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Abstract

Glycerol-3-phosphate acyltransferase (GPAT) controls the first step of triglyceride (TAG) synthesis. Three distinct GPAT activities
have been identified, two localized in mitochondria and one in microsomes. Mitochondrial GPAT1 (mtGPAT1) is abundantly expressed
in the liver and constitutes approximately 50% of total GPAT activities in this organ. Hepatic mtGPAT1 activity is elevated in obese
rodents. Mice deficient in mtGPAT1 have an improved lipid profile. To investigate if beneficial effects can result from reduced hepatic
expression of mtGPAT1 in adult obese mice, adenoviral vector-based short hairpin RNA interference (shRNA) technology was used to
knockdown mtGPAT1 expression in livers of ob/ob mice. Reduced expression of mtGPAT1 mRNA in liver of ob/ob mice resulted in
dramatic and dose dependent reduction in mtGPAT1 activity. Reduced hepatic TAG, diacylglycerol, and free fatty acid, as well as
reduced plasma cholesterol and glucose, were also observed. Fatty acid composition analysis revealed decrease of C16:0 in major lipid
species. Our results demonstrate that acute reduction of mtGPAT1 in liver of ob/ob mice reduces TAG synthesis, which points to a role
for mtGPAT1 in the correction of obesity and related disorders.
� 2006 Elsevier Inc. All rights reserved.
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Obesity, currently affecting one-third of the adult popu-
lation in the United States, has become an epidemic disease
in developed countries and is also increasing at an alarming
rate in developing nations [1]. Obesity has been identified
as a major risk factor for the development of many life
threatening diseases, such as type 2 diabetes, insulin resis-
tance, dyslipidemia, atherosclerosis, hypertension, and
non-alcoholic fatty liver disease (NAFLD)-related cirrhosis
[2]. This is an area of tremendous medical need and new
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therapeutic agents are necessary to address a variety of
the pathophysiological processes of this disorder.

Liver is a key organ for regulating transient energy
fluctuations through regulation of lipid and carbohy-
drate metabolism to meet the body’s needs. Dysregula-
tion of lipid metabolism in the liver contributes
significantly to the development of obesity related dysl-
ipidemia and NAFLD. The liver handles fatty acids
derived from diet and is also an important site for de

novo lipogenesis. A critical regulator of lipogenesis is
GPAT, which catalyzes the first and most likely rate-
limiting step of TAG synthesis [3]. In the liver, the
glycerol-3-phosphate pathway is the major route for
esterification of free fatty acids derived from both diet
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and de novo lipogenesis [4]. Three biochemically distinct
GPAT activities have been identified so far, including
one microsomal and two mitochondrial enzymes [5,6].
The gene encoding mtGPAT1 is highly expressed in
both liver and adipose tissue [7,8]. Activity of mtG-
PAT1 can be differentiated from the remaining two
GPATs by its resistance to N-ethylmaleimide (NEM),
a sulfhydryl group reactive reagent [6,9]. In most tissues,
mtGPAT1 makes up less than 10% of total GPAT
activity. In the liver, however, mtGPAT1 accounts for
about 50% of total GPAT activity [10]. The mitochon-
drial GPAT1 activity is highly regulated by nutrients
and hormones in contrast to microsomal GPAT activity
[3,9,10], indicating the importance of mtGPAT1 as a
sensor/regulator of lipid biosynthesis in response to
changes in nutritional state.

There is a growing body of evidence to show that the
activity of mtGPAT1 is upregulated in multiple tissues in
obese animals, including liver [11], adipose tissue [12],
intestine [12], and pancreatic b-cells [13], when compared
to the activity in lean animals. In vitro studies have dem-
onstrated that mtGPAT1 is important for directing the
metabolic fate of exogenous fatty acids in hepatocytes
[14]. Overexpression of mtGPAT1 in hepatocytes
increased TAG synthesis and decreased fatty acid oxida-
tion [11,14]. Heterologous expression of mtGPAT1 in
other cell types also caused increased TAG synthesis
[15]. Mitochondrial GPAT1 is localized to the outer
membrane of mitochondria [16] and could compete for
substrates with carnitine palmitoyl transferase 1
(CPT1), the rate-limiting enzyme for fatty acid oxidation.
In addition, mtGPAT1 and CPT1 are reciprocally
regulated by AMP-activated kinase [17,18], a key energy
sensor that changes metabolism to meet the needs for
energy utilization. Consistent with evidence from in vitro

studies, the pivotal role of mtGPAT1 in control of the
balance between fat storage and fatty acid oxidation
has been confirmed in both gain-of-function and loss-
of-function animal models. Liver-specific overexpression
of mtGPAT1 in lean mice resulted in hepatic steatosis,
increased TAG secretion, and reduced fatty acid oxida-
tion [19]. Consistent with this, mtGPAT1 knockout mice
have reduced liver TAG levels and increased plasma
b-hydroxybutyrate levels as well as increased plasma lev-
els of acyl carnitines when placed on a high fat/high
sucrose diet or a high oil diet [20–22], suggesting reduced
partitioning of fatty acid into TAG synthesis and
increased b-oxidation. Given the possible differences in
phenotype between genetic global knockout animals
and acute pharmacological intervention, we sought to
assess the role of mtGPAT1 in liver lipid metabolism
in adult obese mice by using an adenovirus-mediated
shRNA knockdown approach. Our studies show that
acute reduction of mtGPAT1 in mtGPAT1 livers of
ob/ob mice resulted in reduced liver TAG level and con-
tent of C16:0, consistent with the phenotype observed in
mtGPAT1 knockout mice.
Materials and methods

