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  Triglycerides (TGs) are the chief route of transport of 
dietary fat within chylomicrons and VLDLs, as well as the 
main form of fuel storage in adipose tissue. TGs are syn-
thesized from one glycerol and three FA molecules, which 
are attached via ester bonds to the hydroxyl groups of the 
glycerol backbone. Two major diacylglycerol acyltrans-
ferase (DGAT) isozymes, DGAT1 and DGAT2, have been 
identifi ed. Although both enzymes convert diacylglycerol 
to TG, they do not share similarity in either their nucle-
otide or amino acid sequences and have most probably 
arisen by convergent evolution ( 1, 2 ). Although there are 
some differences in their tissue distributions, both DGAT1 
and DGAT2 are highly expressed in organs that synthesize 
large amounts of TG, such as the liver, adipose tissue, and 
small intestine ( 3 ). 

 Studies with genetically altered mice, as well as in vivo 
suppression of DGAT expression, indicate that both 
DGAT1 and DGAT2 play important roles in TG synthesis. 
DGAT1 knockout mice (DGAT1  � / �  ) have reduced tissue 
TG levels and exhibit increased sensitivity to insulin and 
leptin ( 4 ). In addition, they are resistant to high-fat diet-
induced obesity as a result of an increase in their meta-
bolic rates ( 4 ). In contrast, knockout mice lacking DGAT2 
(DGAT2  � / �  ) are lipopenic and die soon after birth as a 
result of profound reductions in substrates for energy me-
tabolism and impaired skin permeability ( 5 ). Hepatic sup-
pression of DGAT2 with antisense oligonucleotides (ASOs) 
reduced hepatic TG content in rodents ( 6, 7 ), and re-
versed diet-induced hepatic steatosis and insulin resistance 
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ylethyl)amino]1,3-thiazol-5(4H)-ylidene}methyl)phenoxy] ben-
zonitrile, and DGAT2-selective inhibitor JNJ-DGAT2-B, chemical 
name: 5-fl uoro-2-(3-phenoxyphenyl)-1,2-benzisothiazol-3(2H)-
one, were synthesized at Janssen Research and Development. 
 13 C 3 -D 8 -glycerol and D 8 -glycerol were purchased from Cam-
bridge Isotope Laboratories (Cambridge, MA). Because three 
of the deuterated (D) oxygen atoms in  13 C 3 -D 8 -glycerol or D 8 -
glycerol were readily exchangeable with hydrogen (H) in the 
buffer system (H 2 O), we herein refer to the two substrates as 
 13 C 3 -D 5 -glycerol and D 5 -glycerol, respectively. Details regarding 
the DGAT2 mRNA-selective ASO inhibitor (ISIS-2177376) and 
a control ASO (ISIS-141923) were reported previously ( 6 ). 

 Screening for human DGAT2 inhibitors 
 Recombinant human DGAT2 was produced in a baculovirus 

expression system. Sf9 insect cells were infected for 72 h. Cell pel-
lets were resuspended in homogenization buffer (0.1 M sucrose, 
50 mM KCl, 40 mM KH 2 PO 4 , 30 mM EDTA, pH 7.2) and homog-
enized. After centrifugation at 2,500  g  for 15 min at 4°C, the 
pellet was resuspended in 500 ml lysis buffer, and total cell mem-
branes were collected by ultracentrifugation at 100,000  g  for 60 min 
at 4°C. The collected membranes were resuspended in homoge-
nization buffer. DGAT2 catalyses the formation of TG using 1,2-
dicapryl- sn -glycerol and oleoyl-CoA as substrates; therefore, the 
product carrying two capryl side chains and one oleoyl side chain, 
TG-(C10:0, C10:0, C18:1), was detected by high-throughput mass 
spectrometry (HTMS) in a 384-well format. Briefl y, compounds 
were dispensed into wells of a 384-well polypropylene plate by a 
HummingbirdTM (Digilab Genomic Solutions, Inc.). DGAT2 
activity was assayed in a solution containing 100 mM Tris-HCl 
(pH 7.5), 2  � g/ml DGAT2-expressing membranes, 0.25 M su-
crose, 15 mM MgCl 2 , 1 mM EDTA, 0.1% BSA, 25  � M oleoyl-CoA, 
and 25  � M 1,2-dicapryl- sn -glycerol diluted to 1% acetone, in a 
total reaction volume of 50  � l. The reaction was quenched with 
the addition of 50  � l 1N HCl. The reaction product was quanti-
fi ed by HTMS detection using a RapidFireTM system interfaced 
with a Sciex 4000 triple quadrapole through an atmospheric 
pressure chemical ionization source. The mass spectrometer was 
operated in the positive ion mode. A characteristic in-source 
fragment ion,  m/z  493.8 from the product 1,2-dicapryl-3-oleoyl-
glycerol, was detected. Data were reported as area under the 
product generation curve. A high-throughput screening cam-
paign of 310,000 compounds using this HTMS assay yielded a hit 
rate of 0.3%, with the defi nition of a hit being greater than 65% 
inhibition at 7 µM. 

 LC/MS/MS-based assays for recombinant human 
DGAT1, DGAT2, and MGAT2 activity 

 Recombinant human DGAT1- or DGAT2-expressing Sf9 mem-
branes were produced in a baculovirus expression system as pre-
viously described ( 11 ). DGAT activity was assayed in a solution 
containing 100 mM Tris-HCl (pH 7.5), 5  � g/ml DGAT1- or 
DGAT2-expressing membranes, 0.25 M sucrose, 15 mM MgCl 2 , 
1 mM EDTA, 0.1% BSA, 50  � M oleoyl-CoA, and 50  � M 1,2-di-
capryl- sn -glycerol diluted to 1% acetone, in a total reaction vol-
ume of 100  � l for 40 min. The reaction mixture (20  � l) was 
quenched with the addition of 150  � l of 90% isopropyl alcohol 
and 10% tetrahydrofuran containing 20 nM of internal standard 
A. The reaction product, TG-(C10:0, C10:0, C18:1), was deter-
mined by LC/MS/MS. The LC/MS/MS system consisted of an 
Agilent 1100 Series liquid chromatographic system (Agilent 
Technologies; Palo Alto, CA) interfaced with a Micromass Quat-
tro Micro triple quadrupole mass spectrometer (Waters; Milford, 
MA) through a Z-spray electrospray ionization source. The mass 
spectrometer was operated in the positive-ion mode. Separation 
of the analytes was carried out on a Eclipse XDB-C8 column 

in rats ( 7 ). Liu et al. ( 8 ) also reported that decreasing hepatic 
DGAT2 activity with ASO treatment resulted in decreased 
VLDL-TG secretion in both wild-type and ob/ob mice. On 
the other hand, DGAT1 ASO treatment did not block 
hepatic steatosis in rats fed a high-fat diet ( 7 ). Yamaguchi 
et al. ( 9 ) also showed that DGAT1 ASO treatment did not 
protect against hepatic TG accumulation induced by a me-
thionine choline-defi cient diet. The specifi c role of DGAT1 
in hepatic TG synthesis and steatosis was recently reported 
using liver-specifi c DGAT1 knockout mice and hepatic 
DGAT1 ASO knockdown. DGAT1 was required for hepatic 
steatosis induced by a high-fat diet and prolonged fasting, 
which are both characterized by delivery of exogenous FAs 
to the liver ( 10 ). Nevertheless, all of these fi ndings are 
based on hepatic and plasma TG parameters after chronic 
inhibition of DGAT1 or DGAT2. 

