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 Lipid droplets (LDs) are found in nearly all eukaryotic 
cells, and each consists of a neutral lipid core enveloped 
by a phospholipid monolayer and surface proteins ( 1 ). 
The main lipids found in the cores of LDs are triacylglyc-
erols (TGs) and sterol esters (SEs). Whether TGs are re-
quired for the formation of LDs is unknown. The major 
known enzymes that catalyze TG synthesis in mammals are 
the acyl CoA:diacylglycerol acyltransferases (DGAT;   Fig. 
1A  )  ( 2 ), which catalyze the covalent addition of a fatty acyl 
chain to diacylglycerol. Genetic deletion of DGAT1 in 
mice revealed that this enzyme is not essential and that 
DGAT1 knockout (DGAT1 KO) mice have reductions in 
TG levels in many tissues, including adipose tissue, when 
fed a high-fat diet ( 3 ). Deletion of DGAT2 revealed that 
this enzyme is essential: mice lacking DGAT2 have severe 
reductions in TG levels and die shortly after birth ( 4 ). Nev-
ertheless, newborn DGAT2 KO mice do have some TG, 
which may be due to DGAT1 activity. Given that enzymes 
in both the DGAT1 (MBOAT, 16 family members) and 
DGAT2 (7 members) families possess many different lipid 
acyltransferase activities ( 5, 6 ), and that several of these 
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 MATERIALS AND METHODS 

 All materials were from Sigma unless otherwise indicated. 

 Mice 
 DGAT1 and DGAT2 KO mice were generated as described ( 3, 

4 ). To generate mice defi cient in both DGAT1 and DGAT2 
(D1D2KO),  Dgat1  � / �  Dgat2 +/ �    mice were interbred. Wild-type 
(WT) controls were from a WT litter with identical plug date. 
Adiponectin-null mice were as described ( 12 ). All mice were 
C57BL/6J background. All experiments were in conformity with 
the Public Health Service Policy on Humane Care and Use of Labo-
ratory Animals and were approved by the University of California 
San Francisco Institutional Animal Care and Use Committee. 

 Cells 
 MEFs.   Timed pregnant mice were euthanized at E14, and 

MEFs were prepared and differentiated according to the stan-
dard protocol ( 13 ). Briefl y, embryos were dissected away from 
the uterus and embryonic membranes. The viscera and head were 
removed, and the head was used for genotyping. The carcass was 
minced and incubated at 37°C for 45 min in 0.05% trypsin. The 
cells were triturated and then plated in high-glucose DMEM (In-
vitrogen) and 10% FBS (Hyclone) supplemented with antibiotics. 
Two days after confl uence, cells were treated with adipogenic 
cocktail (5  � g/ml insulin, 500  � M 3-Isobutyl-1-methylxanthine, 
1  � M dexamethasone, 10  � M troglitazone). On day 4, cells were 
treated with insulin and troglitazone. On day 6, cells were switched 
back to media with no supplements. Experiments were performed 
on day 8 or day 9 unless otherwise indicated. Highest-yield differ-
entiation of MEFs occurred with minimal passaging of cells. 

 Macrophages.   E14 livers were incubated at 37°C in 0.05% 
trypsin for 15 min, then triturated, and plated on noncoated plas-
ticware in RPMI+10% FBS with 10 ng/ml recombinant mac-
rophage colony-stimulating factor (M-CSF; R and D Systems). 
Cells were used 6 days after plating. Acetylated LDL (Kalen Bio-
medical) was used at 25  � g/ml to induce SE droplets. 

 3T3-L1 cells were purchased from American Type Culture 
Collection and were differentiated as for MEFs, but without 
troglitazone. 

 Statistical analyses 
 Unless otherwise indicated,  P  values were determined by Stu-

dent’s  t -test. 