Construction of shRNA expression vectors and preparation of recombi-

nant adenovirus. Seven short hairpin oligonucleotides and complementary
strands were designed to specifically target mouse mtGPAT1. The
BLOCK-iT� RNAi system (Invitrogen, Carlsbad, CA) was used for
shRNA construction. To evaluate the potency of these shRNAs in vitro, a
partial mtGPAT1 cDNA (corresponding to nucleotides 433–1293, resi-
dues 144–431 of NM_008149) which contains the sequence targeted by all
shRNAs was fused in-frame to EGFP cDNA in the pEGFP-N1 vector
(BD Biosciences, Mountain View, CA). In order to generate the recom-
binant adenovirus vectors expressing shRNAs for mtGPAT1, selected
pENTR/U6-shRNA plasmids were recombined into the Gateway-based
pAd-BLOCK-iT DEST� vector (Invitrogen, Carlsbad, CA), according to
the manufacturer’s instructions. As a negative control, a recombinant
adenovirus vector expressing a shRNA directed against GFP was gener-
ated. The sequences of GFP-shRNA and effective mtGPAT1-shRNA1, 4,
and 6 are shown below:

GFP-shRNA

Top: 5 0 caccGAAGCAGCACGACTTCTTCttcaagagaGAAGAA
GTCGTGCTGCTTC
Bottom: 5 0 aaaaGAAGCAGCACGACTTCTTCtctcttgaaGAA
GAAGTCGTGCTGCTTC

mtGPAT1-shRNA1
Top: 5 0 caccGACGGAGGCTCGATGAAACttcaagagaGTTTCA
TCGAGCCTCCGTC
Bottom: 5 0 aaaaGACGGAGGCTCGATGAAACtctcttgaaGTTT
CATCGA GCCTCCGTC

mtGPAT1-shRNA4
Top: 5 0 caccTACATCGCCTCGGGCAATAttcaagagaTATTGC
CCGAGGCGATGTA
Bottom: 5 0 aaaaTACATCGCCTCGGGCAATAtctcttgaaTA
TTGCCCGA GGCGATGTA

mtGPAT1-shRNA6
Top: 5 0 caccGCATCTCGTATGATCGCATttcaagagaATGCGAT
CATACG AGATGC
Bottom: 5 0 aaaaGCATCTCGTATGATCGCATtctcttgaa ATGCG
ATCATACGAGATGC

Immunoblot analysis. To assay the efficacy of mtGPAT1-shRNAs,
human HEK293A cells co-transfected with plasmids expressing mtG-
PAT1-shRNAs and mtGPAT1-EGFP fusion protein were harvested and
60 lg of protein from each cell lysate was used for immunoblot analysis.
Briefly, following SDS–PAGE, the resolved proteins were transferred onto
PVDF membranes. Membranes were blocked in 5% non-fat dried milk in
Tris-buffered saline containing 0.5% Tween 20 (TBST) for 1 h, then
incubated with rabbit polyclonal antibodies for GFP (Santa Cruz Bio-
technology Inc., Santa Cruz, CA) at a 1:100 dilution in 5% non-fat dried
milk/TBST. After four washings in TBST, membranes were incubated
with biotinylated goat anti-rabbit IgG (Kirkegaard & Perry Laboratories,
Gaithersburg, MD) for 1 h at the dilution of 1:4000. Finally, streptavidin-
labeled horseradish peroxidase (HRP, Kirkegaard & Perry Laboratories,
Gaithersburg, MD) was used at 1:100 for 45 min to detect signal.

Glycerol uptake assay. Primary hepatocytes isolated from male B6.V-
Lep ob/ob mice were seeded on 24-well plates at a density of 2 · 105/well and
24 h later were infected with adenovirus expressing shRNA against mtG-
PAT1 at multiplicity of infection (MOI) 50. Twenty-four hours after
infection, the cells were incubated overnight in serum-free DMEM supple-
mented with 0.5% bovine serum albumin. Forty-eight hours after infection,
cells were rinsed once with Krebs–Ringer buffer and then incubated with
500 ll Krebs–Ringer buffer supplemented with 5 mM glucose, 0.5% BSA,
and [3H]-glycerol (American Radiolabelled Chemical, Inc., St. Louis, MO)
at a final concentration of 1 lCi/ml (approximately 50 nM) at 37 �C for 5 h.
Cells were washed four times with cold Krebs–Ringer buffer and lysed with
150 ll of l 0.1% SDS solution. Radioactivity was counted by using 50 ll of
cell lysate and total counts were normalized by protein content.
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RNA isolation and quantitative RT-PCR analysis. RNA samples were
extracted using the TRIZOL�reagent (Invitrogen, Carlsbad, CA) for real-
time PCR analysis. The relative mRNA expression levels were normalized
to expression of 28S rRNA. The sequences for the primers and probe sets
are as follows:

