14 to
16 week-old male WT and LpL“™ mice (n = 5 per genotype). All
hearts were prepared and perfused in the working mode, using
protocols that have been previously described (21-24).

Heart and plasma lipids

Heart lipids were extracted as described by Folch, Lees, and
Sloane Stanley (25). TG and cholesterol concentrations in hearts
and plasma were measured using TG and cholesterol enzymatic
assay kits (Infinity, Louisville, CO); FFAs were measured using
NEFA C kits (Wako Chemicals, Richmond, VA). Tissue lipids were
normalized by protein concentration. Cardiac and plasma SM lev-
els were measured enzymatically as described previously (26).
Cardiac ceramide and DAG levels were determined using the
DAG kinase method (27). Cardiac acyl CoAs were measured by
liquid chromatography/tandem mass spectrometry using Perkin
Elmer S200 HPLC (Perkin Elmer, Waltham, MA) and API 3000
(Applied Biosystems, Foster City, CA) and analyzed by Analyst
1.4.1 software (Applied Biosystems).

Echocardiography

Two-dimensional echocardiography was performed on con-
scious 14 to 16 week-old male (n = 10-12 per group) mice (Sonos
5500 system; Philips Medical Systems, Andover, MA) (28). Echo-
cardiographic images were recorded in a digital format. Images
were then analyzed off-line by a single observer blinded to the
murine genotype (29).
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Gene expression

Quantitative real-time PCR was performed with SYBR Green
PCR Core Reagents (Applied Biosystems). Incorporation of the
SYBR green dye into the PCR products was monitored in real
time with an Mx3000 sequence detection system (Stratagene,
La Jolla, CA). Samples were normalized against B-actin. The se-
quences of the primers are provided in supplementary Table I.

Western blots

Isolated heart tissues were homogenized in PBS containing
protease inhibitors and phosphatase inhibitors (Roche, Indianap-
olis, IN). Membrane and cytosolic fractions were separated by
ultracentrifugation. Thirty micrograms from each fraction was
applied to SDS-PAGE and transferred onto nitrocellulose mem-
branes. GLUT4 and GLUT1 proteins in each fraction were de-
tected by mouse-specific antibodies (Chemicon, Temecula, CA).
Thirty micrograms of whole-tissue extracts was applied for West-
ern blot analyses to examine phosphorylated (p) GSK-33 and
PAKT, which were detected by mouse-specific antibodies (Cell Sig-
naling, Danvers, MA).

Glucose uptake studies

Basal glucose uptake was measured in hearts following an intra-
venous administration of 3 wCi of Q—deoxy—D—[l—MC]glucose (Perkin-
Elmer Life Sciences). Blood was collected 30 s and 5, 30, and
60 min following injection. At 60 min, hearts were perfused with
PBS, tissues were excised, and radioactive counts were measured.

Histology

Hearts from 6 h-fasted mice were fixed in 10% formalin for 24 h
and mounted on paraffin. Midventricular sections were stained
with Schiff Reagent (Polyscientific, Bay Shore, NY) to identify gly-
cogen in hearts [periodic acid-Schiff (PAS) staining] (30). The
specificity of glycogen staining was confirmed by treating sections
with diastase to digest tissue glycogen, followed by regular PAS
staining (30). Sectioned heart tissues were stained for DNA frag-
mentation by a terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) staining protocol accord-
ing to the manufacturer’s instructions (R and D Systems, Minneap-
olis, MN).

Glycogen analysis

Hearts were hydrolyzed with 1 M NaOH at 65°C for 2 h, and
glycogen was precipitated by 66% cold ethanol. Cardiac glycogen
was digested by amyloglucosidase at 45°C for 2 h (31). The pro-

duced glucose was measured enzymatically by an AutoGlucose kit
(Wako Chemicals).

Statistics

Cardiac metabolism data in isolated working hearts were ana-
lyzed by ANOVA, and significance was evaluated by the Fisher
Least Protected Squares test. Differences among groups were de-
termined using one-way ANOVA with post hoc Dunnett’s +test. A
value of P < 0.05 was regarded as a significant difference.