 Assays 
 ORO staining.   Cells were washed with PBS, fi xed with 4% 

paraformaldehyde, washed with water, dried, and stained with 
0.3% Oil Red O (ORO) in 60% isopropanol for 15 min. Stained 
cells were washed with 70% ethanol and water and dried, and the 
tissue culture plates were scanned on a fl atbed scanner. 

 Cellular lipid analysis.   TLC plates were dipped in 10% cu-
pric sulfate in 8.4% phosphoric acid and charred at 140°C for 10 
min. 

 Tissue TG was quantifi ed by densitometry of the charred plate 
with ImageJ. 

 Cellular lipid synthesis.   Adipocytes were treated with 0.125 
 � Ci/ml of [ 14 C]oleic acid and 250  � M cold oleic acid for 2 h. 
Cells were washed twice with PBS, and lipids were extracted with 
hexane-isopropanol (3:2), dried down, run on TLC, and quantifi ed 
using a Bioscan AR-2000 instrument. Macrophages were pretreated 
with acetylated LDL for 24 h and labeled with 0.125  � Ci/ml of 

enzymes have unknown functional activities, it is unclear 
whether TG is normally made by enzymes other than 
DGAT1 and DGAT2. Furthermore, it is unclear whether 
cells lacking DGAT enzymes are competent to form LDs. 

 In this study, we sought to determine the requirements 
for DGAT enzymes for TG synthesis and LD formation in 
mammals, focusing on adipocytes, the major cell type for 
TG storage. To do so, we utilized a murine embryonic fi -
broblast (MEF) differentiation paradigm combined with 
genetic deletions of DGAT genes. The MEF differentia-
tion system has been utilized extensively to study the func-
tion of genes in adipocyte formation ( 7–11 ) and is a 
well-accepted in vitro model. In particular, this model is 
useful for examining the role of essential genes, such as 
DGAT2 ( 4 ), in which early postnatal lethality precludes 
studies of adipogenesis in vivo. The adipocyte paradigm is 
also very useful for studying the enzymes of TG synthesis 
because they are present at high levels in adipocytes. Here 
we focused on the ability of the differentiated adipocytes 
with DGAT deletions to synthesize TG and form LDs. We 
also examined these processes in macrophages lacking 
both DGAT1 and DGAT2 derived from fetal tissues. 

  Fig.   1.  Lack of lipid accumulation in MEFs defi cient in both 
DGAT1 and DGAT2. A: The Kennedy pathway of TG synthesis. FA 
CoA, fatty acyl CoA; GPAT, glycerol-phosphate acyltransferase; 
AGPAT, acylglycerolphosphate acyltransferase; PAP, phosphatidic 
acid phosphatase. B: Single deletions of DGAT1 (D1KO) or DGAT2 
(D2KO) do not affect adipogenesis as assessed by lipid accumula-
tion (Oil-Red-O staining). UNDIFF, undifferentiated; DIFF, differ-
entiated. C: Differentiation of MEFs defi cient in both DGATs 
(D1D2KO) results in cells that lack lipid staining (top) and ap-
pear to lack LDs (bottom, phase-contrast microscopy image). Scale 
bar, 20  � m. Experiment was performed six times, with represen-
tative results shown. Exogenous FAs were not added during 
differentiation.   
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 Immunofl uorescence 
 Cells were washed with PBS, fi xed in 4% paraformaldehyde for 

10 min, washed with PBS, and blocked in 1% goat serum. Cells 
were incubated in primary antibody for 1 h at room temperature 
and then with appropriate secondary antibody for 1 h at room 
temperature. Cells were stained for LDs with BODIPY493/503 (1 
 � g/ml; Molecular Probes) and for nuclei with Hoechst 33342 
(Molecular Probes). Images were acquired with MicroManager 
on a Nikon Eclipse Ti 2000 confocal microscope. Primary per-
ilipin antibody (kind gift of Dawn Brasaemle) was used at 1:5000. 
Alexa 564-conjugated secondary antibody (Invitrogen) was used 
at 1:500. 

