
1482 Journal of Lipid Research Volume 53, 2012

Copyright © 2012 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

create a group of diseases classifi ed as lipotoxicities. These 
diseases include nonalcoholic fatty liver disease, type 2 dia-
betes, and metabolic cardiomyopathy ( 2 ). 

 The major storage form of lipids within the body is trig-
lyceride (TG), a lipid that is believed to be biologically in-
ert ( 3 ). Diacylglycerol (DAG) acyl transferase 1 (DGAT1) 
is one of two enzymes that catalyze the fi nal step in TG 
synthesis.  Dgat1  belongs to a gene family that includes acyl-
CoA:cholesterol acyltransferases 1 and 2 ( 4 ). DGAT1 has 
been overexpressed in mice to elucidate the function of 
this gene in the development of metabolic disease. In skel-
etal muscle, overexpression of DGAT1 increased TG stores 
but reduced DAG and ceramide, increased FA oxidation, 
and improved insulin sensitivity ( 5 ); this mimics the biol-
ogy of chronic exercise and is sometimes referred to as the 
“athlete paradox” ( 6, 7 ). Overexpression of DGAT1 in adi-
pose tissue using an  AP2  promoter led to greater obesity 
but not insulin resistance in C57BL6 mice ( 8 ). FVB mice, 
however, still had insulin resistance ( 9 ), a fi nding that 
might refl ect genotype differences or variation in mac-
rophage DGAT1 expression with the AP2 promoter. Over-
expression of DGAT1 in the liver ( 10 ) and heart ( 11 ) 
increased TG content of those tissues but did not cause 
insulin resistance or heart dysfunction. Similarly, overex-
pression of DGAT1 in macrophages ameliorated FA-in-
duced infl ammation and high-fat feeding-induced insulin 
resistance ( 12 ). These data support the hypothesis that 
conversion of intermediary toxic lipids to TG via DGAT1 
can be a detoxifying process ( 3 ). 

 Lipotoxic cardiomyopathy models have been created 
in which lipid oxidation is insufficient to balance lipid 
uptake, leading to increased accumulation of TG, free FA 
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  Fatty acids (FA) are the principal fuel of normal adult 
hearts and supply  � 70% of the ATP necessary for cardiac 
function ( 1 ). When there is an imbalance between lipid 
uptake and oxidation, lipids accumulate in organs. And 
when they exceed the storage capacity of each organ, they 
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in the extraction solution as an antioxidant, and [ 3 H]triolein 
(0.25  � Ci) was used as an internal control for TG recovery. TG 
and FA concentrations in lipid extracts were determined enzy-
matically with colorimetric kits (Sigma-Aldrich). DAG and cer-
amide levels were measured using a DAG kinase-based method. 
Lipids extracted from muscle specimens were dried under 
a stream of N 2 , redissolved in 7.5% octyl- � -D-glucoside con-
taining 5 mM cardiolipin and 1 mM diethylenetriamine pen-
taacetate, in which DAG and ceramide are quantitatively 
phosphorylated to form  32 P-labeled phosphatidic acid and cer-
amide-1-phosphate, respectively, which were then quantifi ed. 
The reaction was carried out at room temperature for 30 min in 
100 mM imidazole HCl, 100 mM NaCl, 25 mM MgCl 2 , 2 mM 
EGTA (pH 6.6), 2 mM DTT, 10  � g/100  � l DAG kinase (Sigma-
Aldrich), 1 mM ATP, and 1  � Ci/100  � l [ � - 32 P]ATP. The reac-
tion was stopped by addition of chloroform/methanol (v/v, 
2:1) and 1% HClO 4 , and lipids were extracted and washed twice 
with 1% HClO 4 . Lipids were resolved by thin layer chromatog-
raphy (TLC, Partisil K6 adsorption TLC plates, Whatman cata-
log no. LK6D); mobile phase contained chloroform/methanol/
acetic acid (v/v/v, 65:15:5). The bands corresponding to phos-
phatidic acid and ceramide-1-phosphate were identifi ed with 
known standards, and silicon was scraped into a scintillation vial 
for radioactivity measurement. [ 3 H]triolein bands from the 
same TLC plates were identifi ed and quantifi ed in the same way 
and were used as controls for lipid recovery. LC/MS analyses 
were performed as described previously ( 21 ). 