RESULTS

Myriocin lowers sphingolipids in plasma and heart
During myriocin treatment for 6 weeks, no significant
changes in body weight, plasma glucose, cholesterol, TG,
and FFA levels were observed (Table 1). Myriocin lowered
plasma SM levels significantly in WT and LpL°"" mice.
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TABLE 1. Body and heart weight, glucose, and plasma lipid measurements in WT and LpL°"" mice

WT WTmyr LpLS™ LpL myr
Body wt. (g) 29.8 + 2.1 27.7 £ 1.5 295 * 1.5 30.6 * 3.5
Heart wt./body wt. (%) 0.58 = 0.02 0.53 = 0.06 0.64 = 0.02“ 0.51 = 0.02%"
Glucose (mg/dl) 108 £ 3.9 103 = 6.0 102 = 7.7 104 = 6.4
TG (mg/dl) 705 + 12.7 63.9 * 4.8 78.0 = 9.5 735 = 24
Cholesterol (mg/dl) 69.1 = 1.75 745 * 3.4 644 = 4.7 741 = 5.5
FFA (mM) 0.61 = 0.12 0.44 £ 0.13 0.51 + 0.08 0.43 = 0.05
SM (ug/ml) 249 + 2.3 12.1 = 1.6° 21.1 £ 5.0 9.1 = 2.0%°

LpLS™, glycosylphosphatidylinositol (GPI)-anchored human lipoprotein lipase; SM, sphingomyelin; myr,
myriocin; TG, triglyceride; WT, wild type. Results are given as mean = SEM, n = 8-10.

“P<0.05 (vs. WT).
’p<0.05 (vs. LpL®™).

TG and cholesterol levels in mouse hearts were not
changed by myriocin treatment or overexpression of LpL
(Table 2). SM levels were 45% less in hearts of myriocin-
treated LpL®"" than in untreated mice of the same geno-
type. In contrast, SM levels were not altered in WT mice
(Table 2). Cardiac ceramide levels were increased ap-
proximately 45% in LpLGPI mouse hearts. Treatment with
myriocin reduced ceramide to control levels (Table 2).
Myriocin-treated WT mice did not show alteration of car-
diac ceramide. This appeared to be due to upregulation of
SPT subunits LCB1 and LCB2 as a compensatory mech-
anism to maintain basal sphingolipid pools (Table 3).
DAG was also elevated in LpL®"" hearts, but myriocin
had no effect on cardiac DAG levels (Table 2). Acyl CoAs
were reduced in LpLGPI hearts, and myriocin treatment re-
stored them to WT levels (Table 2). Thus, myriocin low-
ered cardiac SM and ceramide without changing TG,
cholesterol, and DAG levels. Moreover, the improved
hearts had a normalization of the reduced acyl CoA. We
assumed that this was a secondary change due to reduced
FA oxidation (see below).

GPI

Myriocin improves cardiac function in LpL>~"" mice and

reduces expression of heart failure markers

LpL°"" hearts were hypertrophied with an increase in
heart/body weight (Table 1; Fig. 1A). Myriocin treatment
of these mice returned heart weights to WT levels. Echocar-
diography also revealed that hearts from chow-fed LpLGPI
mice had left ventricular dilatation, increased left ventric-
ular systolic diameter (LVD), and decreased fractional
shortening, compared with hearts from chow-fed WT mice,
as previously reported (19). The LVDs of myriocin-treated

LpLGP ! mice were comparable to those of WT mice and
were smaller than those of untreated LpLGPI mice (0.18 =
0.014 cm vs. 0.24 = 0.014 cm) (Fig. 1B). Reduced fractional
shortening in LpL“"" mice was corrected by myriocin
(46.1 + 2.0% in myriocin-LpL%" vs. 35.5 + 2.0% in LpL®""
mice) (Fig. 1C).

We assessed whether myriocin affected markers of car-
diac failure. ANF and BNP gene expression was increased
in LpL®"" hearts when compared with WT, and myriocin
treatment reduced mRNA levels of these genes even fur-
ther than those of WT (Table 3). Thus, treatment with
myriocin that specifically reduced cardiac ceramide and
had no impact on the levels of other major lipids improved
cardiac function and reduced gene expression of cardiac
failure markers.