 Electron microscopy 
 Cells were fi xed in 1.5% glutaraldehyde, 4% polyvinylpyrroli-

done, and 0.5% calcium chloride in 0.1 M sodium cacodylate 
buffer, pH 7.4. The imidazole-buffered osmium tetroxide proce-
dure ( 16 ) was used to stain for lipids. Tissue was en block-stained 
in aqueous uranyl acetate, dehydrated, infi ltrated, and embedded 
in LX-112 resin (Ladd Research Industries). Samples were ultra-
thin sectioned on the Reichert Ultracut S ultramicrotome and 
stained with 0.8% lead citrate. Grids were examined on a JEOL 
JEM-1230 electron microscope (JEOL USA) and photographed 
using the Gatan Ultrascan 1000 digital camera (Gatan). Mito-
chondrial area determinations were performed as described 
( 16 ). Caveolae density was determined by counting the number 
of caveolae per linear micron in a ribbon whose width was three 
times the caveolae diameter and parallel to the cell surface. 

 Mass spectrometric analysis of TG molecular species 
 TG analyses were as described ( 17, 18 ). Briefl y, TGs were ex-

tracted into chloroform by the Bligh and Dyer method, the chlo-
roform layer was evaporated to dryness under nitrogen, and the 
lipid extract was reconstituted with 1:1 CHCl 3 /MeOH. Lipid ex-
tracts were fl ushed with nitrogen, capped, and stored at  � 20°C 
before ESI/MS analysis. A TSQ Quantum Ultra Plus triple-
quadrupole mass spectrometer (Thermo Fisher Scientifi c) equipped 
with an automated nanospray apparatus (Nanomate HD; Advion 
Bioscience) and Xcalibur system software were utilized ( 19 ). 
Each lipid extract was diluted to <50 pmol of total lipids/ � l with 
CHCl 3 -MeOH-isopropanol (1:2:4 v/v/v) before infusion into the 
mass spectrometer by the Nanomate apparatus. For all analyses, 
the fi rst and third quadrupoles were used as independent mass 
analyzers with mass resolution settings of 0.7 Th, and the second 
quadrupole served as a collision cell for MS/MS. Typically, spec-
tra were acquired using a 2 min period of signal averaging in the 
profi le mode for each full mass spectra scan. For MS/MS, the 
collision gas pressure was set at 1.0 mTorr, with the collision en-
ergy set at 35 eV. For each tandem mass spectrum, a 2 � 5 min 
period of signal averaging in the profi le mode was employed. All 
full MS scans and MS/MS scans were automatically acquired us-
ing a customized sequence subroutine operated under Xcalibur 
software. Data from biological samples were normalized to the 
protein content, and all data are presented as the mean ± stan-
dard error. 

 Transcriptional analysis 
 Total RNA was purifi ed from cultured cells with Trizol (Invit-

rogen). Contaminating genomic DNA was removed with Turbo 
DNA-free DNase (Ambion). Sample amplifi cation and labeling 
was performed according to the manufacturer’s specifi cations 
with Affymetrix WT cDNA Synthesis and Amplifi cation Kits and 
WT Terminal Labeling Kits. Biotinylated single stranded DNAs 
were hybridized to Affymetrix Mouse Gene 1.0 sense target ar-
rays, stained, and scanned according to the manufacturer’s 

[ 14 C]oleic acid tracer during the last 2 h. Neutral lipids were run 
on hexane-ethyl ether-glacial acetic acid (80:20:1) and polar lip-
ids on methyl acetate-2-propanol-chloroform-methanol-0.25% 
KCl (25:25:25:10:9) solvent system. 