mtGPAT1

Forward: 5 0 GTCCTGCGCTATCATGTCCA
Reverse: 5 0 GGATTCCCTGCCTGTGTCTG
Probe: 5 0 CCACATTGTGGCCTGTCTGCTCCT

mACO1
Forward: 5 0 GAGTGAGCTGCCTGAGCTTCA
Reverse: 5 0 TCTTCGATACCAGCATTGGCT
Probe: 5 0 AGCTGGGCTGAAGGCTTTTACTACCTGGA

mCPT-1a
Forward: 5 0 CGCGCTCTTAGGACTACTTGCTA
Reverse: 5 0 GAGACCTGAGAGAGGAATGTCACA
Probe: 5 0 CTGTTACTCGGAGTATTCCTGCTAGTAC

mCPT II
Forward: 5 0 CTCCTCCTACTCAGGACGCAAT
Reverse: 5 0 CATCGAACATGTCTTCCAAGCA
Probe: 5 0 CCCGAGAGTTTCTCCACTGTGTCCAGA

Animal protocols and blood chemistries. All animal protocols used in this
study were approved by the Abbott Institutional Animal Care and Use
Committee. Male B6.V-Lep ob/ob mice were purchased from Jackson
Laboratories (Bar Harbor, ME) and received at the age of 5–6 weeks. Mice
were individually housed in micro-isolator cages one week prior to the
studies for acclimation. Mice were culled into experimental groups of
equivalent average postprandial glucose level and body weight at the
beginning of the study. Treated animals underwent a single 150 ll tail
injection of vehicle or recombinant adenovirus expressing shRNA against
GFP or mtGPAT1. Body weight, food intake, and postprandial glucose
levels (Precision PCx, Abbott Laboratories, Abbott Park, IL) were mea-
sured 5 days post injection prior to euthanization. For measurement of b-
hydroxybutyrate levels, a subset of mice were fasted overnight and blood
was collected for assay. At the end of studies, mice were euthanized by CO2

inhalation under fed condition for blood and tissue collection. Plasma TAG
(Infinity kits, Thermo Electron Corporation, Louisville, CO), cholesterol
(Infinity kits, Thermo Electron Corporation, Louisville, CO), free fatty
acids (WACO Chemicals, Germany), insulin (APLCO Diagnostics, Wind-
ham, NH), b-hydroxybutyrate (Precision Xtra meter, Abbott Laboratories,
Abbott Park, IL), and ALT/AST (Sigma Diagnostics, St. Louis, MO) were
measured according to manufacturer’s instructions.

Isolation of mitochondria and GPAT activity assay. Primary hepato-
cytes or approximately one-third of fresh mouse liver was homogenized
using a Dounce homogenizer in ice-cold homogenization buffer containing
10 mM Tris–HCl, pH 7.4, 250 mM sucrose, 1 mM dithiothreitol, 1 mM
EDTA and Complete�, EDTA-free proteinase inhibitor cocktail tablets
(Roche Applied Science, Nutley, NJ). Membrane debris and nuclei were
removed by centrifugation at 600g at 4 �C for 5 min. Supernatant was
transferred to clean tubes and centrifuged at 10,000g at 4 �C for 10 min to
pellet mitochondria. The pellet was then resuspended with ice-cold
homogenization buffer for protein quantification and enzymatic assay.
Prior to assay of mtGPAT1 activity, the mitochondrial suspension was
incubated on ice for 15 min in the presence of 2 mM N-ethylmaleimide
(Sigma Chemicals, St. Louis, MO) to inactivate other GPAT activities.
Mitochondrial GPAT activities were assayed, at steady state equilibrium
conditions, using 10 lg of protein at 25 �C for 1 h in assay buffer (75 mM
Tris–HCl, pH 7.4, 4 mM MgCl2, and 8 mM NaF) containing 100 lM
palmitoyl-CoA (Avanti Polar Lipids, Alabaster, AL), 1 mM glycerol-3-
phosphate (Sigma Chemicals, St. Louis, MO), 2 mg/ml BSA and 1 lCi
[3H]-glycerol-3-phosphate (American Radiolabeled Chemical, Inc., St.
Louis, MO). The reaction was stopped by adding five volumes of water-
saturated 1-butanol. After thorough mixing to extract the lysophospha-
tidic acid product, phase separation was achieved by centrifugation at
13,000g in a microcentrifuge for 10 min. The aqueous phase was trans-
ferred to clean tubes and further separation was achieved using two back-
extractions with water-saturated 1-butanol. The top layer was then
transferred to a scintillation vial and counted for radioactivity.