 LC/MS 
 Lipid analyses by LC/MS were performed as recently re-

ported ( 21 ). Briefl y, all solutions and solvents used for lipid ex-
traction were precooled at 4°C. A 0.25 ml aliquot of 0.1 M 
KH 2 PO 4  and 0.25 ml of 2-propanol were added to the weighed, 
frozen tissue aliquots (15–20 mg). A 20  � l aliquot of 50  � M 
heptadecanoyl-CoA, dissolved in 0.1 M KH 2 PO 4 /2-propanol/
acetonitrile (1:1: 2), was added per sample as internal standard. 
The sample was homogenized using a bead beater (BioSpec) 
using 1.0 mm glass beads. A 30  � l aliquot of saturated aqueous 
ammonium sulfate and 0.5 ml of acetonitrile were added to the 
homogenate, and the mixture was vortexed well. After centrifu-
gation at 2,500  g  for 10 min, the supernatant was transferred to 
MS vials for analyses. All analyses were carried out on a Waters 
Xevo TQ MS ACQUITY UPLC system (Waters) controlled by 
Mass Lynx Software 4.1. 

 Electron microscopy 
 Left ventricles from 16 h fasted 3-month-old mice were isolated, 

fi xed with 2.5% glutaraldehyde in 0.1M Sorenson’s buffer (pH 
7.2), and treated with 1% OsO4   also in Sorenson’s buffer for 1 h. 
After dehydration and embedment in Lx-112 (Ladd Research In-
dustries), thin sections (60 nm) were cut using a MT-7000 ultrami-
crotome, stained with uranyl acetate and lead citrate, and examined 
under a JEOL JEM-1200 EXII electron microscope. Pictures were 
captured by an ORCA-HR digital camera (Hamamatsu) and re-
corded with an AMT Image Capture Engine. 

 Real-time PCR 
 Total RNA was extracted using a Trizol kit from Invitrogen. 

1  � g of RNA was initially treated with DNase I. The RNA samples 
were then reverse-transcribed using the SuperScript III First-
Strand Synthesis System for RT-PCR. Real-time amplifi cation was 
performed using iQ SYBR Green Supermix (Bio-Rad). Primers 
used for PCR amplifi cation are listed in Table I. Analysis was per-
formed using iCycler iQ Real-Time Detection System software 
(Bio-Rad). 

(FFA), and other potentially toxic lipids, and in some 
cases, to premature death ( 13, 14 ). The peroxisome prolif-
erator-activated receptors (PPAR) are a group of three 
nuclear receptor proteins that work as transcription fac-
tors regulating the expression of genes involved in lipid 
oxidation and uptake ( 15 ). Transgenic cardiomyocyte 
overexpression of PPAR �  or PPAR �  leads to lipotoxic car-
diomyopathy ( 13, 16 ). PPAR �  does not cause increased 
lipid accumulation and does not cause cardiomyopathy 
( 17 ), probably because it also induces angiopoietin-like 
protein 4 expression, which inhibits lipoprotein lipase and 
reduces heart lipid uptake ( 18 ). Although there is no obvi-
ous human cardiac muscle phenotype associated with 
activation of PPAR � , PPAR �  agonist treatment causes 
symptomatic heart failure either due to greater fl uid re-
tention or direct effects on the heart ( 19 ). 

 One unanswered question is which lipid(s) are toxic. 
The most obvious candidates are FAs, fatty acyl CoAs, 
DAGs, and ceramides. A second issue is whether a com-
mon lipid-altering process will alleviate lipotoxicity in 
more than one model. We had created mice with heart-
specifi c DGAT1 expression using the myosin heavy chain 
(MHC) promoter and showed that the MHC-DGAT1 
transgene increased the survival of mice overexpressing 
acyl CoA synthetase 1 (ACS1). This improvement was as-
sociated with better mitochondrial function, increased FA 
oxidation, and decreased apoptosis ( 11 ). However, Glenn 
et al. reported another MHC-DGAT1 transgenic model 
that displayed a late cardiomyopathy with fi brosis in the 
heart ( 20 ). This report suggested that the level of expres-
sion, the mouse genetic background, or technical issues 
related to the type of construct used could affect cardio-
myocyte biology. Thus, the effects of DGAT1 expression in 
the heart are controversial. To determine whether our 
MHC-DGAT1 transgene would improve a second lipotoxic 
model and to determine whether this transgene led to 
heart dysfunction in older mice, we studied MHC-DGAT1 
transgenic mice on the wild-type (WT) and MHC-PPAR �  
background. In addition, we obtained more comprehen-
sive lipidomics in this model. 