 DGAT activity assays.   DGAT assays were performed as de-
scribed ( 5 ). Briefl y, 50  � g of protein lysate (in 250 mM sucrose, 
50 mM Tris-HCl, pH 7.4, supplemented with protease inhibitors; 
Complete Roche) were incubated for 5 min at 37°C with 200  � M 
diacylglycerol (dissolved in acetone) and 25  � M [ 14 C]oleoyl-CoA. 
The reaction was stopped with 4 ml of 3:1 chloroform-methanol, 
750  � l of water was added, and the organic phase was extracted, 
dried, and subjected to TLC (hexane-diethylether-acetic acid, 
80:20:1 as solvent). TG product was quantifi ed as for TG synthesis. 

 TG hydrolase activity assays.   Cells were washed two times 
with PBS and collected by scraping. Cells were disrupted by soni-
cation (Virsonic 425,Virtis) at 4°C in buffer A (50 mM Tris-HCl, 
pH 7.4, 250 mM sucrose, 1 mM EDTA, 1 mM dithiothreitol, 20 
µg/ml leupeptin, 1 µg/ml pepstatin, 2 µg/ml antipain). The cell 
lysate was centrifuged at 15,000  g  for 15 min at 4°C, and the in-
franant was used for TG hydrolase activity. Protein content was 
determined using the Bradford method (Biorad Laboratories) 

 The TG hydrolase assay was performed as described ( 14 ). The 
reaction contained 40 µg protein and was incubated with 100 µl 
substrate in a total volume of 200 µl at 37°C for 60 min. In some 
reactions, the hormone-sensitive lipase (HSL) inhibitor (NNC 
0076-0000-0079; kind gift of Novo-Nordisk) was used at 25  � M. 
The reaction was terminated by addition of 3.25 ml methanol-
chloroform-heptane (10:9:7 v/v/v) and 1 ml of potassium car-
bonate, 0.1 M boric acid, pH 10.5. After centrifugation at 800  g  
for 15 min, the radioactivity in 1 ml of the upper aqueous phase 
was determined by liquid scintillation counting. The substrate 
for TG hydrolase was prepared by emulsifying 33 nM triolein/
assay (glyceroltri[9,10(n)- 3 H] oleate 40,000 cpm/nmol; GE 
Healthcare) and 45  � M phosphatidylcholine (PC)-phosphati-
dylinositol (3:1) by sonication in 100 mM potassium phosphate 
buffer, pH 7.4 and 2% FA-free BSA. Glycerol release was deter-
mined using Free Glycerol Reagent (Sigma). 

 Glucose transport assays were performed as described ( 15 ), 
with modifi cations. On day 7, the culture medium for adipocytes 
was changed to low glucose (5 mM). On day 10, cells were cul-
tured in serum-free Krebs-Ringer phosphate buffer (128 mM 
NaCl, 12.5 mM NaH 2 PO 4 /Na 2 HPO 4 , pH 7.4, 5 mM KCl, 1.3 mM 
MgSO 4 , 1.37 mM CaCl 2 ) containing 0.5% BSA for 4 h. The insulin-
treated group was treated with 100 nM insulin for 15 min.  3 H-2-
deoxylgucose (1  � Ci/ml, fi nal total 2-deoxylgucose concentration 
100  � M) was then added for 5 min, cells were washed four times 
with ice cold PBS and lysed, and the lysate was subjected to scintil-
lation counting. Separate groups of cells for each genotype 
were pretreated with 30  � M cytochalasin B, and the cytochalasin-
independent counts were subtracted from totals to account for 
nonspecifi c transport. 