Effects of myriocin on cardiac gene expression

We assessed whether myriocin affected expression of
metabolic genes in WT and LpL®"" hearts. GLUT4 was
downregulated in LpLGPI hearts, and myriocin had no ef-
fect (Fig. 1D). GLUT1 expression was not altered by LpL
overexpression or myriocin treatment (Fig. 1E). PDK4
mRNA was increased in hearts of LpLC’PI mice (Fig. 1F).
Increased PDK4 increases phosphorylation of pyruvate de-
hydrogenase and would be expected to reduce glucose
oxidation rates in isolated hearts. Myriocin restored upreg-
ulation of PDK4 in LpL°"" hearts to WT levels. Expression
levels of genes that regulate FA oxidation, such as PPAR-a,
CPT-1, and ACO, were not changed in LpLGP[ hearts by
myriocin treatment (see supplementary Fig. I). Expression
of fatty acid transporters such as CD36, acyl CoA synthasel
(ACS1), and fatty acid transport proteinl (FATP1) were

TABLE 2. Cardiac lipid measurement in WT and LpL°"" mice

WT WTmyr LpL®™ LpL“myr
TG (ng/mg) 16.8 = 6.5 19.1 = 9.0 18.1 = 9.5 22.2 + 8.0
Cholesterol (png/mg) 42 * 1.0 4.2 * 0.18 50 = 1.0 53 £ 0.7
Fatty acyl CoA (pmol/mg) 81.4 + 6.2 130.6 + 4.8 414 £ 11.2° 122.1 = 4.8%°
SM (pg/mg) 152 = 2.5 14.6 + 2.1 22.2 + 1.9¢ 12.2 = 2.3%*
Ceramide (pmol/mg) 210.5 + 11.3 216.3 = 22.6 305.9 = 21.1 151.8 = 9.9%
DAG (pmol/mg) 184.4 = 4.9 176.4 = 8.5 233.5 = 5.6" 228.0 = 8.7°

DAG, diacylglycerol. Results are given as mean * SEM, n = 8-10.

“P<0.05 (vs. WT).
’p<0.05 (vs. LpL®™).
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TABLE 3. Expression of SPT subunits and heart failure markers in
WT and LpL°" mice

4 month-old
Gene WT WTmyr LpLS"! LpL L myr
LCB1 1.00 = 0.14 219 = 0.19°  0.61 + 0.05° 1.19 * 0.19
LCB2 1.00 = 0.14  2.32 = 0.38“ 0.87 £ 0.04 1.61 + 0.22°
ANF 1.00 = 0.09  0.81 = 0.22 1.74 £ 0.20°  0.47 * 0.15“°
BNP 1.00 £ 022  1.14 = 0.17 297 + 0.45° 051 * 0.12%

SPT, serine palmitoyltransferase. Results are given as mean + SEM,
n = 8-10.

“P<0.05 (vs. WT).

" P <0.05 (vs. LpL™).

downregulated in LpLGPI hearts (Fig. 1G, H, I). Myriocin
restored them to the levels of WT.

Myriocin corrects the increased FA and reduced glucose
oxidation in LpLGPI hearts

Cardiac metabolism was measured in hearts from 14 to
16 week-old male WT and LpL°"" mice. All hearts were
prepared and perfused in the working mode, using pre-
viously described protocols (21-24). Palmitate oxidation
was increased by 27% and glucose oxidation was decreased
by 26% in LpL°"" hearts relative to controls (Fig. 2A, B).
Myriocin treatment reduced palmitate oxidation and in-
creased glucose oxidation rates in LpLGPI hearts to the lev-
els of WT (Fig. 2A, B). The average rates of glycolysis were
not altered (Fig. 2C). Thus, hearts of LpL.“"" mice develop
altered substrate utilization with increased reliance on FAs,
and myriocin altered substrate utilization by reducing FA
oxidation and increasing glucose oxidation in LpL®"!
hearts. In isolated working hearts, we did not detect any
improvement in cardiac power following treatment of
LpL°"" mice with myriocin (Fig. 2D). However, there was
a significant reduction in MVOy (Fig. 2E). This normalized
cardiac efficiency (Fig. 2F), which was reduced in hearts
from nontreated mice. These data suggest that myriocin
enhanced myocardial energetics by maintaining cardiac
performance at a lower oxygen cost. The gene expression
data suggest that the increase in oxidation rates of exoge-
nous palmitate in LpL°"" hearts might be the consequence
of the PDK4-mediated reduction in pyruvate flux, which
would reduce glucose oxidation.