 Understanding the acute fl ux of metabolites, such as FA 
and glycerol, through DGAT1- versus DGAT2-mediated 
TG synthesis pathways is fundamental for attaining 
new insights into hepatic lipid metabolism. Previously, we 
reported a liquid chromatography tandem mass spectrom-
etry (LC/MS/MS) method for measuring VLDL-TG follow-
ing incorporation of exogenously administered  13 C 18 -oleic 
acid and demonstrated signifi cant inhibition of hepatic 
VLDL-TG secretion by a DGAT1 inhibitor in rats ( 11 ). To 
elucidate the role of DGAT2 in hepatic TG synthesis and 
VLDL-TG secretion, we developed an alternative approach 
using stable isotope-labeled glycerol substrates to trace TG 
synthesis,  13 C 3 -D 5 -glycerol for in vitro and D 5 -glycerol for in 
vivo studies. We combined the use of stable isotope-labeled 
oleic acid and glycerol to trace the metabolic fl ux of these 
substrates into different species of TG. Two chemically dis-
tinct DGAT2-selective inhibitors, DGAT2 small interfering 
RNAs (siRNAs), and a DGAT2 gene-specifi c ASO were em-
ployed to discern the differences between hepatic DGAT1- 
and DGAT2-mediated TG synthesis at the molecular level. 
We found that DGAT2 is primarily responsible for incor-
porating endogenously synthesized FAs into TG, whereas 
DGAT1 is largely responsible for esterifying exogenous 
FAs to glycerol. 

 MATERIALS AND METHODS 

 Materials and reagents 
 Ammonium formate, triolein, FA-free BSA (FAF-BSA), oleoyl 

CoA, and  13 C 18 -oleic acid were purchased from Sigma-Aldrich 
(St. Louis, MO). 1,2-Dicapryl- sn -glycerol, internal standards A 
[1,3-ditetradecanoyl-2-(9 Z -hexadecenoyl)- sn -glycerol-d5] and 
B [1,3-di-heptadecanoyl-2-(10Z-heptadecenoyl)- sn -glycerol-d5] 
were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). 
Isopropyl alcohol, acetonitrile, and tetrahydrofuran were from 
EMD Chemicals, Inc. (Gibbstown, NJ). The DGAT1-selective 
inhibitor A-922500 (Abbott), chemical name: (1R, 2R)-2-[[4’-
[[phenylamino)carbonyl]amino] [1,1’-biphenyl]4-yl]carbonyl]
cyclopentanecarboxylic acid, was purchased from Tocris Biosci-
ence (Ellisville, MO). The DGAT1-selective inhibitor JNJ-
DGAT1-A, chemical name:  N -[2,6-dichloro-4-(pyrrolidin-1-ylmethyl)
phenyl]4-(4-{[(4-methoxyphenyl)acetyl]amino}phenyl) pipera-
zine-1-carboxamide), DGAT2-selective inhibitor JNJ-DGAT2-A, 
chemical name: 3-bromo-4-[2-fl uoro-4-({4-oxo-2-[(2-pyridin-2-
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plot of % inhibition versus compound concentration using Graph-
Pad Prism software. 

 For stable isotope labeling of TG using  13 C 18 -oleic acid, HepG2 
cells were washed once with PBS and incubated with DMEM buf-
fer containing 0.2% FAF-BSA at 37°C for 60 min. DGAT1 or 
DGAT2 inhibitors were added to cells in a concentration-depen-
dent manner (between 1 nM and 1 µM), for a fi nal DMSO con-
centration of 0.2%, in DMEM buffer containing 0.2% FAF-BSA. 
Cells were incubated with 0.2% DMSO or compound for 60 min. 
 13 C 18 -oleic acid, complexed with FAF-BSA in DMEM buffer con-
taining 0.2% FAF-BSA, was added to each well for a fi nal concen-
tration of 150  � M. The plates were incubated for 2 h at 37°C, and 
the medium was removed. The  13 C 18 -oleoyl-labeled TGs were ex-
tracted and detected as previously described ( 11 ). 

 LC/MS/MS analyses of stable isotope-labeled TGs 
 Separation of the analytes was performed on an Agilent 1100 

liquid chromatographic system using an Eclipse XDB-C 8  column 
(2.1 × 50 mm, particle size = 3.5  � m) and the same mobile phases 
as described above. The mobile phases were applied to generate 
a linear gradient elution as follows: 50–80% B in 5 min, hold 80% 
B for 1 min, return to 50% B in 0.1 min and a post-run time of 
5 min. The fl ow rate was 0.3 ml/min, and sample injection vol-
ume was 3  � l. The Micromass Quattro Micro mass spectrometer 
was operated in the positive-ion MRM mode for the detection of 
a specifi c molecular mass transition  m/z  (M+NH 4 ) +  > [MNH 4  – 
(RCOOH+NH 3 )] +  for each TG at a collision energy of 25 eV. Ni-
trogen was used as nebulizing gas and desolvation gas, and argon 
was used as collision gas. The MS source parameters were set as 
follows: capillary voltage, 3.1 kV; cone voltage, 25 V; extractor, 
2V; RF lens, 0.1V; source temperature, 120°C; desolvation tem-
perature, 300°C; cone gas fl ow, 50 l/hr; and desolvation gas fl ow, 
700 l/hr. MassLynx software version 4.1 was used for system con-
trol and data processing. 

 Suppression of DGAT2 expression by siRNA in 
HepG2 cells 

 One day prior to transfection, HepG2 cells were trypsinized, 
passed through a sterile syringe, and seeded (200,000 cells/well) 
in a 24-well plate. DGAT2 silencer select predesigned siRNAs 
(ID: S39247 and ID: 112270; designated DGAT2-siRNA A and 
DGAT2-siRNA B, respectively), and a control siRNA containing a 
scrambled sequence (Ambion, Austin, TX) were transfected by 
siPORT amine transfection agent (Ambion) according to the 
manufacturer’s instructions. Forty-eight hours post-transfection, 
HepG2 cells were incubated with DMEM buffer containing 0.1% 
FAF-BSA at 37°C for 15 min.  13 C 3 -D 5 -glycerol in DMEM buffer 
containing 0.1% FAF-BSA was added to each well at a fi nal con-
centration of 30  � M. The plates were incubated for 2 h at 37°C 
before subjection to lipid extraction with 200  � l 90% isopropyl 
alcohol and 10% tetrahydrofuran containing 20 nM of internal 
standard B, followed by LC/MS/MS analysis. The mRNA levels of 
DGAT2 and GAPDH 48 h post siRNA transfection were measured 
using the Quantigene 2.0 branched DNA method following the 
directions provided by the manufacturer (Affymetrix; Santa 
Clara, CA). 