 Western blotting 
 Western blots were incubated with anti- adipose triglyceride 

lipase (ATGL) polyclonal antibody (1:1000; Cell Signaling), anti-
total-HSL polyclonal antiserum (1:2000; Cell Signaling), anti-
phospho-serine563-HSL (1:1000; Cell Signaling), anti-comparative 
gene identifi cation 58 (CGI-58) polyclonal antiserum (1:10000), 
 � -actin polyclonal antibody (1:2000), or anti-perilipin antibody 
(1:1000; Affi nity Bioreagents). For all immunoblots, the antibody 
binding was subjected to appropriate HRP-conjugated secondary 
antibodies, detected with ECL plus (GE Healthcare), and ex-
posed to X-ray fi lm (Hyperfi lm ECL; GE Healthcare). 
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 � 5% that of WT cells ( Fig. 2B ). This was not due to a de-
fect in FA uptake, inasmuch as the cellular uptake of [ 14 C]
oleic acid (after 5 min) was only modestly decreased 
( � 30% reduction) in D1D2KO cells (data not shown). In 
contrast to the diminished TG incorporation, there was 
increased accumulation of [ 14 C]oleic acid into PC in 
D1D2KO adipocytes ( Fig. 2C ; 173 ± 15% of WT levels,  P  = 
0.005). The incorporation into phosphatidylserine was 
also increased (138 ± 14% of WT levels,  P  = 0.01) in 
D1D2KO adipocytes. There was a trend for increased 
phosphatidylethanolamine (PE) synthesis (112 ± 6% of 
WT levels,  P  = 0.27). Thus, in the absence of DGAT en-
zymes, TG synthesis was nearly absent, and there was some 
increased fl ux of exogenous FAs into phospholipids. 

 We also measured levels of TG mass in the D1D2KO adi-
pocytes. TLC analysis of cellular lipids revealed that WT 
cells had large amounts of TG, whereas TG was nearly ab-
sent in D1D2KO adipocytes  (  Fig. 3A  ). As measured by MS, 
the total TG species were reduced  � 95% in D1D2KO cells 
( Fig. 3B ; 16 ± 2 vs. 298 ± 88 nmol/mg protein for WT). 
The levels of the most common, longer chain TG species 
were reduced to a greater extent (e.g., to 1.4% of WT for 
C48:2 species, 1.7% for C48:1, and 2.1% for C50:2) than 
other species in D1D2KO adipocytes. Intracellular free 
FA levels were lower in D1D2KO cells (62% reduction; 
 P  < 0.05 for the most abundant species, 16:1, and a trend 
for decrease in overall intracellular FA levels,  P  = 0.06), 
whereas levels of PC, lysophosphatidylcholine, and phos-
phatidylglycerol were similar in D1D2KO and WT cells 
( Fig. 3B ). Thus, by measurements of both DGAT activity 
and mass, TG synthesis is profoundly reduced in the ab-
sence of DGAT enzymes, indicating that the two DGAT 
enzymes account for nearly all of the TG synthesis in mu-
rine adipocytes. 

 We also assessed TG content in tissues of newborn 
D1D2KO mice. These mice were born at expected Mende-
lian ratios, indicating no requirements for the DGAT en-
zymes for embryonic viability. Like DGAT2-null mice ( 4 ), 
D1D2KO mice died within hours after birth. As described 
previously, TG levels were lower in tissues of D2KO mice 
(10–30% of WT in D2KO liver, skin, and carcass). Levels 
were even lower in the D1D2KO mice (1–3% of WT;   Fig. 
4  ).  Thus, DGAT1 and DGAT2 appear to together account 
for the vast majority of TG synthesis in most murine 
tissues. 

 Adipocytes lacking both DGAT enzymes lack LDs 
 We next asked whether D1D2KO adipocytes, lacking 

TGs, had LDs. Whereas WT adipocytes had large LDs that 
were detected by staining with BODIPY 493/503, D1D2KO 
adipocytes completely lacked LDs (  Fig. 5A  ).  Both WT and 
D1D2KO adipocytes expressed the LD marker protein 
perilipin ( Fig. 5A, C ). In WT cells, perilipin mostly sur-
rounded LDs, whereas in D1D2KO cells, perilipin staining 
appeared reticular, consistent with an endoplasmic reticu-
lum localization. 