In vivo uptake of glucose in WT and myriocin-treated
LpLGPI hearts

We examined whether in vivo glucose uptake was af-
fected by myriocin using Q—deoxy—D—[l—sH]glucose (2-DG).
There was no difference in plasma glucose clearance be-
tween WT and LpLGPI mice (Fig. 3A). In contrast to find-
ings in isolated hearts (reduced glucose oxidation and
normal rates of glycolysis), in vivo glucose uptake was in-
creased in LpL°" mouse hearts (Fig. 3B). Myriocin reduced
in vivo glucose uptake in LpL.“"" hearts to the levels of WT.
The estimation of glycolytic rates in isolated hearts is based
on the appearance of BH, which is released as water at the
final step in glycolysis, whereas 2-DG measures glucose
transport and phosphorylation. If exogenous glucose up-
take is increased but the glucose is not being oxidized,
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more glucose might be converted to glycogen; this would
account for the differences between measurements ob-
tained in vivo versus those obtained in isolated hearts.

Histological analysis of heart tissue by PAS staining dem-
onstrated that hearts of LpL“"" mice had greater glycogen
stores than did hearts of myriocin-treated WT and LpL®"
mice (Fig. 3C). In contrast, hearts of LpLGPI mice treated
with myriocin had a pattern of glycogen staining that was
similar to that of WI mouse hearts (Fig. 3C). To confirm
this, we biochemically measured cardiac glycogen. Glyco-
gen content in hearts of LpLGP " mice was 49% greater than
that in hearts of WT mice (Fig. 3D). Hearts of myriocin-
treated LpL°"" mice had glycogen levels similar to those
in hearts of WT mice (Fig. 3D). Thus, in hearts of LpL®"
mice, glucose carbons appear to preferentially accumulate
as glycogen; myriocin treatment reversed this process.

Phosphorylation of AKT and GSK-33

To assess whether the AKT/GSK-33 pathway was in-
volved in hypertrophy and glycogen synthesis in hearts of
LpLGPI mice, pAKT and its downstream target, pGSK-3(3,
were examined by Western blot. PAKT and pGSK-3 were
elevated in hearts of LpL°" mice, compared with hearts of
WT mice (Fig. 3E-G). Myriocin treatment decreased
PAKT and pGSK-3f levels in hearts of LpLGP[ mice by
63% and 53%, respectively (Fig. 3E-G). GSK-3f blocks car-
diac hypertrophy and inhibits glycogen synthesis. GSK-33
inactivation by phosphorylation would be predicted to pro-
mote cardiac hypertrophy and increase glycogen synthesis
in the hearts of LpLS! mice.

Effects of ceramide on the expression of
glucose-metabolizing genes and cardiac failure markers
in AC16 human cardiomyocytes

Using recently developed human cardiomyocyte AC16
cells (20), we tried to reproduce conditions associated with
lipotoxic cardiomyopathy and then examine whether cer-
amide alters cardiac substrate utilization in a direct manner,
as opposed to metabolic changes being secondary to cardiac
dysfunction. To do this, we grew cells in the presence or ab-
sence of C6-ceramide and examined the gene expression.
Ceramide downregulated GLUT4 expression and upregu-
lated PDK4 (Fig. 4A). Ceramide also upregulated ANF
and BNP (Fig. 4B). These changes in gene expression are
consistent with the in vivo gene expression profile in LpL“"!
mice with elevated cellular levels of ceramide. In contrast,
C6-ceramide treatment of AC16 cardiomyocytes decreased
PAKT and pGSK-3( in a concentration-dependent manner
(Fig. 4C); these decreases were opposite to the in vivo results.