 DGAT2 ASO treatment in C57BL/6J mice 
 Adult male C57BL/6J mice with free access to water and stan-

dard laboratory rat chow were used in this study. The Institu-
tional Animal Care and Use Committee of Janssen Pharmaceutical 
Companies of Johnson and Johnson approved all procedures. 
The sequences for the ASOs were as follows: DGAT2 ASO 
(ISIS-217376) 5 ′ -TCCATTTATTAGTCTAGGAA-3 ′  and control 
ASO (ISIS-141923) 5 ′ -CCTTCCCTGAAGGTTCCTCC-3 ′ . In ear-
lier studies, ISIS-217376 was shown to be a potent and specifi c 

(2.1 × 50 mm) eluted isocratically with mobile phases A and B 
(60:40) at a fl ow rate of 0.3 ml/min. The mobile phase A was 
5 mM ammonium formate in acetonitrile-water (95:5) and B was 
5 mM ammonium formate in isopropyl alcohol-water (95:5). 
Quantitation of TG-(C10:0, C10:0, C18:1) was achieved in multi-
reaction monitoring (MRM) mode. The ion transitions of  m/z  
682.8 [M+NH 4 ] +   →  493.5 and 771.8 [M+NH 4 ] +   →  526.6 at a colli-
sion energy of 20 eV were used for detection of TG-(C10:0, C10:0, 
C18:1) and internal standard A, respectively. Data were reported 
based on the relative peak areas to the internal standard. 

 The human monoacylglycerol acyltransferase-2 (MGAT2) ac-
tivity was performed using microsomal membranes from Sf9 in-
sect cells overexpressing human MGAT2 ( 12 ). MGAT2 activity 
was measured via LC/MS/MS detection of MGAT2-mediated for-
mation of diacylglycerol. 

 Determination of the contribution of DGAT1 versus 
DGAT2 activity in HepG2 cell lysates 

 HepG2 cells were maintained in minimum essential medium 
with 2 mM  L -glutamine, 1.5 g/l sodium bicarbonate, 0.1 mM non-
essential amino acids, 1.0 mM sodium pyruvate, and 10% FBS. 
HepG2 cells were trypsinized and passed through a sterilized sy-
ringe to disperse cell aggregates. Cells were plated (45,000 cells/
well) in a 96-well plate and assayed after reaching 50–60% 
confl uence. 

 HepG2 cell monolayers were scraped in homogenization buf-
fer (100 mM Tris-HCl, pH 7.5, 0.25 M sucrose, 15 mM MgCl 2 , 
1 mM EDTA) and homogenized by sonication. After centrifuga-
tion at 3,000  g  for 15 min at 4°C, the supernatant was collected. 
DGAT activity was assayed in a solution containing 100 mM Tris-HCl 
(pH 7.5), 75  � g/ml HepG2 cell lysate, 0.25 M sucrose, 15 mM 
MgCl 2 , 1 mM EDTA, 0.1% BSA, 50  � M oleoyl-CoA, and 50  � M 
1,2-dicapryl- sn -glycerol diluted to 1% acetone in a total reaction 
volume of 100  � l for 40 min. Activity was measured in the pres-
ence or absence of a DGAT1 or DGAT2 inhibitor. Twenty micro-
liters of the reaction was quenched with the addition of 150  � l of 
90% isopropyl alcohol and 10% tetrahydrofuran containing 
20 nM of the internal standard TG-(C14:0, C16:1, C14:0). The 
reaction product, TG-(C10:0, C10:0, C18:1) was determined by 
LC/MS/MS as described above. 

 Measurement of stable isotope-labeled TGs in 
HepG2 cells 

 For stable isotope labeling of TG using  13 C 3 -D 5 -glycerol, HepG2 
cells were washed once with PBS (pH 7.4) and incubated with 
DMEM supplemented with 25 mM HEPES (pH 7.5) (DMEM buf-
fer) containing 0.1% FAF-BSA at 37°C for 15 min, followed by 
replacement with fresh DMEM buffer containing 0.1% FAF-BSA. 
DGAT1 or DGAT2 inhibitors were added to the cells in a concen-
tration-dependent manner (0.3125, 0.625, 1.25, 2.5, 5, 10, and 
20 µM) for a fi nal DMSO concentration of 0.1%. Control wells 
received 0.1% DMSO alone. Cells were incubated at 37°C for 
10 min.  13 C 3- D 5 -glycerol in DMEM buffer containing 0.1% FAF-BSA 
was added to each well for a fi nal concentration of 20  � M. The 
plates were incubated for 2 h at 37°C, and the medium was re-
moved. After briefl y drying by air, 100  � l freshly prepared solvent 
(90% isopropyl alcohol and 10% tetrahydrofuran) containing 
20 nM of internal standard B was added and allowed to sit at 
room temperature for 15 min with shaking. The extraction mix-
ture (80  � l) was transferred to glass inserts in a 96-well deep-well 
plate. The plate was centrifuged at 3,000 rpm for 5 min, and the 
extracted samples were analyzed by LC/MS/MS (see details of 
LC/MS/MS analysis below). Percentage inhibition was calcu-
lated as 100-[(sample-low control)/(vehicle – low control) *100] 
where low control is no addition of  13 C 3- D 5 -glycerol. A best-fi t 
curve was fi tted by a minimum sum-of-squares method to the 
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activity as measured in the DGAT1 HEK293 cell-based assay 
( 11 ). Taken together, these data suggest that JNJ-DGAT2-A 
and -B are selective inhibitors of DGAT2 activity. 

 Determination of the relative contributions of DGAT1 
and DGAT2 to overall DGAT activity in HepG2 cells 