Hepatic lipid analysis. Approximately 100 mg each of snap-frozen and
pulverized liver samples were provided to Lipomics Technology, Inc. for
lipid profile analysis. In-house, liver TAG was determined using a method
based on measurement of glycerol released from triglycerides. Briefly,
approximately 100 mg of liver tissue was homogenized in thirty volumes of
ethanol. Cell debris was allowed to settle, and further clarification was
achieved by centrifugation of the supernatant at 15,000g for 10 min at
room temperature. Assay of TAG was performed using a 96-well format.
Samples were diluted 1:5 for assay. For standards, Lipid Lin-Trol stan-
dards were used (Sigma Chemicals, St. Louis, MO). For both standards
and samples, 24 volumes of Infinity Triglyceride Reagent (Thermo Elec-
tron Corporation, Louisville, CO) were added and samples were incubated
at 37 �C for 5 min. After cooling down to room temperature, absorbance
of samples was read at 520 nm.

Statistical analysis. The Student’s t-test was used to compare the dif-
ference between animals treated with adenovirus expressing shRNA
against mtGPAT1 and shRNA against GFP.

Results

Construction of shRNAs against mtGPAT1 and knockdown

in vitro in hepatocytes

Seven shRNAs were designed to specifically target
mouse mtGPAT1. Efficacy in knocking down mtGPAT1
was assayed by co-transfecting mtGPAT1-EGFP expres-
sion construct and each of these shRNA plasmids into
HEK293A cells. Immunoblot analysis was performed to
examine the expression level of the fusion protein using
an antibody against GFP (Fig. 1A). The expression level
of the mtGPAT1-EGFP fusion protein was reduced to
undetectable levels when co-transfected with shRNAs 1
and 6, and was barely detectable with shRNA 4. These
three shRNAs were then recombined into a Gateway-based
adenovirus destination vector. Recombinant adenoviruses
containing the chosen shRNAs were used to infect primary
mouse hepatocytes isolated from lean C57BL/6J mice, to
evaluate the efficiency to knockdown endogenous
mtGPAT1. At a multiplicity of infection (MOI) of 50,
recombinant adenovirus expressing shRNA1 was the most
potent among the three tested, knocking down endogenous
mtGPAT1 mRNA by 98% (Fig. 1B). Recombinant adeno-
viruses expressing shRNAs 4 and 6 were less potent,
knocking down mtGPAT1 mRNA by 56% and 81%,
respectively, under the same condition. Based on these
results, shRNA1, designated as mtGPAT1-shRNA1, was
chosen for all experiments.

A series of in vitro experiments were performed using
primary hepatocytes isolated from ob/ob mice to further
evaluate the effect of mtGPAT1 mRNA knockdown on
mtGPAT1 enzymatic activity and lipogenesis. Recombi-
nant adenovirus expressing mtGPAT1-shRNA1 effectively
knocked down the endogenous mtGPAT1 mRNA to unde-
tectable level in primary ob/ob hepatocytes (Fig. 2A). The
decrease of mtGPAT1 mRNA was accompanied by a
70% decrease in NEM-resistant mtGPAT1 enzymatic
activity (Fig. 2B). In contrast, NEM-sensitive GPAT activ-
ity in the mitochondrial preparation was not significantly
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Fig. 2. Effects of knocking down mtGPAT1 in primary hepatocytes. Hepatocyte
shRNA against GFP or shRNA 1 against mtGPAT1. Mitochondrial GPAT1 mR
sensitive GPAT activity was also determined (C) with the same mitochondria p
hepatocytes was examined 48 h after infection (D). Data shown are representa
compare statistical differences between hepatocytes infected with mtGPAT1-shR

A

B

Fig. 1. Selection of shRNAs for knockdown of mtGPAT1. (A) Seven
short hairpin intefering RNAs (shRNA) against mtGPAT1 were designed
and cloned into an Invitrogen Gateway-based entry vector under the
control of the human U6 promoter. A shRNA against GFP was used as a
control. To test the knockdown efficiency, the entry vectors containing
different hairpins were co-transfected with a vector expressing mtGPAT1-
EGFP fusion protein into HEK293A cells. Western analysis was
performed after 48 h to assess the expression level of mtGPAT1-EGFP
using an antibody against GFP. (B) shRNA 1, 4, and 6 were selected and
recombined into a Gateway-based adenovirus vector. Purified viruses
containing the shRNA against GFP (lane 1) or shRNAs against
mtGPAT1(lanes 2–4) were used to infect primary hepatocytes isolated
from C57BL/6J mice and effect was assessed by quantitative PCR 48 h
after infection. Data shown are representative of three independent
experiments. Student’s t-test was used to compare statistical differences
between shRNAs against mtGPAT1 and shRNA against GFP. *P < 0.05.
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altered (Fig. 2C) by shRNA treatment. Reductions in
hepatocyte mtGPAT1 activity and mRNA were accompa-
nied by significant changes in glycerolipid synthesis: a 42%
decrease in glycerol uptake was observed in ob/ob hepato-
cytes infected with the recombinant adenovirus expressing
mtGPAT1-shRNA1 compared to the cells infected with
recombinant adenovirus expressing GFP-shRNA
(Fig. 2D).