LGPI

Myriocin decreases mortality rates in Lp mice

Myriocin was administered to LpLGPI mice to assess
whether improved cardiac function was associated with im-
proved survival of this lipotoxic cardiomyopathic animal
model. First, we sought to determine whether ceramide ac-
cumulation increased apoptosis in LpL"" hearts and
whether limiting apoptosis could account in part for the
beneficial effect of myriocin. However, we did not detect
any increase in TUNEL-positive staining in the hearts of
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Fig. 1. Prevention of cardiomyopathy by myriocin in glycosylphosphotidylinositol (GPI)-anchored human lipoprotein lipase (LpL°*")
hearts and regulation of cardiac gene expression in LpLS*! mice. Eight week-old wild-type (WT) and LpL°"™ mice were fed chow or chow
with 0.8 mg myriocin/kg/day for 6 weeks. Hearts from mice are shown (A). Chow-fed LpL“" mouse hearts were enlarged, but hearts from
LpLC’PI mice fed myriocin-mixed chow were normal size. Left ventricular systolic diameter (LVD) (B) of the heart and fractional shortening
(C) were measured by echocardiography as described in Materials and Methods (n = 8-12 each group). mRNA expression in the heart was
measured by RT-PCR as described in Materials and Methods. Glucose-metabolizing genes GLUT4 (D), GLUT1 (E), and PDK4 (F). FA
transporters CD36 (G), ACS1 (H), and FATP1 (I). Bar indicates 1 cm. *P < 0.05 versus WT; $P < 0.05 versus LpLCPL,

Myriocin prevents cardiomyopathy 2105

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

upplemental Material can be found at:

S
http://www.jlr.org/content/suppl/2008/06/05/M800147-JLR20
0.DC1.html

A
650 850+ § 3000+
%
5= &< =
=3 53 g
s° 3 T 650- 27T
x D %2 Ry
e l= (o= =' £
. 450 £ ES 8 E 20004
2o 450 O]
EE S E £
= =2 c 5
sS= o- =
250~ 250~ 1000- <
& N N & N N ™
3 3 N ) 3 N S &K N
@ € 8 Q\é\ @ &"Q 8 Q\SG\ $ /\’6\ v Q\XQ*
& s & &8
3 v
KR KR R
D E F
454 200+ 25+
3 S
3 <
T :
83 = 3 207
ot E 3]
gD 3 £
© = ]
53 E o
s E 4 S 157
O \ bl
Q 5
E U
10-
& N ™ & N N N >
&g < S & & $ & &
$ 8 \ci Q\S(& N £ S Q\,(&‘ @ f\'é\ v Q\@
& s RN &g
v v
S N N

Fig. 2. Cardiac metabolism in isolated working hearts. Cardiac metabolism was measured in hearts isolated from 14 to 16 week-old male
WT and LpL°" mice in the presence or absence of myriocin (n = 5 per genotype). All hearts were prepared and perfused in the working
mode. Palmitate oxidation (A) was determined in separate perfused hearts by measuring the amount of *HyO released from [9,10-*H]pal-
mitate. Glucose oxidation (B) was determined by trapping and measuring "CO, released by the metabolism of [14C]glucose, and glycolysis
(C) was determined by measuring the amount of *HyO released from the metabolism of exogenous [5-*H]glucose. Cardiac power (D) was
measured in hearts in which palmitate and glucose oxidation rates were determined (n = 5 each group). MVO, (E) and cardiac efficiency
(F) were measured during palmitate oxidation. *P < 0.05 versus WT; $P < 0.05 versus LpL°",

WT versus LpL®"" mice at this age (14-16 weeks; see sup-
plementary Fig. II). Thus, lipid-induced apoptosis is not
the major factor contributing to cardiac dysfunction at this
age. As described previously, LpLGPI mice had early deaths
from cardiac dysfunction (19). Myriocin treatment im-
proved survival rates of LpL“"" mice but did not restore
survival rates to those of WT mice (Fig. 5A). We checked
whether LpLGPI mice might have tachyphylaxis to myriocin
by measuring ceramide levels in 6 month-old mice. Cardiac
ceramide was elevated even more, 66%, in 6 month-old
LpL“"" mice. As in the younger animals, the long-term myr-
iocin treatment reduced the elevated ceramide in LpLS™T
hearts to WT levels (Fig. 5B), so tachyphylaxis to myriocin
did not occur. These results suggest that although sphingo-
lipid biosynthesis is one of the major factors contributing to
the cardiac dysfunction observed in lipotoxic LpL°"" mice,
additional factors are likely to contribute as well.