 HepG2 hepatoma cells were found to express both 
DGAT1 and DGAT2 ( 13 ), and we confi rmed the expres-
sion of both DGAT1 and DGAT2 mRNA in these cells 
(  Fig. 1A  ). To determine the relative contributions of 
DGAT1 and DGAT2 to total DGAT activity in HepG2 cell 
lysates, we utilized a nonspecifi c assay that measured 
DGAT-mediated formation of TG using both 1,2-dicapryl- -
sn -glycerol and oleoyl-CoA as substrates. The product TG, 
1,2-dicapryl-3-oleoyl-glycerol (C10:0, C10:0, C18:1), was 
quantifi ed by LC/MS/MS. Recombinant DGAT1- and 
DGAT2-expressing membranes were tested fi rst to ensure 
that the DGAT1 and DGAT2 inhibitors were selective in 
their inhibitory profi les. When tested at a concentration of 
5  � M, JNJ-DGAT2-A and JNJ-DGAT2-B inhibited about 
99% of recombinant DGAT2 enzymatic activity, while the 
two DGAT1 inhibitors, JNJ-DGAT1-A ( 11 ) and A-922500 
( 14 ) tested at 1  � M, exhibited no inhibitory activity (data 
not shown). Conversely, when tested at a concentration of 
1  � M, JNJ-DGAT1-A and A-922500 inhibited about 99% of 
recombinant DGAT1 enzymatic activity, whereas the two 
DGAT2 inhibitors, JNJ-DGAT2-A and JNJ-DGAT2-B, (5  � M) 
exhibited no inhibitory activity (data not shown). There-
fore, we were confi dent that these inhibitors could be used 
to determine the relative contribution of DGAT1 and 
DGAT2 to total DGAT activity in HepG2 cell lysates. JNJ-
DGAT1-A, A-922500, JNJ-DGAT2-A, and JNJ-DGAT2-B 
were tested alone or in combination in HepG2 lysates 
using both 1,2-dicapryl- sn -glycerol and oleoyl-CoA as 
substrates and quantifying the product TG, 1,2-dicapryl-3-
oleoyl-glycerol (C10:0, C10:0, C18:1). The resulting data 
suggested that approximately 85% of DGAT activity in 
HepG2 lysates was mediated by DGAT1 and 20–30% was 
mediated by DGAT2 ( Fig. 1B ). 

 Analysis of the major TG species in HepG2 cells using 
 13 C 3 -D 5 -glycerol as a substrate 

 Conventional cell-based TG synthesis assays use radio-
labeled glycerol or FAs to metabolically label TG mole-
cules. The radio-labeled hydrophobic TG product is 
typically resolved by TLC ( 1, 2 ). However, LC/MS/MS is 

oligonucleotide for reducing DGAT2 mRNA levels ( 6 ). In addi-
tion, the control ASO does not have perfect complementarity to 
any known gene in public databases. The fi rst fi ve bases and last 
fi ve bases of these ASOs have 2 ′ - O -(2-methoxy)-ethyl modifi cations, 
and both have a phosphorothioate backbone. For these experi-
ments, D5-glycerol was diluted in saline and  13 C 18 -oleic acid was 
complexed with 10% FAF-BSA in saline. C57BL/6J mice fed stan-
dard chow diet (5001 Purina) were treated subcutaneously with 
25 mg/kg DGAT2 ASO or control ASO twice a week for 3 weeks. 
Following ASO treatment, D 5 -glycerol or  13 C 18 -oleic acid (10 mg/kg) 
was administered intravenously (i.v.). Blood was drawn via tail 
vein puncture and collected in a tube containing EDTA at the 
following time points: pretreatment, 15, 30, and 60 min post-
treatment. Samples were centrifuged at 500  g  for preparation of 
plasma. Plasma samples (10  � l) were transferred into glass inserts 
in a 96-well plate. An aliquot of 150  � l of extraction solvent (chlo-
roform-methanol; 2:1; v/v) containing 0.2  � M internal standard 
B was added to each well and mixed. The 96-well plate was left at 
room temperature for 30 min and then centrifuged at 3,000 rpm 
for 10 min on a Beckman Allegra 6 centrifuge. The supernatant 
(100  � l) was transferred into a glass insert in another 96-well 
plate, and solvent was evaporated to dryness under a stream of 
nitrogen gas. The sample residues were reconstituted with 100  � l 
of solvent (isopropanol-tetrahydrofuran; 2:1; v/v) and mixed 
prior to LC/MS/MS analysis. 

 Quantitative real-time RT-PCR 
 Total RNA from HepG2 cells or mouse livers was isolated 

and transcribed using a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems; Foster City, CA). The cDNA was 
amplifi ed with a SYBR Green PCR Master Mix (Applied Biosys-
tems) on an Applied Biosystems Prism 7000 sequence detec-
tion system. Relative gene expression of DGAT1 or DGAT2 in 
HepG2 cells was calculated after normalization by 18S rRNA. 
RT-PCR data of DGAT2 mRNA in mouse livers were normal-
ized to the total RNA abundance determined by RiboGreen 
RNA assay. 

 RESULTS 

 Identifi cation of two potent, selective inhibitors 
of DGAT2 

 We identifi ed two chemically distinct DGAT2 inhibitors, 
JNJ-DGAT2-A and JNJ-DGAT2-B, during a high-throughput 
screening campaign of 310,000 compounds ( Table 1 ). The 
IC 50  values for JNJ-DGAT2-A and JNJ-DGAT2-B in an enzy-
matic assay using human DGAT2-expressing Sf9 mem-
branes were 0.14  � M and 0.18  � M, respectively. Neither 
JNJ-DGAT2-A nor JNJ-DGAT2-B inhibited human DGAT1 
or human MGAT2 at concentrations up to 10  � M (Table 1). 
In addition, JNJ-DGAT2-A and JNJ-DGAT2-B did not in-
hibit TG synthesis (up to 10  � M) in a human DGAT1 cell-
based assay, where HEK293H cells were incubated with 
 13 C 18 -oleic acid, and  13 C 18 -oleoyl-incorporated TGs were 
quantifi ed via LC/MS/MS (Table 1) ( 11 ). Furthermore, 
the incorporation of the  13 C 18 -oleoyl-substrate into TGs re-
quires sequential enzymatic reactions catalyzed by multiple 
enzymes prior to the fi nal DGAT-mediated step in the glyc-
erol-3-phospate pathway ( 11 ). However, JNJ-DGAT2-A and 
JNJ-DGAT2-B do not inhibit glycerol-3-phosphate acyltrans-
ferase (GPAT), 1-acylglycerol-3-phosphate acyltransferase 
(AGPAT), or phosphatidic acid phosphohydrolase (PAP) 

 TABLE 1. In vitro selectivity profi le of two DGAT2 inhibitors 
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the labeled glycerol backbone. Following incubation of 
the HepG2 cells for 2 h with the heavy labeled substrate 
( 13 C 3 -D 5 -glycerol), the relative abundance for these fi ve 
major  13 C 3 -D 5 -TG species as determined by LC/MS/MS 
were:  13 C 3 -D 5 -TG (52:2) > 13 C 3 -D 5 -TG (50:2) ~/=  13 C 3 -
D 5 -TG (54:3) >  13 C 3 -D 5 -TG (52:3) >  13 C 3 -D 5 -TG (54:2) 
( Fig. 2B ). The relative abundance of these fi ve  13 C 3 -
D 5 -TG species varied slightly depending on differences 
in the cell culture conditions (e.g., in the presence or 
absence of serum in the medium), which is why we mini-
mized the amount of exogenous FAs before and during 
the assay. In addition, we noted differences in the pre-
dominant TG species when different cell types were used 
for the assay (e.g., HepG2 versus primary rat hepatocytes 
versus McArdle-RH7777), which may refl ect subtle dif-
ferences in how cultured hepatocytes synthesize TGs. To 
validate the specifi city of LC/MS/MS detection of  13 C 3 -
D 5 -TG species, we incubated 20  � M D 5 -glycerol or  13 C 3 -
glycerol or nonlabeled glycerol with HepG2 cells 
and observed that less than 2% of the LC/MS/MS 
signals corresponded to the mass transitions of all fi ve 
 13 C 3 -D 5 -TG species. 