Hepatic mtGPAT1 knockdown in ob/ob mice and metabolic

profiling

To further understand the importance of mtGPAT1 in
metabolism, particularly hepatic glycerolipid synthesis,
recombinant adenovirus expressing mtGPAT1-shRNA1
was injected into ob/ob mice. This enabled us to examine
effects of lowering mtGPAT1 enzymatic activity in an
obese and diabetic animal model. A single tail-vein injec-
tion was used to deliver recombinant adenovirus at two
doses, 2 · 108 and 1 · 109 pfu per mouse. Effects of mtG-
PAT1 knockdown were examined 5 days after injection.
Control animals were treated in parallel with vehicle or
with recombinant adenovirus expressing GFP-shRNA. In
agreement with other published studies using adenovirus,
our recombinant adenovirus constructs were delivered pre-
dominantly to liver (data not shown). Five days after injec-
tion, the hepatic mRNA level of mtGPAT1 was decreased
by 51% in the low dose group and was undetectable in the
high dose group (Fig. 3A). Consistent with decreased mtG-
PAT1 mRNA levels, hepatic mtGPAT1 enzymatic activity
was also reduced by targeted shRNA treatment. Compared
to GFP-shRNA treated animals, the activity of mtGPAT1
s isolated from ob/ob mice were infected with either control virus containing
NA (A) and enzymatic activity (B) were examined 48 h after infection. NEM-
reparation used for examination of mtGPAT1 activity. Glycerol uptake by
tive of at least three independent experiments. Student’s t-test was used to

NA1 versus GFP-shRNA. ND, not detectable; *P < 0.05.
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Fig. 3. Effects of knocking down mtGPAT1 in ob/ob mice. Adenovirus
containing shRNA against GFP or mtGPAT1 was injected into ob/ob

mice at two doses via tail vein: 2 · 108 pfu/mouse (left panels) and
1 · 109 pfu/mouse (right panels). Five days post injection, mice were
sacrificed and livers were taken to examine mtGPAT1 mRNA (A) and
activity (B). NEM-sensitive GPAT activities (C) were also assessed to
demonstrate specific inhibition of NEM-resistant mtGPAT1 activity.
Liver TAG levels were measured to evaluate alteration of hepatic lipid
metabolism (D). Student’s t-test was used to compare statistical differences
between liver samples from mice injected with mtGPAT1-shRNA1 and
GFP-shRNA, n = 5 per group. *P < 0.05; ND, not detectable.
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was reduced by 36% and 90%, respectively, in low and high
dose animal groups treated with mtGPAT1-shRNA1
(Fig. 3B). The activity of NEM-sensitive GPAT was not
reduced, supporting specific knockdown of mtGPAT1
activity and not other GPAT activity (Fig. 3C). Liver
TAG content was directly affected by shRNA-mediated
knockdown of mtGPAT1. Mice treated with recombinant
adenovirus expressing mtGPAT1-shRNA1 showed a 30%
reduction of liver TAG levels in the low dose group and
a 42% reduction in the high dose group compared to mice
treated with recombinant adenovirus expressing GFP-
shRNA (Fig. 3D). No statistically significant difference in
liver TAG levels was observed between vehicle treated
and GFP-shRNA treated mice, suggesting that the reduc-
tion of liver TAG is specifically related to mtGPAT1
knockdown.

Other than lowered liver TAG levels, there were no
other significant findings observed in the low dose
(2 · 108 pfu/mouse) mtGPAT1-shRNA1 treated animals
compared to GFP-shRNA treated control animals. This
included no changes in plasma FFAs, plasma TAG, plas-
ma cholesterol, plasma insulin, blood glucose, body weight
or food intake (Table 1). In contrast, animals treated with
high dose (1 · 109 pfu/mouse) mtGPAT1-shRNA1 for 5
days had, additionally, a 30% reduction in plasma glucose
level and a 35% reduction in total plasma cholesterol level,
compared to equivalently dosed GFP-shRNA treated mice
(Table 1). Further classification of plasma cholesterol
revealed that the reduction of cholesterol is entirely due
to decreased level of cholesterol ester without change of
free cholesterol (Table 1). These additional changes pre-
sumably reflect early impact of more-extensively lowered
mtGPAT1 activity. Importantly, no significant change in
liver function, assessed by examining circulating AST and
ALT levels, was observed as result of adenovirus delivery
in either low dose or high dose adenovirus-treated mice
within a 5-day time frame (Table 1). To understand
whether reduced liver TAG is simply due to decreased lipid
synthesis or also involves increased fatty acid oxidation,
plasma b-hydroxybutyrate levels were measured in the 5-
day high dose study, but did not show significant changes
(Table 1). Possibilities of increased hepatic peroxisomal
and mitochondrial fatty acid oxidation were also explored
by examining expression levels of acyl CoA oxidase 1
(ACO1), carnitine palmitoyltransferase I (CPT I), and car-
nitine palmitoyltransferase II (CPT II). ACO1 is a key
enzyme controlling peroxisomal oxidation and its tran-
scriptional regulation corresponds to rate of peroxisomal
oxidation. CPT I is a rate-limiting enzyme of mitochondri-
al oxidation and controls conversion of fatty acyl CoAs to
acyl carnitines. CPT II converts acyl carnitines back to acyl
CoAs. The expression levels of these three genes were not
changed in livers of mtGPAT1 knockdown ob/ob mice
(Table 2), indicating that reduced liver TAG is caused by
decreased lipogenesis.