Heterozygous deletion of SPT improves cardiac function
of LpLCPI mice

SPT is composed of two different subunits, LCB1 and
LCB2. Heterozygous deletion of LCB1 or LCB2 results in
reduced hepatic and plasma ceramide levels (32). To ex-
clude nonspecific pharmacological effects of myriocin, we

2106 Journal of Lipid Research Volume 49, 2008

crossed LpL°"" mice with whole-body heterozygous LCB1

knockout mice (LCB1+/_/LpLGPI). Hearts from 14 to
16 week-old LCB1+/7/LpLGPI mice demonstrated im-
proved systolic function and fractional shortening when
compared with LpL®"" hearts (Fig. 6A, B). Cardiac cer-
amide levels in LCB1"/ 7/ LpLGPI mice were decreased to
the levels of WT mice (Fig. 6C). Heterozygous deletion of
LCBI downregulated LCB1 mRNA in the heart with intact
LCB2 expression (Fig. 6D, E). Downregulation of LCB1
normalized elevated expression levels of ANF, BNP, and
PDK4 in LpL®"" hearts, but did not alter GLUT4 expres-
sion (Fig. 6F—I). Thus, reducing cardiac ceramide concen-
trations by heterozygous deletion of an SPT subunit also
improved the lipotoxic cardiomyopathy of LpL®"" trans-
genic mice.

DISCUSSION

Several lipids are likely to be toxic to tissues. We specifi-
cally explored whether ceramide, a lipid associated with
cellular apoptosis, abnormal insulin signaling, and inflam-
mation, mediated the lipotoxic phenotype in LpL“"" mice.
Our data show the following: 1) SPT inhibition reduced
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Fig. 3. Glucose uptake and glycogen accumulation. Basal glucose uptake was measured in hearts following an
intravenous administration of 3 p.Ci of 2-deoxy-p-glucose (2-DG). Blood was collected 30 s and 5, 30, and 60 min
following injection to determine plasma clearance (A) of 2-DG. At 60 min, hearts were perfused with PBS, tissues
were excised, and radioactive counts were measured to calculate glucose uptake (n = 6-8 each group) (B).
Cardiac glycogen in LpLGPI heart was identified by periodic acid-Schiff (PAS) staining (C) of midventricular
cross sections. Alternatively, the sections were treated with diastase to digest cardiac glycogen for comparison
(PAS-D). Cardiac glycogen was measured biochemically as described in Materials and Methods (n = 10 each
group); glucose released from glycogen hydrolysis is shown in D. PAKT and pGSK-33 in WT and LpL“" hearts
were immunoblotted (E) and quantified by densitometry (F-G). *P < 0.05 versus WT; $P < 0.05 versus LpLGPI.
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Fig. 4. Effects of ceramide in AC16 cells. AC16 cardiomyocytes were incubated with C6-ceramide at various
concentrations for 16 h. mRNA expression of GLUT4 and PDK4 (A), and ANF and BNP (B) were analyzed
by RT-PCR (n = 3). PAKT and pGSK-383 in AC16 cells were immunoblotted (C). *P < 0.05 versus no-

treatment control.

ceramide content of LpL“"" but not WT hearts; 2) abnor-
mal cardiac substrate utilization was corrected; 3) this was
associated with improved cardiac function; 4) survival was
improved; 5) and a partial genetic deletion of SPT1 also
was beneficial.

By selectively altering the ceramide biosynthetic path-
way using pharmacologic and genetic methods, we showed
that ceramide is a cardiac toxin in the LpLGPI heart. Myr-
iocin, a specific inhibitor of SPT, has been used to reduce
ceramide levels in cancer cells (33), in models of athero-
sclerosis (34, 35), and insulin-resistant models (4). We
tested whether myriocin decreased ceramide concentra-
tions in WT and LpL®"" mouse hearts. Plasma ceramide
levels were reduced by this treatment. Although myriocin
restored cardiac ceramide levels in LpLGP "mice to WT lev-
els, myriocin had no effect on levels in WT mice. This ap-
pears to be due to a compensatory activation of SPT in the
WT mice, because gene expression of LCB1 and LCB2 was
upregulated by myriocin treatment. LpL®"" hearts had re-

2108 Journal of Lipid Research Volume 49, 2008

duced SPT expression in the presence of increased tissue
ceramide levels. This suggests that excess substrate avail-
ability increased cardiac ceramide synthesis. In contrast,
myriocin treatment of WT mice did not alter hepatic SPT
expression (34). Therefore, either liver ceramide content
is unaltered by myriocin or cardiac and liver SPT regulation
differ. Despite the lack of change in cardiac levels of choles-
terol or FFA, myriocin-treated LpLGPI mice had improved
cardiac function. These data implicate ceramide as a basis
for cardiac disease.