becoming the preferred method for quantitative lipid 
analysis due to the ease of automation, accuracy, and 
sensitivity, and the avoidance of radioactivity. We devel-
oped a high-throughput LC/MS/MS-based cellular assay 
for determining cellular DGAT activity using  13 C 3 -D 5 -glyc-
erol in lieu of radio-labeled glycerol. In HepG2 cells, the 
exogenously added  13 C 3 -D 5 -glycerol was incorporated 
into the glycerol-3-phosphate pathway (  Fig. 2A  ). After 
one-step extraction, the major species of  13 C 3 -D 5 -glycer-
ol-incorporated TG species was detected by LC/MS/MS. 
We removed the exogenous FAs from the growth me-
dium by washing and briefl y incubating HepG2 cells in 
a FAF medium. Furthermore, the cell assay was per-
formed in FAF, serum-free medium. Although all of the 
TG species were routinely measured, the fi ve major  13 C 3 -
D 5 -TG species were reported, inasmuch as they appeared 
to consistently represent the overall changes observed 
in the TG pool. To clarify the terminology,  13 C 3 -D 5 -TG 
(52:2) refers to a TG containing 52 carbon atoms and 
2 double bonds in the side chains of the FAs attached to 

  Fig.   1.  A: Quantifi cation of DGAT1 and DGAT2 mRNA levels by 
RT-PCR and normalization to the amount of 18S rRNA in HepG2 
cells. B: Inhibition of diacylglycerol acyltransferase activity in 
HepG2 cell lysates by DGAT1 and DGAT2 inhibitors. JNJ-DGAT1-A 
(1  � M), A-922500 (1  � M), JNJ-DGAT2-A (5  � M), JNJ-DGAT2-B 
(1  � M), JNJ-DGAT1-A (1  � M) + JNJ-DGAT2-A (5  � M), or A-922500 
(1  � M) + JNJ-DGAT2-B (5  � M) were incubated with HepG2 cell 
lysates. The concentration of TG, 1,2-dicapryl-3-oleoyl-glycerol 
(C10:0, C10:0, C18:1), was determined by LC/MS/MS. The per-
cent inhibition was plotted as a surrogate for determining the 
amount of DGAT1 versus DGAT2 activity in HepG2 cells. Values 
represent the average of four data points ± SD.   

  Fig.   2.  A: Illustration of the glycerol-3-phosphate pathway whereby 
 13 C 3 -D 5 -glycerol is incorporated into the glycerol backbone of each 
TG molecule. The enzymes in this pathway include: glycerol kinase, 
glycerol-3-phosphate acyltransferase (GPAT), acylglycerophosphate 
acyltransferase (AGPAT), phosphatidic acid phosphohydrolase 
(PAP), and diacylglycerol acyltransferase (DGAT). B: HepG2 cell 
lysates were incubated for 2 h with heavy labeled glycerol,  13 C 3 -D 5 -
glycerol. After incubation, the fi ve major species of TG (C52:2, 
C50:2, C54:3, C52:3, C54:2) were quantifi ed via LC/MS/MS. Values 
represent the average of two data points ± SD.   
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suggesting that they would not be useful for inhibition of 
hepatic DGAT activity in vivo. Therefore, we used a DGAT2 
ASO to selectively reduce hepatic DGAT2 expression in 
C57BL/6J mice to interrogate the role of hepatic DGAT2 
in vivo. DGAT2 ASO treatment, 25 mg/kg twice a week for 
3 weeks, in C57BL/6J mice fed a standard chow diet re-
sulted in a 70% reduction in the levels of hepatic DGAT2 
mRNA (  Fig. 6A  ) when compared with vehicle or control 
ASO-treated mice. To assess TG synthesis in vivo, C57BL/6J 
mice treated with 25 mg/kg DGAT2 or control ASO twice 
weekly for 3 weeks were administered a bolus dose of 
10 mg/kg D 5 -glycerol, and plasma samples from treated 
mice were analyzed for D 5 -glycerol incorporation into 

 Inhibition of DGAT2, but not DGAT1, signifi cantly 
reduced the synthesis of stable isotope-labeled TG 
using  13 C 3 -D 5 -glycerol as a substrate in HepG2 cells 

 To determine the effects of DGAT2 inhibition on TG 
synthesis in HepG2 cells, the cells were preincubated in 
the presence and absence of one of the two DGAT2 inhibi-
tors, JNJ-DGAT2-A and JNJ-DGAT2-B, or one of two 
DGAT1 inhibitors, JNJ-DGAT1-A and A-922500 ( 14 ), fol-
lowed by incubation with the  13 C 3 -D 5 -glycerol substrate. 
JNJ-DGAT2-A dose-dependently inhibited the generation 
of the three major TG species with IC 50  values of 0.85  � M, 
0.99  � M, and 0.66  � M as calculated by the inhibition 
of formation of  13 C 3 -D 5 -TG (52:2),  13 C 3 -D 5 -TG (54:3), 
and  13 C 3 -D 5 -TG (50:2), respectively (  Fig. 3A  ). Similarly, 
JNJ-DGAT2-B inhibited the production of the total of all 
fi ve  13 C 3 -D 5 -TG species with an IC 50  value of 1.6  � M ( Fig. 
3B ). In contrast, neither of the two DGAT1-selective in-
hibitors, JNJ-DGAT1-A and A-922500, inhibited the syn-
thesis of  13 C 3 -D 5 -glycerol-labeled TGs ( Fig. 3B ). 

 As a further means to investigate the effects of a reduc-
tion in DGAT2 activity on TG synthesis, we performed 
siRNA knockdown of DGAT2 mRNA expression in HepG2 
cells. The DGAT2 mRNA levels were reduced 54.8%, 
67.3%, and 76.1% by treatment with DGAT2 siRNA-A, 
DGAT2 siRNA-B, and a combination of both DGAT2 
siRNA-A and DGAT2 siRNA-B, respectively (data not 
shown). Suppression of DGAT2 expression in HepG2 cells 
with either DGAT2 siRNA-A, DGAT2 siRNA-B, or both siR-
NAs combined signifi cantly inhibited TG synthesis, as evi-
denced by a decrease in  13 C 3 -D 5  (52:2) (  Fig. 4A  ),  13 C 3 -
D 5 -TG (54:3) ( Fig. 4B ), and  13 C 3 -D 5 -TG (50:2) ( Fig. 4C ). 