 MATERALS AND METHODS 

 Mice and diets 
 Animal protocols were in compliance with accepted standards 

of animal care and were approved by the Columbia University 
Institutional Animal Care and Use Committee. Male mice were 
used in experiments unless otherwise indicated. WT C57BL/6J 
mice were purchased from the Jackson Laboratory. MHC-PPAR �  
and MHC-DGAT1 mice were created as described ( 11, 13 ). MHC-
DGAT1 FVB mice were backcrossed to C57BL/6 background for 
six generations before use. Mice were housed in a barrier facility 
with 12 h light/12 h dark cycles and had ad libitum access to 
chow diet (5053 PicoLab Rodent Diet 20; Purina Mills). 

 Lipid measurements 
 To measure FFA, TG, DAG, and ceramide, lipids were fi rst 

extracted from hearts using chloroform/methanol/HCl (v/v/v, 
2:1:0.01) ( 5 ). Butylated hydroxytoluene (0.01%) was included 
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in the homogenization buffer containing 20 mM HEPES, pH 7.4, 
1 mM CaCl 2 , 1 mM MgCl 2 , 5 mM Na 3 VO 4 , 10 mM NaF, 1 mM 
DTT, and a cocktail of protease inhibitors. One-fourth vol-
ume of 30% sucrose was added to the samples immediately 
following homogenization. The mixtures were then centri-
fuged at 1,500  g  for 10 min at 4°C. The supernatants were col-
lected and centrifuged at 150,000  g  for 1 h at 4°C. The 
membrane pellets were homogenized and resuspended in a 
400  � l buffer containing 20 mM HEPES, pH 7.4, 0.25 M su-
crose, 5 mM Na 3 VO 4 , 10 mM NaF, 1 mM DTT, and protease 
inhibitors. The cytosol fraction was obtained by concentrat-
ing the supernatants by acetone precipitation. Proteins (50  � g) 
were resolved by SDS-PAGE and then transferred onto 
nitrocellulose membranes. Immunoblotting was carried out 
using the following primary antibodies: PKC- � , PKC- � , Glut1, 
P-IRS1 307, total-IRS1, P-AKT 473, total-AKT, and PDK4 
(Cellsignaling). 

 Statistics 
 All data are presented as mean ± SD, unless indicated other-

wise. Comparisons between two groups were performed using 
unpaired two-tailed Student  t -test; comparisons more than two 

 Echocardiography 
 Two-dimensional echocardiography was performed using a 

high-resolution imaging system with a 30-MHz imaging trans-
ducer (Vevo 770; VisualSonics) in unconscious 3- to 4-month-old 
mice. The mice were anesthetized with 1.5–2% isofl urane and 
thereafter maintained on 1–1.5% isofl urane throughout the pro-
cedure. Two-dimensional echocardiographic images were ob-
tained and recorded in a digital format. Images were analyzed 
offl ine by a researcher blinded to the murine genotype. Left ven-
tricular end-diastolic dimension (LVDd) and left ventricular end-
systolic dimension (LVDs) were measured. Percentage fractional 
shortening (FS), which quantifi es contraction of the ventricular 
wall and is an indication of muscle function, was calculated as % 
FS = ([LVDd  �  LVDs] / LVDd) × 100. 

 Western blotting 
 Tissue (10–30 mg) was homogenized in lysis buffer containing 

50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P40, 0.5% 
sodium deoxycholate, and 1 protease inhibitor cocktail tablet 
(Roche)/25–50 ml. Cell lysates (50  � g per sample) obtained 
after centrifugation at 15,000  g  for 10 min at 4°C. To obtain 
membrane and cytosol fractions, muscle tissues were homogenized 

  Fig.   1.  Survival rate and heart weight in WT, MHC-DGAT1, MHC-PPAR � , and MHC-DGAT1×MHC-PPAR �  
mice. (A) Male and female MHC-PPAR �  mouse survival was increased by the MHC-DGAT1 transgene (Log-
rank test,  P   �  0.01). (B) Male and female heart weights were signifi cantly increased in MHC-PPAR �  and 
MHC-DGAT1×MHC-PPAR �  mice (one-way ANOVA, * P  < 0.05, ** P  < 0.01 of LSD  t -test).   
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 P  < 0.05), whereas MHC-DGAT1 mouse heart weights did 
not differ from WT littermates ( Fig. 1B ). MHC-DGAT1 
did not reduce heart weight of the MHC-PPAR �  mice. The 
reason for this appeared to be a lack of reduction in stored 
lipids. In male mice, heart TG was  � 10% increased in 
MHC-DGAT1,  � 23% increased in MHC-PPAR �  mice, and 
 � 15% increased in MHC-DGAT1×MHC-PPAR �  mice com-
pared with their WT littermates (  Fig. 2A  );  the difference 
between the MHC-PPAR �  and MHC-DGAT1×MHC-PPAR �  
mice was not statistically different. This result indicated 
that the improvement of survival of MHC-DGAT1×MHC-
PPAR �  mice was probably not due to reduced TG content. 
Because more females were maintained for the survival 
curve, male mice were used to determine the mechanism 
of the rescue. 