Effects of mtGPAT1 knockdown on hepatic lipid content and
composition

To investigate other changes in hepatic lipids that may
have occurred in addition to the reduction of TAG content
seen with mtGPAT1 knockdown, lipid profiling was per-
formed with liver samples from the high dose group animals
treated with recombinant adenovirus expressing mtGPAT1-
shRNA1 and compared to liver samples from ob/ob mice
receiving recombinant adenovirus expressing GFP-shRNA.
Levels of diacylglycerol (DAG) were significantly reduced by
51%, and total free fatty acid levels (FFAs) were reduced by
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48.5% (Fig. 4). This provides additional novel information to
that reported in global mtGPAT1 knockout mice. In
contrast, hepatic cholesterol ester (CE) and phospholipid
contents, including phosphatidylcholine (PC), phosphati-
dylethanolamine (PE), phosphatidylserine (PS), lysophos-
phatidylcholine (LYPC), sphingomyelin (SM), and
cardiolipin (CL) were unchanged with reduction of liver
mtGPAT1 expression (Fig. 4).

Changes in fatty acid composition have been reported
in mtGPAT1 knockout mice [20], with decrease in 16:0
(the preferred substrate for mtGPAT1) and increase of
18:0 noted in both liver TAG and phospholipids (PC
and PE). To investigate whether acute shRNA-mediated
knockdown of mtGPAT1 could result in similar changes
in livers of ob/ob mice, liver samples from high dose treat-
ed mice were evaluated for fatty acid composition. Highly
consistent with the findings from knockout mice, reduc-
tion of 16:0 and increase of 18:0 were also observed in
hepatic neutral lipids and phospholipids of male ob/ob

mtGPAT1 knockdown mice. Liver TAG of mtGPAT1
knockdown mice contains 27% less 16:0 but 152% more
18:0 compared to control mice treated with GFP-shRNA
(Fig. 5A). In liver DAG, the level of 16:0 was significantly
reduced by 33% and 18:0 increased by 125% (Fig. 5B),
very similar to changes seen for liver TAG. The content
of free 16:0 is also decreased (data not shown). In addi-
tion, fatty acid composition was comprehensively ana-
lyzed in all phospholipid species, including PE, PC, PS,
LYPC, SM, and CL. Acute knockdown of mtGPAT1
only reduced the content of 16:0 in PE (Fig. 5C) and
CL (Fig. 5D) without affecting other phospholipid species,
which is different from the results from mtGPAT1 knock-
out mice. Our results suggest that mtGPAT1 plays an
important role in synthesis of TAG, DAG, PE, and CL
in livers of male ob/ob mice. Differences seen between
hepatic lipid compositions in mtGPAT1 knockout mice
and our studies may reflect limited duration of lowered
mtGPAT1 activity in our acute knockdown studies, differ-
ences between ob/ob mice and the strain background of
the knockout mice, or differences arising from develop-
mental compensation as a result of complete knockout
of mtGPAT1.

Discussion

Mitochondrial GPAT1 has been shown to play an
important role in synthesis of glycerolipids, based on a ser-
ies of elegant gain-of-function studies in hepatocytes and
whole animals as well as loss-of function studies in global
mtGPAT1 knockout mice [11,14,19–22]. In order to evalu-
ate whether mtGPAT1 could be a therapeutic target for
treating obesity and related disorders through pharmaco-
logical intervention, we reasoned that alteration of mtG-
PAT1 activity in developmentally mature obese, diabetic
rodents would provide useful information. In this study,
adenovirus-mediated RNA interference technology was
used to knockdown expression of mtGPAT1 in livers of



Table 2
Gene expression in liver of mtGPATl knockdown ob/ob mice

Gene 2 · l08 pfu 1 · l09 pfu

Vehicle GFP mtGPATl Vehicle GFP mtGPATl
shRNA shRNA shRNA shRNA

ACO1 1.05 ± 0.20 1.00 ± 0.17 0.83 ± 0.08 0.94 ± 0.12 1.00 ± 0.36 1.03 ± 0.03
CPT-1a 0.72 ± 0.05 1.00 ± 0.28 0.80 ± 0.10 1.10 ± 0.15 1.00 ± 0.07 1.09 ± 0.07
CPT-II 1.10 ± 0.045 1.00 ± 0.071 0.95 ± 0.039 1.07 ± 0.089 1.00 ± 0.073 1.01 ± 0.088

The expression level of target genes in liver of GFP-shRNA treated mice is arbitrarily set as 1.
Five mice in each group were used for each analysis. Values are presented as means ± standard errors. Expression level of target genes was normalized to
28S rRNA.