 Inhibition of DGAT1, but not DGAT2, signifi cantly 
reduced the synthesis of stable isotope-labeled TG using 
 13 C 18 -oleic acid as a substrate in HepG2 cells 

 To test whether DGAT2 inhibition affected TG synthesis 
using  13 C 18 -oleic acid as a substrate, HepG2 cells were incu-
bated with  13 C 18 -oleic acid. In this reaction,  13 C 18 -oleic acid 
is converted to  13 C 18 -oleoyl-CoA (H 33 C 17 CO-SCoA) before 
entering the glycerol-3-phosphate pathway (  Fig. 5A  ). HepG2 
cells were preincubated for 60 min in the presence and ab-
sence of the inhibitor JNJ-DGAT2-A prior to the addition of 
 13 C 18 -oleic acid. Unlike the inhibition observed with  13 C 3 -D 5 -
glycerol as a substrate, no inhibition of TG synthesis was 
observed with  13 C 18 -oleic acid as a substrate, as evidenced by 
the lack of reduction in the predominant  13 C 18 -oleic acid-
incorporated TG species (stable isotope-labeled triolein; 
 13 C 18 -oleoyl,  13 C 18 -oleoyl,  13 C 18 -oleoyl) ( Fig. 5B ). In contrast, 
exposure of HepG2 cells to JNJ-DGAT1-A and A-922500 re-
sulted in dose-dependent inhibition of TG synthesis (stable 
isotope-labeled triolein;  13 C 18 -oleoyl,  13 C 18 -oleoyl,  13 C 18 -
oleoyl) ( Fig. 5B ). Based on the internal standard, the ab-
solute amount of stable isotope-labeled triolein was 
approximately 1 to 2 orders higher than the combined  13 C 3 -
D 5 -glycerol-incorporated major TG species in HepG2 cells. 

 Inhibition of stable isotope-labeled glycerol incorporation 
into VLDL-TG in DGAT2 ASO-treated mice 

 JNJ-DGAT2-A and JNJ-DGAT2-B exhibited inadequate 
metabolic stability in a liver microsome assay in vitro, 

  Fig.   3.  Effects of DGAT2 and DGAT1 inhibitors on the incorpo-
ration of  13 C 3 -D 5 -glycerol in TGs synthesized in HepG2 cells. A: In-
creasing concentrations (0.3125, 0.625, 1.25, 2.5, 5, 10, and 20 µM) 
of JNJ-DGAT2-A were incubated with HepG2 cell lysates for 60 min 
prior to the addition of heavy labeled glycerol,  13 C 3 -D 5 -glycerol, 
and then incubated for an additional 2 h. Three of the fi ve major 
TG species (C52:2, C50:2, C54:3) were quantifi ed via LC/MS/MS. 
B: Increasing concentrations (0.3125, 0.625, 1.25, 2.5, 5, 10, and 
20 µM) of JNJ-DGAT2-B, JNJ-DGAT1-A, and A-922500 were incu-
bated with HepG2 cell lysates for 60 min prior to the addition of 
heavy labeled glycerol,  13 C 3 -D 5 -glycerol, and then incubated for an 
additional 2 h. The most-abundant TG species (C52:2) was quanti-
fi ed via LC/MS/MS. Values represent the average of two data 
points ± SD.   
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in vivo, we assessed the effects of the DGAT2 ASO on  13 C 18 -
oleic acid incorporation into VLDL-TG. C57BL/6J mice 
were treated with 25 mg/kg DGAT2 or control ASO twice 
weekly for 3 weeks prior to i.v. administration of stable 
isotope-labeled oleic acid,  13 C 18 -oleic acid. There were no 
signifi cant differences in  13 C 18 -oleoyl-incorporated VLDL-TG 
between the control ASO- and DGAT2 ASO-treated ani-
mals, despite detection of a signifi cant amount of  13 C 18 -
oleoyl-incorporated VLDL-TG (  Fig. 7  ). Thus, in contrast 
to DGAT1 inhibition, a reduction in hepatic DGAT2 ex-
pression did not have an effect on exogenously adminis-
tered  13 C 18 -oleic acid incorporated into VLDL-TG. 

 DISCUSSION 

 In the liver, FAs may come from exogenous sources such 
as dietary fat or mobilization from white adipose tissue 
during fasting. Alternatively, FAs can arise from endoge-
nous de novo synthesis. Both DGAT1 and DGAT2 are 
highly expressed in the liver ( 1, 2 ), and both are involved 
in the terminal, committed step of TG synthesis. A recent 

mostly VLDL-TG by LC/MS/MS analysis. D 5 -TG (52:2) ac-
counted for about 70% of all the detected D 5 -glycerol-
incorporated TG species combined. Therefore, we used 
D 5 -TG (52:2) as a surrogate for total D 5 -glycerol-incorpo-
rated VLDL-TG. D 5 -TG (52:2) peaked at 30 min, and 
dropped signifi cantly by 60 min. There was a signifi cant 
reduction in plasma VLDL-TG in mice treated with the 
DGAT2 ASO when compared with plasma from control 
ASO-treated mice ( Fig. 6B, C ). There were no differences 
in endogenous plasma levels of TG (52:2) between the 
control ASO- and DGAT2 ASO-treated groups ( Fig. 6D ). 
Notably, endogenous TG levels decreased from pretreat-
ment levels over time in both treatment groups, possibly 
due to stress-related plasma TG metabolism. 

 Lack of inhibition of stable isotope-labeled oleic 
acid incorporation into VLDL-TG in DGAT2 
ASO-treated mice 

 As previously reported, DGAT1 inhibition signifi cantly 
reduced the incorporation of stable isotope-labeled oleic 
acid into VLDL-TG in vivo ( 11 ). To interrogate the role of 
DGAT2 in the incorporation of oleic acid into VLDL-TG 

  Fig.   4.  Reduced incorporation of  13 C 3 -D 5 -glycerol into the major TG species synthesized in HepG2 cells 
after reduction of DGAT2 expression. DGAT2 siRNA A, DGAT2 siRNA B, and DGAT2 siRNA A + DGAT2 
siRNA B were used to reduce the amount of DGAT2 expressed in HepG2 cells. Subsequently HepG2 cell 
lysates were incubated with heavy glycerol,  13 C 3 -D 5 -glycerol, for 2 h. The three most-abundant TG species 
was quantifi ed via LC/MS/MS. A: C52:2; B: C54:3; C: C50:2. Values represent the average of three data 
points ± SD.   
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isotope-labeled oleic acid and glycerol as tracers to mea-
sure TG metabolism. 