 Some potential toxic FA derivatives were then measured 
in the cardiac muscle of these mice. In male mice, FFA, 
DAG, and ceramide were increased  � 57%,  � 78%, and  � 66%, 
respectively, in MHC-PPAR �  mice compared with WT 

groups were performed with one-way ANOVA with post hoc LSD 
 t -test. A  P  value less than 0.05 was used to determine statistical 
signifi cance. 

 RESULTS 

 MHC-DGAT1 improves survival of MHC-PPAR �  mice 
 To test whether DGAT1 was generally benefi cial for 

lipotoxic cardiomyopathy, we bred the MHC-DGAT1 
transgene onto the C57BL/6 background and then crossed 
these mice with MHC-PPAR �  transgenic mice. MHC-
DGAT1×MHC-PPAR �  mouse survival was signifi cantly im-
proved in both males and females (log-rank test,  P   �  0.01 
in both males and females) (  Fig. 1A  )  compared with MHC-
PPAR �  mice. 

 Heart weights did not correlate with heart dysfunction. 
MHC-PPAR �  mice had signifi cantly increased heart weights 
(by  � 15–20% in both males and females, one-way ANOVA, 

  Fig.   2.  Lipid content in WT, MHC-DGAT1, MHC-PPAR � , and MHC-DGAT1×MHC-PPAR �  mice. (A) TG 
was increased in MHC-PPAR �  and MHC-DGAT1×MHC-PPAR �  mice compared with their WT litter mates 
(n = 5–6, one-way ANOVA, ** P  < 0.01, *** P  < 0.001 of LSD  t -test). (B–D) Increased FFA, DAG, and ceramide 
levels in MHC-PPAR �  mice were reduced by MHC-DGAT1 transgene (n = 5–6, one-way ANOVA, * P  < 0.05, 
** P  < 0.01 of LSD  t -test).   
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The reduction in ceramides was due to normalization of 
C14:0, C18:0, and C26:1 levels to the amounts found in the 
WT littermates (  Table 1  ).  Also C24 ceramides were re-
duced in the double transgenic mice. In contrast, most 

littermates ( P  < 0.01). These levels were decreased in 
MHC-DGAT1×MHC-PPAR �  mice; FFA decreased  � 20%, 
DAG  � 27%, and ceramide  � 16% compared with MHC-
PPAR �  mice (one-way ANOVA,  P   �  0.01) ( Fig. 2B–D ). 

 TABLE 1. Ceramide composition   

Ceramide (nmol/g) WT MHC-DGAT1 MHC-PPAR � MHC-DGAT1×MHC-PPAR � 

C14:0 0.027 ± 0.005 0.020 ± 0.006 0.034 ± 0.013 0.019 ± 0.002  a   ,   b  
C16:0 2.0 ± 0.4 2.25 ± 0.39 3.26 ± 0.74 2.39 ± 0.58  c  
C18:0 1.89 ± 0.57 2.65 ± 0.77 3.32 ± 0.81 1.98 ± 0.32  a,c  
C18:1 0.069 ± 0.017 0.072 ± 0.016 0.099 ± 0.027 0.070 ± 0.018  b  
C20:0 0.081 ± 0.070 0.027 ± 0.007 0.040 ± 0.014 0.037 ± 0.012
C20:1 0.013 ± 0.011 0.003 ± 0.001 0.004 ± 0.001 0.004 ± 0.001  b  
C22:0 0.139 ± 0.109 0.055 ± 0.018 0.075 ± 0.019 0.069 ± 0.022
C22:1 0.021 ± 0.019 0.006 ± 0.002 0.011 ± 0.003 0.013 ± 0.001
C24:0 2.12 ± 0.77 1.31 ± 0.29 1.88 ± 0.54 1.56 ± 0.18  b  
C24:1 1.00 ± 0.76 0.47 ± 0.13 0.94 ± 0.24 0.82 ± 0.15
C26:0 0.035 ± 0.014 0.036 ± 0.001 0.031 ± 0.012 0.023 ± 0.010
C26:1 0.034 ± 0.010 0.026 ± 0.004 0.034 ± 0.009 0.023 ± 0.004  a   ,   b  
Total 7.44 ± 1.69 7.11 ± 1.03 9.42 ± 2.13 7.02 ± 1.07  a   ,   b  

  a P  < 0.05 versus MHC-PPAR of LSD  t -test followed one-way ANOVA, n = 4–6.
  b P  < 0.05 of one-way ANOVA, n = 4–6.
  c P  < 0.01 of one-way ANOVA, n = 4–6.