Fig. 4. Lipid analysis in mtGPAT1 knockdown livers. The liver samples
of mtGPAT1 knockdown mice and control mice treated with GFP-
shRNA virus (high dose 5-day study) were sent to Lipomics Technology
Inc. for lipid profiling. The total content of hepatic FFAs, DAG, PC, PE,
PS, LYPC, SM, CL, and CE was measured. FFAs, free fatty acids; DAG,
diglyceride; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS,
phosphatidylserine; LYPC, lysophosphatidylcholine; SM, sphingomyelin;
CL, cardiolipin; CE, cholesterol ester. Student’s t-test was used to
compare statistical differences between liver samples from mice injected
with mtGPAT1-shRNA1 and GFP-shRNA, n = 3 per group. *P < 0.05.

A

C

Fig. 5. Fatty acid composition of mtGPAT1 knockdown livers. The liver sam
shRNA virus (high dose 5-day study) were sent to Lipomics Technology Inc. fo
acid species. (A) Fatty acid composition in TAG. (B) Fatty acid composition i
cardiolipin. Student’s t-test was used to compare statistical differences betwe
shRNA, n = 3 per group. *P < 0.05.
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ob/ob mice, an early on-set obesity/diabetes model with
elevated mtGPAT1 expression and activity [11]. This
approach allowed a specific assessment of the role for mtG-
PAT1 in hepatic lipid metabolism of adult obese/diabetic
mice and the impact of altered liver metabolism on the sys-
temic lipid profile and other metabolic parameters.

RNA interference is potentially a very powerful means
to assess gene function in vitro and in vivo. Adenoviral
delivery of shRNA in vivo has been proved to be successful
for studying the effects of knocking down genes involved in
liver metabolism [23,24]. When adenoviral delivery of
shRNA in vivo is performed in a disease model in which
the target gene expression is increased above normal,
knockdown may provide particularly useful information
toward understanding the potential of pharmacological
intervention. Our results demonstrate that very effective
knockdown of mtGPAT1 mRNA was achieved by using
adenovirus-mediated RNA interference in liver of ob/ob

mice, and this was dose dependent. Importantly, it was
B

D

ples of mtGPAT1 knockdown mice and control mice treated with GFP-
r fatty acid composition analysis. Data presented in graphs are major fatty
n DAG. (C) Fatty acid composition in PE. (D) Fatty acid composition in
en liver samples from mice injected with mtGPAT1-shRNA1 and GFP-
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accompanied by robust reductions in mtGPAT1 enzymatic
activity.

Knockdown of mtGPAT1 in our studies resulted in
robust reduction of hepatic TAG in ob/ob mice possessing
highly steatotic livers. The extent of hepatic lipid reduction
was well-correlated with the degree of mtGPAT1 knock-
down. This supports the driving role of hepatic mtGPAT1
in the accumulation of liver TAG that subsequently leads
to hepatic steatosis. At 5 days after injection of high dose
mtGPAT1 shRNA there were also changes in other lipid
species. Hepatic DAG and free fatty acid contents were
also reduced dramatically. Increased levels of hepatic
DAG and FFA are thought to be implicated in develop-
ment of hepatic insulin resistance and increased hepatic
glucose production, through effects on glycogenolysis, glu-
coneogenesis, glucose release, protein kinase C activation
and inflammatory effects [25–29]. The dramatic lowering
of hepatic FFA and DAG levels in our mtGPAT1 knock-
down ob/ob mice might thus explain the lowered blood glu-
cose levels seen in the high dose study. This would be a
desirable consequence of pharmacological intervention of
mtGPAT1 activity. Lowered hepatic DAG content was
also reported in mtGPAT1 knockout mice fed a high fat
(safflower oil) diet for three weeks, compared with wild-
type mice on the same diet [25]. These mice were also pro-
tected from development of hepatic insulin resistance, pos-
sibly because of lowered DAG-mediated activation of
hepatic protein kinase Ce. We want to point out that our
approach only significantly reduced mtGPAT1 activity in
liver of ob/ob mice acutely without affecting mtGPAT1
activity in any other tissue, among which adipose tissue is
also an abundant source of this enzyme. This model is very
different from mtGPAT1 global knockout mouse model, in
which mtGPAT1 is absent in all tissues. Despite this, our
observation that plasma TAG levels were not decreased
in our male ob/ob mice is in agreement with observations
for male knockout mice [20]; lowered plasma TAG was
only observed in female knockout mice, suggesting differ-
ences between sexes with respect to storage versus secretion
of TAG synthesized via mtGPAT1. Studies using isolated
rat hepatocytes that overexpress mtGPAT1 have demon-
strated that increased TAG synthesis via mtGPAT1 does
not result in increased TAG secretion [14]. It is possible
that the lack of effect that we observed on plasma TAG
could also imply that TAG synthesis via mtGPAT1 does
not significantly impact the pool of TAG directed to secre-
tion rather than storage, at least in male mice. Other expla-
nations, for example compensation through adipose tissue,
could also be possible. Our observations of no changes in
plasma FFA are also in agreement with observations in
mtGPAT1 knockout mice [20].