 Previously, we reported an LC/MS/MS method in which 
we employed stable isotope-labeled oleic acid,  13 C 18 -oleic 
acid, to monitor the cellular glycerol-3-phosphate pathway 
in HEK293 cells and VLDL-TG secretion in rats.  13 C 18 -oleic 
acid was recently used to elucidate lipid assembly in vivo by 
measuring the plasma labeling pattern of TG, phospho-
lipids, and cholesteryl esters ( 16 ). Here, we utilized two 
potent, selective DGAT2 inhibitors to interrogate the role 
of DGAT2 in  13 C 18 -oleic acid incorporation into TGs 
in HepG2 cells. Results confi rmed the hypothesis that 
DGAT1, but not DGAT2, is primarily responsible for es-
terifi cation of exogenous FAs (exogenously added  13 C 18 -
oleic acid) to the glycerol backbone. Notably, the maximum 
DGAT1-mediated inhibition of  13 C 18 -oleic acid-incorpo-
rated TG (stable isotope-labeled triolein) was about 70% 
using two DGAT1-selective inhibitors representing differ-
ent chemotypes. Furthermore, we reported that hepatic 
DGAT1 inhibition was associated with signifi cant inhibi-
tion of  13 C 18 -oleoyl incorporation into newly synthesized 
VLDL-TG post  13 C 18 -oleic acid administration in rats ( 11 ). 
In contrast, we now report that reduction in hepatic 
DGAT2 expression in mice with a DGAT2-specifi c ASO 
did not affect the incorporation of  13 C 18 -oleic acid into 
newly synthesized VLDL-TG when measured acutely, 
before equilibration into the endogenous TG pools. 
Therefore, the use of LC/MS/MS-based measurement of 
 13 C 18 -oleic acid as a tracer of newly synthesized TG con-
fi rms the role of DGAT1 in esterifying exogenous FAs into 
hepatic VLDL-TG in vivo. 

 Here, we report the development of a high-through-
put, LC/MS/MS-based cellular TG synthesis assay using 
heavy labeled glycerol,  13 C 3 -D 5 -glycerol, as a substrate in-
stead of radio-labeled glycerol. To eliminate the majority 
of unlabeled exogenous FAs, we removed FAs from the 
cell growth medium before adding stable isotope-labeled 
glycerol to HepG2 cells. Thus, the use of stable isotope-
labeled glycerol to measure TG synthesis allows incorpora-
tion of FAs that arise predominantly from the endogenous 
pool. In contrast to the incorporation of  13 C 18 -oleic acid 
in TG synthesis, we demonstrated that  13 C 3 -D 5 -glycerol-
incorporated TG synthesis is largely mediated by DGAT2 
but not DGAT1 in vitro in HepG2 cells. These results 
agree with two previous reports in which RNAi knock-
down of DGAT2 in primary rat and mouse hepatocytes 
signifi cantly reduced the amount of radio-labeled glyc-
erol incorporated into the endogenous pool of TG ( 6, 7 ). 
In our studies, the most-abundant  13 C 3 -D 5 -glycerol-incor-
porated TG species detected is  13 C 3 -D 5  (52:2) in HepG2 
cells ( Fig. 2B ) and rat primary hepatocytes (data not 
shown). Based on the natural abundance of mamma-
lian TG, we postulate that  13 C 3 -D 5  (52:2) is represented 
by  13 C 3 -D 5 -TG-containing oleoyl, palmitoyl, and oleoyl 
chains. We estimated that the absolute amount of  13 C 18 -
oleic acid-labeled triolein, based on the internal standard, 
to be 1- to 2-fold higher than  13 C 3 -D 5 -glycerol-incorporated 
major TG species combined in HepG2 cells. This implies 
that exogenous oleic acid drives more TG synthesis than 

elegant study using global and liver-specifi c inactivation of 
DGAT1 in mice demonstrated that DGAT1 plays a specifi c 
role in the development of hepatic steatosis resulting from 
exogenous FAs but not from endogenous FA synthesis 
( 10 ). On the other hand, the functional role of DGAT2 in 
bulk hepatic TG synthesis has been well established in 
mice and rats ( 6, 7 ). In the present study, we identifi ed two 
chemically distinct DGAT2 inhibitors, JNJ-DGAT2-A and 
JNJ-DGAT2-B. These inhibitors, as well as previously char-
acterized DGAT1 inhibitors, allowed us to determine that 
DGAT1 is responsible for the majority (85%) of total 
DGAT activity in HepG2 cell lysates ( 11 ). The remaining 
DGAT activity in HepG2 cells appears to be DGAT2-medi-
ated (20–30%). Our data are consistent with previously 
reported data on DGAT1 activity in HepG2 cells ( 15 ). To 
further defi ne potential differences in the hepatic func-
tions of DGAT1 and DGAT2, we investigated TG synthesis 
in human HepG2 cells and in C57BL/6J mice using stable 

  Fig.   5.  A: Illustration of the incorporation of  13 C 18  oleic acid into 
TG in the glycerol-3-phosphate pathway. B: Effect of DGAT1 and 
DGAT2 inhibitors on the incorporation of  13 C 18  oleic acid into trio-
lein synthesized in HepG2 cells. Increasing concentrations of JNJ-
DGAT1-A and A-92250 (between 1 nM and 1 µM) and JNJ-DGAT2-A 
(0.625, 1.25, 2.5, 5, and 10 µM) were incubated with HepG2 cell 
lysates for 60 min prior to the addition of heavy labeled oleic acid 
and  13 C 18  oleic acid, and then incubated for an additional 2 h. The 
amount of triolein,  13 C 18 -TG (oleoyl-, oleoyl-, oleoyl-) was quanti-
fi ed via LC/MS/MS. Values represent the average of three data 
points ± SD.   
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TG in the liver by LC/MS/MS due to overwhelming en-
dogenous hepatic TG content. 

 The most-intriguing fi nding from these studies relates 
to the ability of DGAT1 inhibitors to block incorporation 
of exogenously added oleate but not to disrupt incorpora-
tion of exogenously added glycerol into TG, and the op-
posite is true for the selective DGAT2 inhibitors. In other 
words, DGAT2 preferentially esterifi es exogenously added 
glycerol to endogenously synthesized FAs, and DGAT1 
preferentially esterifi es exogenously added oleic acid to 

endogenous FA-incorporated TG synthesis in this hepa-
toma cell line. 

 Stable isotope-labeled glycerol has been used to mea-
sure the kinetics of VLDL-TG secretion and metabolism in 
vivo ( 17, 18 ). However, these methods required isolation 
of VLDL-TG by TLC and necessitate hydrolysis of the sam-
ples in order to release the glycerol. Labeled VLDL-TG is 
typically quantifi ed by indirect measurement of the deriva-
tized stable isotope-labeled glycerol by GC/MS. By using 
LC/MS/MS to directly detect and quantify the major sta-
ble isotope-labeled TG species, we found that the incorpo-
ration of the stable isotope-labeled glycerol into VLDL-TG 
peaked around 30 min in rats (data not shown) and mice 
(reported here), similar to previous reports ( 17, 18 ). We 
demonstrated that the fl ux of stable isotope-labeled glycerol-
incorporated VLDL-TG in mice is mediated largely by 
DGAT2 and not DGAT1. Therefore, the use of LC/MS/
MS-based measurement of D 5 -glycerol as a tracer of newly 
synthesized TG confi rms the role of DGAT2 in esterifying 
FAs into hepatic VLDL-TG in vivo. Notably, there are limi-
tations to measuring the incorporation of heavy labeled 
substrates in liver TGs, at least within the timeframe of our 
assays. We attempted to detect the incorporation of  13 C 18  
oleic acid into TG in the liver. Because of the large existing 
pool of unlabeled TGs in the liver when compared with 
plasma, the percentage of  13 C 18 -oleic acid- incorporated TG 
was estimated to be only 0.2% of the total hepatic TG pool 
versus approximately 2% of the total TG pool in the plasma. 
Furthermore, we could not detect D5-glycerol-incorporated 