 Electron microscopic examination of D1D2KO adi-
pocytes confi rmed the total absence of LDs ( Fig. 5B ). 
D1D2KO adipocytes exhibited some unique features, 

instructions. Data analysis was performed in R with Bioconductor 
software packages ( 20 ). Data were read and preprocessed using 
the  affy  package implementation of robust multichip analysis. 
These data were subsequently analyzed and fi ltered using the 
 limma  package ( 21 ). Filtering cutoffs were log2-fold change >1 
and nominal  P  value <0.001. Heatmaps were generated using the 
 gplots  package, and clusters were calculated using the HOPACH 
package ( 22 ). For quantitative PCR analysis, mRNA was reverse-
transcribed with iScript (Biorad), and template was amplifi ed 
using SYBRGreen master mix (Applied Biosystems) on an Ap-
plied Biosystems 7900 thermal cycler. The  �  � C t  method was used 
with normalization to cyclophilin. Primer sequences for all genes 
were from http://mouseprimerdepot.nci.nih.gov/. 

 ELISA 
 Adiponectin and high-molecular weight adiponectin were 

measured using an ELISA kit from ALPCO. The protocol was 
modifi ed to adapt the serum-based ELISA to the lower levels of 
adiponectin found in conditioned media. Specifi cally, 50  � l con-
ditioned medium was incubated with 100  � l protease solution, 
which was then neutralized by 100  � l sample pretreatment buffer. 
The sample was then diluted 25 times in dilution buffer, and the 
rest of the assay was performed according to the manufacturer’s 
instructions. The modifi cation was validated by comparing re-
sults obtained with the two different dilutions on concentrated 
samples. The dilution paradigm was also validated using serum 
from adiponectin-null mice. 

 RESULTS 

 Single deletion of either DGAT does not affect ability of 
adipocytes to make LDs or TGs 

 We fi rst determined whether deletion of individual 
DGAT enzymes affected TG synthesis and LD formation in 
adipocytes differentiated from MEFs. As expected, given 
that DGAT1 KO (D1KO) mice have white adipose tissue 
(WAT), the deletion of DGAT1 did not impair TG synthe-
sis or LD formation ( Fig. 1B ). Similarly, adipocytes with a 
single deletion of DGAT2 (D2KO) had as much or more 
TG than WT adipocytes ( Fig. 1B  and data not shown). For 
either single knockout, a high proportion of cells differen-
tiated, and differentiation resulted in cells with readily ap-
parent LDs (by light microscopy) that stained with Oil-Red 
O (ORO;  Fig. 1B ). TG content and TG synthetic rates in 
intact cells in D1KO and D2KO adipocytes were not im-
paired compared with WT adipocytes (not shown). 

 We next sought to analyze cells that lacked both DGAT 
enzymes. We isolated primary MEFs derived from D1D2KO 
E14 embryos and treated them with adipogenic factors. A 
high proportion of cells changed morphology, consistent 
with differentiation. In contrast to single DGAT deletions, 
however, D1D2KO differentiated cells lacked ORO staining 
and appeared to lack LDs by light microscopy ( Fig. 1C ). 

 Adipocytes lacking DGAT1 and DGAT2 are defi cient in 
DGAT activity and TG synthesis 

 We next assessed TG synthesis in the D1D2KO adipo-
cytes. DGAT activity in whole-cell lysates was essentially ab-
sent  (  Fig. 2A  ). Corroborating this result, TG synthesis in 
intact cells incubated with [ 14 C]oleic acid showed that ra-
diolabel incorporation into TG in D1D2KO adipocytes was 
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 To ensure that the intracellular cholesteryl esters and 
TG were synthesized by the macrophages (and not merely 
internalized), we performed similar acetylated-LDL load-
ing experiments in the presence of [ 14 C]oleic acid. We 

including abnormal whorls of electron-dense material 
that appeared to be collections of membranes ( Fig. 5B , 
right panel arrowheads) and more-abundant mitochon-
dria (2.5-fold increase vs. WT,  P  < 10  � 4 ). By comparison, 
the numbers of plasma membrane caveolae, a feature of 
differentiated adipocytes, were similar in WT and D1D2KO 
cells (data not shown). Thus, D1D2KO adipocytes 
showed no evidence of LDs by either light or electron 
microscopy. 