In contrast to effects on hepatic content of neutral lipids,
the total amount of hepatic phospholipids was not affected.
Our data indicated that mtGPAT1 preferably directs fatty
acids toward synthesis of neutral lipid rather than
phospholipid, consistent with existing evidence from
mtGPAT1 overexpression in livers of lean mice and with
studies on global mtGPAT1 knockout mice [15,19,20]. This
is a desirable phenotype since cellular phospholipid levels
are important in cell signaling and maintaining the integri-
ty of cell membranes. Plasma cholesterol levels were also
lowered with mtGPAT1 knockdown at the higher dose of
shRNA for mtGPAT1. This demonstrates that an
improved circulating lipid profile results from knockdown
of hepatic mtGPAT1 in ob/ob obese, diabetic mice. The
lowered plasma cholesterol is consistent with phenotypes
resulting from global mtGPAT1 knockout and liver-direct-
ed overexpression of mtGPAT1 [19,20]. It presumably
reflects changes in lipoprotein profiles, possibly as a result
of decreased triglyceride synthesis in liver. Our studies
show that, at least with specific decrease in hepatic mtG-
PAT1, the effect is specifically on plasma cholesterol esters,
while free plasma cholesterol levels are maintained.

It has been hypothesized that mtGPAT1 competes for
substrate with CPT1. Therefore, deficiency of mtGPAT1
will direct fatty acids away from lipid synthesis and toward
b-oxidation. Despite reported increase of circulating
b-hydroxybutyrate levels observed in global mtGPAT1
knockout mice fed on high fat/high sucrose diet or high
oil diet [21], no change of plasma b-hydroxybutyrate was
observed in our studies. This could be due to the fact that
we only knocked down mtGPAT1 in liver for a relatively
short duration. Alternatively, high fat content in diet may
be necessary to see an increase in plasma b-hydroxybuty-
rate level associated with mtGPAT1 knockdown, since no
difference was reported in chow-fed mtGPAT1 knockout
mice compared to control mice [22]. Additionally, our anal-
ysis of gene expression for enzymes of mitochondrial and
peroxisomal fatty acid oxidation do not provide evidence
for increased fatty acid oxidation resulting from mtGPAT1
knockdown in liver.

Palmitoyl-CoA has been reported to be the preferred
substrate for mtGPAT1 [30,31], supported by reduction
of 16:0 content in liver TAG, PE and PC in female mtG-
PAT1 knockout mice [20]. Our study provided a compre-
hensive profiling of hepatic fatty acid composition in
neutral lipids and phospholipids with lowered mtGPAT1
expression in obese, diabetic ob/ob mice, as opposed to in
the lean background of the mtGPAT1 knockout mice.
We observed reduction of 16:0 and increased 18:0 in liver
TAG and PE, and decreased free 16:0, all consistent with
changes reported for mtGPAT1 knockout mice. Increased
utilization of free 16:0 by other GPATs is ruled out in our
study because of unaltered NEM-sensitive GPAT activities
in these samples. Additionally, observed reductions of 16:0
content in DAG and cardiolipin shed new light on other
lipid pathways that are altered significantly with lowered
mtGPAT1 expression in liver. However, unlike mtGPAT1
knockout mice, no change of fatty acid composition was
observed in liver PC as a result of hepatic mtGPAT1
knockdown. This may be due to the gender difference of
mice used in our study or altered phospholipid metabolism
in ob/ob mice or because total lack of mtGPAT1 activity is
required to see this change.
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Our results support the interpretation that knockdown
of mtGPAT1 in male ob/ob mice fed a normal chow diet
results in a beneficial phenotypic change in glucose metab-
olism, and is reflected in the reduced hyperglycemia
observed with higher extent of mtGPAT1 knockdown.
Interestingly, despite the fact that female mtGPAT1
knockout mice have an improved lipid profile and reduced
adiposity when fed on normal chow, male mtGPAT1
knockout mice are not resistant to obesity induced by a
high fat/high sucrose diet [20,21]. On the contrary, these
mice developed glucose intolerance despite increased b-ox-
idation and decreased liver TAG content. It remains to be
been whether female mice would have a similar response
when placed on a high fat/high sucrose diet. An explana-
tion for the development of glucose intolerance in male
mtGPAT1 knockout mice is that it is due to the high load
of sucrose rather than the high fat content in the diet.
Increased fatty acid oxidation in the absence of mtGPAT1
may shift the balance of energy metabolism towards lipid
utilization, therefore making carbohydrate utilization vul-
nerable to an extra load. Indeed, mtGPAT1 knockout mice
fed on a diet comprising high fat only demonstrated
improved hepatic insulin sensitivity and whole body glu-
cose tolerance [22].

In summary, our studies demonstrate that knockdown
of mtGPAT1 in livers of ob/ob mice via adenovirus-medi-
ated RNA interference was effective and resulted in signif-
icantly reduced liver TAG, DAG and FFA content,
decreased plasma cholesterol ester levels, and reduced
hyperglycemia. Since the RNAi approach is similar to
pharmacological intervention, our data suggest that small
molecule inhibitors of mtGPAT1 may be beneficial for cor-
recting obesity related disorders.
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