  Fig.   3.  Cardiac function in WT, MHC-DGAT1, MHC-PPAR � , MHC-DGAT1×MHC-PPAR � . (A) Fraction 
shorting (FS), (B) left ventricular systolic dimension (LVDs), and (C) left ventricular diastolic dimension 
(LVDd) (n = 5–6, one-way ANOVA, * P  < 0.05 of LSD  t -test) are shown. (D) Representative photographs of 
echocardiograms.   
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( Fig. 3B, C ).  Fig. 3D  shows representative echocardiogra-
phy pictures. 

 Lipid droplet changes in MHC-DGAT1×MHC-PPAR �  
 Several processes could have improved the heart dys-

function in these mice, most obviously the reduction in 
DAG and ceramide or a change in storage of cardiomyo-
cyte lipids. As shown in  Fig. 2A , MHC-PPAR �  hearts had 
more TG than WT littermates, but this accumulation was 
not signifi cantly decreased by the MHC-DGAT1 transgene. 
We then assessed lipid droplet size and number as an indi-
cation of lipid storage. Electron microscopy showed that 
the number of lipid droplets was increased  � 3-fold in 
MHC-PPAR �  mice (  Fig. 4A , B ).  MHC-DGAT1 slightly in-
creased lipid droplet number compared with WT ( Fig. 4B ). 
Lipid droplet size distribution was altered in the double 
transgenic mice, even though the total number of droplets 
did not change ( Fig. 4B ). The number of large lipid drop-
lets (diameter > 2  � m) was greater in MHC-PPAR �  than 
MHC-DGAT1×MHC-PPAR � , whereas the number of me-
dium-sized droplets (1–2  � m) was greater in the double 
transgenics ( Fig. 4C ). This is why the total TG remained 
the same between MHC-PPAR �  mice and MHC-DGAT1×
MHC-PPAR �  mice. 

 Expression of genes regulating lipid uptake and storage 
 We fi rst assessed whether MHC-DGAT1 improved car-

diac function and mortality because it altered expression 
of PPAR �  or other PPARs. It did not (  Table 2  ).  In adi-
pose, smaller lipid droplets are created during lipolysis 
( 25 ), so we assessed lipolysis enzymes in the four groups 
of mice. ATGL is the primary enzyme responsible for hy-
drolysis of lipid droplet in hearts ( 26 ). Expression of this 
enzyme was decreased with the expression of the MHC-
DGAT1 transgene in MHC-PPAR � -expressing cardiac 
muscle. So increased ATGL was not the reason for the 
smaller lipid droplets, but less enzyme activity could have 
prevented release of toxic FAs from stored TG. However, 
ATGL is responsible for regulation of PPAR �  in the heart 
( 27 ). In agreement with this, mRNA levels of CD36, a 
gene involved in lipid uptake and TG hydrolysis, and 
acyl-CoA oxidase (AOX) were  � 2-fold higher in MHC-
PPAR �  mice and were reduced in MHC-DGAT1×MHC-
PPAR �  mice. In addition, PDK4, a regulator of FA versus 
glucose oxidation, was decreased in MHC-DGAT1×MHC-
PPAR �  mice (Table 2). This fi nding implies that the dou-
ble transgenic mice had more glucose oxidation. Other 
genes in these pathways, CPT1 and LpL, were not altered. 
Male and female mice showed similar changes (supple-
mentary Table III). Therefore, MHC-DGAT1×MHC-PPAR �  
hearts appeared to have reduced uptake and oxidation 
of FAs and greater glucose oxidation. 

 mRNA levels of genes involved in lipid droplet forma-
tion in heart were measured. ADRP ( Plin2 ) was in-
creased ( � 26%) in MHC-DGAT1, ~55 in MHC-PPAR � , 
and ~37% in MHC-DGAT1XMHC-PPAR �  transgenic mice. 
Compared with WT littermates, TIP47 ( Plin3 ) was in-
creased  � 4 and OXPAT ( Plin5 ) increased  � 3-fold in 
MHC-DGAT1 cardiac muscle. In double transgenic mice, 

acyl CoAs, which were decreased by the MHC-PPAR �  gene, 
remained low (Table II). 