  Fig.   6.  Effects of reduction in hepatic DGAT2 ex-
pression in mice by DGAT2 ASO on incorporation 
of D 5 -glycerol into plasma VLDL-TG. A: Liver ex-
pression of DGAT2 was measured via quantitative 
PCR after 3 weeks treatment in C57BJ6 mice with 
either a control ASO, a DGAT2-specifi c ASO, or ve-
hicle alone. RT-PCR data of DGAT2 mRNA were 
normalized to the total RNA abundance determined 
by RiboGreen RNA assay. B and C: Time course of 
D 5 -glycerol-incorporated VLDL-TG (D5-TG, 52:2) 
in mice treated with either a DGAT2-specifi c or a 
control ASO. Results expressed as area under the 
curve and in graph form. D: Time course of endog-
enous TG-incorporated VLDL-TG (TG, 52:2) in 
mice treated with either a DGAT2-specifi c or a con-
trol ASO. Data are expressed as mean values ± SEM 
of 10 animals in each group.   

  Fig.   7.  Effects of reduction in hepatic DGAT2 expression in mice 
by DGAT2 ASO on incorporation of  13 C 18  oleic acid into plasma 
VLDL-TG. Time course of  13 C 18  oleic acid-incorporated VLDL-TG 
in mice treated with either a DGAT2-specifi c or a control ASO. The 
amount of triolein,  13 C 18 -TG (oleoyl-, oleoyl-, oleoyl-), was quanti-
fi ed via LC/MS/MS. Data are expressed as mean values ± SEM of 
fi ve animals in each group.   
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and the rest is incorporated into the cytosolic pool for 
storage. One unresolved question is whether DGAT1 or 
DGAT2 catalyzes TG synthesis on the luminal surface of 
the ER. Several studies have reported that two separate 
DGAT activities are present in hepatic microsomes: an 
“overt” (cytosolic) activity and a “latent” (luminal) activity 
that appears after permeabilization ( 20, 21 ). The overt 
DGAT activity on the cytoplasmic side of the ER is thought 
to synthesize TG destined for deposition into cytosolic 
lipid droplets. The latent DGAT activity within the ER lu-
men is postulated to synthesize TG bound for VLDL-TG se-
cretion ( 20, 21 ). Using stable isotope-labeled oleic acid or 
glycerol to trace hepatic VLDL-TG synthesis in rodents, we 
observed that the peak of newly synthesized VLDL-TG oc-
curred about 30 min after the administration of the tracers, 
suggesting that fractions of newly synthesized TGs were read-
ily secreted after synthesis, similar to previous studies ( 17, 18 ). 
Finally, our observations that hepatic reduction in DGAT1 
and DGAT2 activity affects the exogenous oleic acid- or glyc-
erol-incorporated VLDL-TG within a short period of time af-
ter substrate addition suggest that both DGAT1 and DGAT2 
are involved in the synthesis of the TG pool that is destined 
for secretion in VLDL particles (the latent activity). 

 In summary, we have developed and applied high-
throughput LC/MS/MS-based assays to detect the acute 
metabolic fl ux of substrates through TG synthesis based 
on the metabolic conversion of stable isotope-labeled oleic 
acid or glycerol in hepatic cells and in rodents in vivo. In 
addition, these LC/MS/MS assays provide a means to dis-
cern differences between the functions of hepatic DGAT1 
and DGAT2.  
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already-existing diacylglycerol. We believe that there are at 
least two potential explanations for these observations. 
Both of these hypotheses rely on the assumption that 
DGAT1 and DGAT2 reside in different, very specialized 
compartments within the endoplasmic reticulum (ER). 
The fi rst hypothesis is one of differential traffi cking. One 
could speculate that the glycerol substrate, when added 
exogenously, is traffi cked to a cellular compartment that is 
accessible to DGAT2, but not DGAT1. It then follows that 
exogenously added oleic acid substrate is traffi cked to a 
cellular compartment that is readily accessible to DGAT1, 
but not DGAT2 activity. Experiments to prove or disprove 
this hypothesis would be very diffi cult, given the complexi-
ties of cellular traffi cking and the fact that there is so much 
we do not understand regarding lipid traffi cking to date. 
The second hypothesis is that other enzymes within 
the glycerol phosphate pathway (glycerol kinase, GPAT, 
AGPAT and/or PAP) are also compartmentalized. For ex-
ample, we know that DGAT2 and SCD1 reside near each 
other in the ER. Glycerol kinase, GPAT, AGPAT and/or 
PAP may also reside within a cellular compartment that 
contains DGAT2 and SCD1, but not DGAT1. In this case, 
exogenously delivered glycerol and oleic acid would traffi c 
to either of the specialized ER compartments, but the en-
zymes within each compartment would determine their 
fates. For example, glycerol kinase may reside closer to the 
ER compartment containing DGAT2, thereby allowing 
DGAT2 access to diacylglycerol that has been synthesized 
using exogenously added glycerol and FAs that may have 
been processed by SCD1. Conversely, the compartment 
containing DGAT1 may have a predetermined pool of 
phosphorylated glycerol, allowing DGAT1 to effi ciently 
synthesize TG from DAG that has been esterifi ed using ex-
ogenously added FAs. This supports the idea that hepatic 
DGAT1 is predominantly responsible for esterifi cation of 
exogenously added FAs and is therefore very effi cient at 
processing and storage of dietary FAs. It also supports the 
supposition that DGAT2 is predominantly responsible for 
TG that is synthesized during de novo lipogenesis and is 
therefore very effi cient at processing DAG that is immedi-
ately delivered from glycerol kinase, GPAT, AGPAT and 
PAP. This latter hypothesis is particularly attractive for two 
reasons:  1 ) In our assays the utilization of the heavy la-
beled substrates is measured within a fairly short time-
frame (0.5–2 h). This short timeframe may not allow for 
the effi cient movement of glycerol or DAG synthesized 
from one ER compartment, or hydrolyzed from a lipid 
droplet, to move to a second compartment where DGAT1 
resides. Therefore, we are measuring immediate events in 
lipid processing; events that occur before a signifi cant 
amount of recompartmentalization or reequilibration.  2 ) 
This hypothesis is congruous with other observations that 
have been previously published regarding selective com-
partmentalization of DGAT1 and DGAT2 and the differ-
ences in their function ( 8, 10, 19 ). We believe these assays 
will help future studies in tissues besides the liver that ex-
press both of these enzymes. 

 In liver, a fraction of newly synthesized TG is incorporated 
into secreted VLDL particles immediately after synthesis 
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