Lipid analysis of the LpLGPI hearts demonstrated elevated
cardiac DAG and ceramide. In contrast, long-chain fatty
acyl CoA levels were decreased, probably due to increased
cardiac FA oxidation. Reduced conversion of acyl CoAs
into ceramide by SPT inhibition might cause increased car-
diac acyl CoA pools. However, the SPT reaction utilizes sat-
urated palmitoyl CoA specifically. The fact that not only
saturated acyl CoAs but also short-chain and unsaturated
acyl CoAs were reduced in LpL°"" hearts (data not shown)
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mixed chow (n = 14 each group) at the age of 12 weeks. Mortality of the mice was documented over
the subsequent 40 weeks (A). Cardiac ceramide levels in 6 month-old mice were measured by liquid
chromatography/tandem mass spectrometry (B) (n = 5 each group). *P < 0.05 versus WT; $P < 0.05 versus
LpLSPL. The mortality of WT mice has been reported previously (19); >90% of these mice survive over 1 year.

suggests that these reductions were secondary to increased
cardiac FA oxidation. LpL®"" hearts oxidize more FAs and
less glucose, and myriocin treatment reversed cardiac en-
ergy metabolism in isolated LpLGP " hearts to that of WT.
This was associated with no changes in the usual FA oxi-
dation enzymes (CPT1 and ACO) and no changes in GLUT1
or GLUT4. PDK4, a PPAR-regulated gene that modulates
glucose oxidation by allowing pyruvate to enter the tricar-
boxylic acid cycle, was increased in LpLGP T hearts and re-
duced by myriocin. Thus, this gene was a better indicator of
the metabolic changes found in the isolated perfused hearts.
By studying the effects of ceramide on a cardiomyocyte-
like cell line, we showed that ceramide alone increased
PDK4 expression.

Unlike other organs, our data show that glucose uptake
and oxidation are not directly correlated in the heart.
Therefore, this mismatch of elevated glucose uptake and
reduced oxidation in the LpLGPI heart was because a large
percent of cardiac glucose was shunted into glycogen rather
than directly oxidized. At first we were surprised to find
greater 2-DG uptake in the LpL®"" hearts. However, we
demonstrated that these hearts have more stored glycogen
and that this was corrected by myriocin treatment. Whether
increased glycogen stores were due to a direct effect of cer-
amide on glycogen synthesis pathways or were secondary to
reduced cardiac function cannot be determined from our
in vivo studies.

Glycogen synthesis is regulated by the AKT/GSK-3(3 path-
way. Heart failure is associated with increased pGSK-3(3,
which might lead to increased glycogen synthesis. PAKT is
increased in failing hearts of dogs and humans, and cardiac
overexpression of AKT caused hypertrophy in mice (36—
38). In contrast to studies in adipocytes (39) and skeletal
muscle cells (40), we found no evidence that ceramide in-
creases dephosphorylation of AKT via protein phosphatase
2A in lipotoxic hearts. In the failing heart, pAKT produc-
tion is increased by non-insulin receptor-mediated pathways
such as via G-protein-activated phosphatidylinositol 3-kinase
v (41-43). In AC16 cardiomyocytes, ceramide treatment

decreased pAKT and pGSK-3B, which is consistent with
previous observations in skeletal muscle cells and adipo-
cytes (39, 44, 45). Thus, increased pAKT and GSK-33 in
lipotoxic hearts could be due to secondary effects of heart
failure. However, the detailed mechanism of AKT/GSK-383
activation in the pathogenesis of cardiac failure is elusive
and deserves further investigation.

Although myriocin-treated LpL®" mice had more-
prolonged survival than untreated LpLGP T mice, they still
died earlier than did WT mice. Ceramide levels are greater
in older mice. However, the myriocin treatment was equally
effective in young and older mice. It is possible that the
long-term effects of the treatment are suboptimal. Alterna-
tively, additional processes leading to cardiac dysfunction
are operative in the LpLGPI mice. Thus, other bioactive lip-
ids, such as DAG, which activates protein kinase C, could
contribute to early death of lipid-driven cardiomyopathic
mice (46, 47).