 MHC-PPAR �  mice die from ventricular arrhythmias 
( 22 ). Although a number of lipids could alter ion chan-
nels, in vitro and animal experiments suggest that n-3 PU-
FAs directly infl uence atrial and ventricular myocyte 
electrophysiology, potentially mediated by effects on mem-
brane ion channels or cell-cell connexins ( 23, 24 ). C20:5 
acyl CoAs were reduced in MHC-PPAR �  transgenic mice 
but recovered to normal levels in MHC-DGAT1×PPAR �  
mice (Table II). 

 Heart function was improved in MHC-DGAT1×MHC-
PPAR �  mice 

 C57BL/6 MHC-DGAT transgenic mice did not show 
any heart dysfunction at 4 months of age. MHC-PPAR �  
transgenic mice had a  � 24% reduction in FS and  � 22% 
increase in LVDs compared with controls (  Fig. 3A , B ).  FS 
was enhanced  � 15% in MHC-DGAT1×MHC-PPAR �  ani-
mals compared with MHC-PPAR �  mice, although the 
variability between mice led to no statistical change in 
LVDs or LVDd in these mice (one-way ANOVA,  P  < 0.05) 

  Fig.   4.  Lipid droplet changes in WT, MHC-DGAT1, MHC-PPAR � , 
and MHC-DGAT1×MHC-PPAR �  mice. (A) Electron microscopy 
pictures of lipid droplets, (B) lipid droplet numbers per area (n = 
3, one-way ANOVA, * P  < 0.05, ** P  < 0.01 of LSD  t -test), and (C) 
lipid droplet size distribution in WT, MHC-DGAT1, MHC-PPAR � , 
and MHC-DGAT1×MHC-PPAR �  mice.   
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 Regulation of PKC and insulin signaling pathways 
 We next assessed whether changes in DAG and cer-

amide altered membrane (active) levels of protein kinase 
C (PKC) in cardiac muscle. Membrane PKC �  protein was 
reduced in MHC-DGAT1 and increased in heart tissue from 
MHC-PPAR �  mice. The increased PKC �  protein in cardiac 
membranes was partially decreased by the MHC-DGAT1 

OXPAT was the most signifi cantly increased of these 
genes(Table 2). 

 MHC-DGAT1×MHC-PPAR �  had gene expression changes 
consistent with the improved function and mortality. BNP 
mRNA levels were increased in MHC-PPAR �  mice. Consis-
tent with the functional results, BNP was reduced to nor-
mal levels by DGAT1(Table 2). 

Fig.  4.  Continued.

 TABLE 2. Male gene expression   

Gene WT MHC-DGAT1 MHC-PPAR � MHC-DGAT1×MHC-PPAR � 

Genes involved in lipid metabolism
  Ppara 100 ± 24 150 ± 33 160 ± 87 117 ± 20
  Ppard 100 ± 54 181 ± 48 74 ± 36 70 ± 22
  Pparg 100 ± 13 184 ± 61 1360 ± 526 1150 ± 298  c   
  Atgl 100 ± 36 198 ± 62 258 ± 134 72 ± 19  a,b  
  Cd36 100 ± 36 176 ± 35 246 ± 55 82 ± 51  a,c  
  Aco 100 ± 43 161 ± 48 202 ± 107 59 ± 34  a,b  
  Pdk4 100 ± 34 265 ± 26 75 ± 30 45 ± 7  b  
  Cpt1 100 ± 29 146 ± 41 194 ± 72 161 ± 64  b  
  Lpl 100 ± 19 118 ± 26 95 ± 20 105 ± 14
Genes involved in lipid droplet formation
  Adrp 100 ± 17 126 ± 21 155 ± 39 137 ± 30  b  
  Tip47 100 ± 28 471 ± 173 79 ± 23 211 ± 68  b  
  Oxpat 100 ± 51 303 ± 141 155 ± 42 580 ± 217  a,c  
Genes involved in heart failure
  Bnp 100 ± 46 116 ± 12 187 ± 60 71 ± 41  a,b  

  a P  < 0.05 versus MHC-PPAR of LSD  t -test followed one-way ANOVA, n = 4–5.
  b P  < 0.05 of one-way ANOVA, n = 4–5.
  c P  < 0.01 of one-way ANOVA, n = 4–5.
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protein ( Fig. 5B ) were lower in MHC-DGAT1×PPAR �  than 
MHC-PPAR �  cardiac muscle, we speculated that these 
double transgenic mice have reduced uptake and oxida-
tion of FAs and greater glucose oxidation. Membrane as-
sociated Glut1 protein, which was reduced in MHC-PPAR �  
cardiac muscle, may have slightly recovered in MHC-
DGAT1×PPAR �  hearts ( Fig. 5B ). The insulin signaling 
pathway, which has been reported to be defective in lipo-
toxic cardiomyopathy ( 28, 29 ), was assessed. P-IRS1 levels 
were increased with PPAR �  expression and were even 
greater in the double transgenic mice ( Fig. 5C ). P-AKT 
levels were not altered when we compared MHC-PPAR �  
with MHC-DGAT1×MHC-PPAR �  mice(Fig. 5C). 

 Heart function is normal in old MHC-DGAT1 
transgenic mice 

 Glenn et al. reported that their MHC-DGAT1 transgenic 
mice developed signifi cant heart dysfunction over time 
( 20 ), unlike what we had reported in younger mice on the 
FVB background. To clarify this issue, we maintained our 
MHC-DGAT1 transgenic mice to 52 weeks, an age that led 
to dysfunction in their animals. However, we still did not 
detect heart dysfunction in our MHC-DGAT1 transgenic 
mice (  Fig. 6A , B ).  We also did not fi nd increased fi brosis 
by collagen staining ( Fig. 6C ). 

 DISCUSSION 

 DGAT1, one of two identifi ed enzymes for TG synthesis, 
uses DAG and FA to create TG. In animal models, DGAT1 
overexpression is benefi cial in some situations ( 5, 11 ). Our 
previous study demonstrated that overexpression of DGAT1 
in skeletal muscle improved high-fat-treated insulin sen-
sitivity; this occurred as more FA substrates were stored 
as TG and oxidized and as concentrations of lipotoxic FA-
derivatives were reduced ( 5, 30 ). In our MHC-DGAT1 
transgenic model, DGAT1 also reduced DAG and cer-
amide in the heart. Although no heart function change 
was found in MHC-DGAT1 transgenic mice, the MHC-
DGAT1 transgene signifi cantly improved heart function 
and increased survival of a lipotoxic cardiomyopathy 
model created by overexpression of ACS1 ( 11 ). There 
is, however, some controversy on the role of DGAT1 in the 
heart. 

 In the current study, MHC-DGAT1×MHC-PPAR �  mice 
had increased survival and reduced heart content of DAG 
and ceramide. DAG and ceramide are believed to be toxic 
( 31, 32 ); the improved function and survival are, we specu-
late, due to their reduction. In a recent publication, we 
had shown that MHC-PPAR �  mice die of ventricular fi bril-
lation associated with reduced activity of a potassium chan-
nel ( 22 ). Such channels may be modulated by adrenergic 
signaling, which is defective in these hearts, probably due 
to increased lipid-driven PKC activation ( 2 ). In support of 
that, membrane-associated PKC �  was reduced in the res-
cued mice. 

 CD36 modulates FFA uptake into muscles and is espe-
cially important in delivery of FFA and lipoprotein FAs to 
the heart ( 33, 34 ). CD36 is a PPAR � -regulated gene, and its 

transgene. PKC � , another DAG activated PKC isoform, 
was not reduced in MHC-DGAT1×PPAR �  cardiac muscles 
(  Fig. 5A  ).  

 Several indicators of glucose metabolism were altered 
by this cross. Because PDK4 mRNA levels as well as PDK4 

  Fig.   5.  Western blot of PKCs, Glut1, and insulin signaling path-
ways in WT, MHC-DGAT1, MHC-PPAR � , and MHC-DGAT1×MHC-
PPAR �  mice. A: Membrane associated PKC �  and PKC �  were 
increased in MHC-PPAR �  cardiac muscle but only PKC �  was down-
regulated in MHC-DGAT1XPPAR �  mice. B: The MHC-DGAT1 
transgene also decreased PDK4 protein (***P<0.001) and elevated 
membrane and cytosol Glut1, which was signifi cantly decreased in 
MHC-PPAR �  cardiac muscle. C: P-IRS1 and P-AKT levels in hearts.    
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( 36 ), and the increase in Glut1 might also improve heart 
function in the MHC-PPAR �  mice. In addition, we found 
an increase in P-IRS1 and a decrease in PDK4 in these 
hearts. Although P-AKT, another usual downstream target 
of insulin signaling was not altered, P-AKT is also a marker 
for cardiac hypertrophy ( 37 ). However, overall, the im-
proved survival is likely to be associated with greater glu-
cose use. Reductions in either or both ceramide ( 32 ) and 
DAG ( 38 ) should improve insulin signaling. Our study, 
however, shows the diffi culty of trying to alter just one of 
these potentially toxic lipids. 