To exclude nonspecific pharmacological effects of myr-
iocin, we crossed LpL“"" transgenic mice with LCB1™/~
mice that have reduced plasma and hepatic ceramide
(32). Heterozygous deletion of the SPT subunit LCB1 nor-
malized ceramide levels and PDK4 expression, improved
cardiac function, and reduced the expression of heart fail-
ure markers. This pattern mirrors the effect of myriocin
treatment on LpLSP! hearts. Interestingly, expression of
the cardiac failure markers ANF and BNP was downregu-
lated by pharmacologic and genetic inhibition of SPT even
further than those of WT. Thus, both pharmacological inhi-
bition and genetic deletion of SPT improve these lipotoxic
hearts. Whether ceramide inhibition will prove to be a com-
mon therapeutic modality to correct cardiomyopathy in
other models of lipotoxicity requires further investigation.

Increased accumulation of cardiac lipids is associated
with dilated cardiomyopathy, and this is true both for hu-
mans with obesity and diabetes (48-50) and in several ani-
mal models (5, 8, 51). One major issue is whether increased
oxidation of lipids and generation of ROS or effects of
toxic lipids are pathogenic. Although conversion of hearts
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Fig. 6. Prevention of cardiomyopathy and regulation of cardiac gene expression by heterozygous deletion of LCB1 in LpL®" hearts. LVDs
of the heart (A) and fractional shortening (B) in WT, heterozygous LCB1 knockout (LCB17/7), LpLGPI, and LCB17/ 7/ LpLGPI mice (14—
16 weeks old) were measured by echocardiography as described in Materials and Methods (n = 6-8 each group). Cardiac ceramide content
(C) was measured by diacylglycerol kinase assay followed by TLC and autoradiography (n = 5 per genotype). Gene expression of LCB1 (D),
LCB2 (E), ANF (F), BNP (G), GLUT4 (H) and PDK4 (I) was measured by real-time PCR and normalized by B-actin (n = 5 each group).

#P < 0.05 versus WT; 8P < 0.05 versus LpL*.

from use of FA to glucose as energy is beneficial in the
setting of oxygen deficiency, i.e., ischemia, it is unclear
whether disproportionate FA oxidation is harmful in other
settings. It has been difficult to isolate the possible causes
of lipotoxic cardiomyopathy, because genetic and phar-
macologic interventions associated with increased FA
oxidation also modulate lipid uptake and augment car-
diomyocyte lipid accumulation. However, several genetic
alterations have clearly linked lipid accumulation, rather

2110 Journal of Lipid Research Volume 49, 2008

than lipid oxidation, to cardiac dysfunction. Two genetic
models of dilated cardiomyopathy, cardiac and muscle
LpL overexpression on the PPARa knockout background
(52) and cardiac-specific PPARS knockout (53), are asso-
ciated with reduced FA oxidation and cardiac lipid ac-
cumulation. Moreover, cardiomyopathy due to transgenic
overexpression of PPARa is corrected by reduction of
FA uptake by cross onto the CD36 knockout background,
despite no reduction in FA oxidation (54). Thus, toxic lip-
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ids, rather than excess FA oxidation, are likely to lead to
heart dysfunction.

Excess lipid associated with dysfunctional tissues and 13.
organs is becoming a common problem in obesity. Islet
cell, liver, and cardiac manifestations of lipotoxicity in-
clude type 2 diabetes, nonalcoholic steatohepatitis, and di-
lated cardiomyopathies. The underlying pathophysiology
is likely to be similar in these three conditions. Other in-
vestigators have implicated ceramide as a toxic lipid (3, 4).
By using a specific inhibitor of ceramide production and
genetic methods, we provide evidence that this lipid is re-
sponsible, at least in part, for one form of dilated lipotoxic
cardiomyopathy. The mechanisms behind myriocin’s ther-
apeutic benefit were examined and suggest that correction 16
of defective cardiac energetics is involved. These studies
provide a model for developing pharmacologic interven-
tions for an increasingly important cause of human dis- 17.
case . i
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