 Recently, Glenn et al. reported that another MHC-
DGAT1 transgenic model had increased cardiac myocyte 
lipid accumulation and heart dysfunction ( 20 ). Over time, 
expression of their DGAT1-FLAG-tagged transgene in the 
heart resulted in the development of a signifi cant cardio-
myopathy at 52 weeks associated with cardiac fi brosis. The 
toxicity was found only on a mixed background; transgene 
expression was lost in C57BL6 mice. The reasons for the 
cardiac toxicity were postulated to be due to excess TG ac-
cumulation, although TG is often viewed as a relatively in-
ert storage form of lipid. The disparate results from our 

expression was decreased in MHC-DGAT1×MHC-PPAR �  
despite no reduction in expression of the MHC-PPAR �  
transgene. Perhaps the reduction in ATGL expression in 
the double transgenic mice led to reduced production of 
a PPAR ligand ( 26 ). Reduced CD36 expression in MHC-
DGAT1×MHC-PPAR �  mice may have reduced FA uptake, 
which assisted in the reduced production of DAG and cer-
amide. Others have shown that deletion of CD36 will im-
prove lipid toxicity in mice overexpressing PPAR �  in 
cardiomyocytes ( 35 ). We note that CD36 expression sig-
nifi cantly increased in MHC-DGAT1 transgenic mice, but 
these mice oxidized more FA ( 11 ) and, thus, were in lipid 
balance. 

 In contrast to increased FA uptake and oxidation in 
MHC-PPAR �  heart, we speculated that the hearts of MHC-
DGAT1xPPAR �  mice switched from FA to more glucose 
oxidation because PDK4 gene expression was decreased. 
The decreased membrane-associated Glut1 level in MHC-
PPAR �  cardiac muscle was partially recovered in MHC-
DGAT1×PPAR �  double transgenic mice. Overexpression 
of Glut1 in cardiac muscle prevents the development of 
heart failure attributable to pressure overload in mice 

  Fig.   6.  Cardiac function in 12-month-old WT and 
MHC-DGAT1 mice. (A) Representative photographs 
of echocardiograms of 12-month-old WT and MHC-
DGAT1 mice, and (B) FS, LVDd, and LVDd of these 
mice (n = 6 and 8). (C) Two representative collagen 
staining pictures of mice.   



DGAT1 and lipotoxicity 1491

study might be due either to the time course of the observed 
responses or to the genetic background; our fi rst studies 
used mice on the FVB rather than “mixed” background. 
To determine whether our mice would develop cardiomy-
opathy in old age on a uniform background, we crossed 
the MHC-DGAT1 transgene onto the C57BL6 background 
and maintained them to 52 weeks of age. We still found no 
cardiac dysfunction and no fi brosis. Aside from back-
ground, the location of insertion of these two MHC-DGAT1 
transgenes might have led to altered phenotypes. Another 
possibility is that the FLAG epitope-tagged protein used 
affected heart function; some tagged proteins have been 
reported to cause dilated cardiomyopathy in vitro and in 
vivo ( 39 ) ( 40 ). FLAG epitope tags may also interfere with 
a particular target protein’s function ( 41 ). 

 In the heart, FAs are likely acquired by both protein- 
and nonprotein-mediated uptake ( 42 ). FAs derived from 
each of these processes can be utilized for membrane bio-
synthesis, energy production through  � -oxidation, and 
generation of lipid-signaling molecules. When cells accu-
mulate more FAs than are required for anabolic or cata-
bolic processes, excess lipid is esterifi ed and stored as TG 
in lipid droplets ( 43 ); however, nonadipose tissues have a 
limited capacity for storage of lipids. Accumulation of ex-
cess lipids in nonadipose tissues leads to cell dysfunction 
or cell death. This phenomenon, known as lipotoxicity, 
may play an important role in the pathogenesis of heart 
failure in patients with diabetes and obesity ( 43 ). However, 
TG itself is a nonreactive stored lipid that is usually seques-
tered in lipid droplets ( 3 ). Our current and previous study 
and those of others have found that overexpression 
DGAT1 may have benefi cial effects in specifi c tissues: 
DGAT1 may route more toxic FA derivates to TG synthesis 
and  � -oxidation, reduce DAG and ceramide accumula-
tion, and decrease PKC activation ( 2 ). Thus, activation of 
DGAT1 in the heart may be a pathway for lipotoxic cardio-
myopathy treatment.  

 The authors thank Ni Son, M.D., Ph.D., for providing the MHC-
PPAR �  mice. 
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