 DGAT enzymes are not required for forming 
SE-containing LDs in macrophages 

 Because DGAT enzymes were required for LDs in differ-
entiated adipocytes, we asked whether DGAT enzymes 
were required more generally for LD formation in mam-
malian cells. To address this question, we turned to cul-
tured macrophages, in which LDs often contain large 
amounts of cholesteryl esters, synthesized by ACAT1 ( 23 ). 
We examined LD formation in D1D2KO murine mac-
rophages that were cultured in the presence of cholesterol-
rich acetylated LDL. Because D1D2KO mice die just after 
birth, we could not obtain macrophages from bone mar-
row or the peritoneum. We therefore prepared macro-
phages from fetal livers by culturing cells in the presence 
of M-CSF ( 24 ). Macrophages of WT and D1D2KO mice 
were treated with vehicle, oleic acid (to induce TG-con-
taining droplets), or acetylated LDL (to induce cholesteryl 
ester-containing droplets). In WT macrophages, a small 
number of LDs were found in vehicle-treated cells, and 
both the size and number of droplets increased dramati-
cally with oleic acid or acetylated-LDL treatments  (  Fig. 6A  , 
top panels). In contrast, D1D2KO macrophages had no 
visible droplets in vehicle-treated cells and did not form 
droplets with oleic acid treatment ( Fig. 6A , bottom pan-
els). However, D1D2KO macrophages did form LDs when 
they were incubated with acetylated LDL. Analysis of lipid 
extracts from these cells revealed that both WT and 
D1D2KO macrophages treated with acetylated LDL had 
much greater amounts of SEs than control-treated cells 
( Fig. 6B ). Interestingly, D1D2KO macrophages also con-
tained signifi cant amounts of TG ( � 60% of WT) when 
incubated with acetylated LDL ( Fig. 6B ). 

  Fig.   2.  MEFs defi cient in both DGATs (D1D2KO) 
have greatly reduced TG synthesis. A: DGAT activity 
is nearly absent in D1D2KO differentiated cells. 
Shown is an autoradiograph of radiolabeled lipids, 
separated by TLC, from in vitro DGAT assays. SE, 
sterol esters; TG, triacylglycerol; OA, oleic acid. B: 
Lack of TG synthesis in intact D1D2KO differenti-
ated cells. Cells were incubated with [ 14 C]oleic acid, 
and lipids were analyzed by TLC and autoradiogra-
phy. C: Increased incorporation of labeled oleic acid 
into PC in intact D1D2KO differentiated cells. NL, 
neutral lipids; PE, phosphatidylethanolamine; PS, 
phosphatidylserine; PC, phosphatidylcholine; WT, 
wild-type. For B and C, cells were differentiated with-
out exogenous FA and then loaded with 250  � M ex-
ogenous oleic acid during labeling. Experiments 
were performed three times, with representative re-
sults shown.   

  Fig.   3.  D1D2KO adipocytes have reduced TG levels. A: Charred 
TLC plate of lipid extracts from WT and D1D2KO differentiated 
cells. B: Quantifi cation of mass spectrometry analysis of lipids from 
WT and D1D2KO adipocytes showing content of TG, free fatty acid 
(FFA), phosphatidylglycerol (PG), phosphatidylcholine, (PC), lyso-
phosphatidylcholine (LPC). *  P  < 0.05, n = 3. Exogenous FAs were 
not added during differentiation. The experiment was per-
formed three times, with mass spectrometry performed on a single 
sample set. Error bars represent SD.   
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genes of brown adipose tissue were signifi cantly increased 
with adipogenesis for both genotypes, probably refl ecting the 
use of a PPAR- �  agonist in the differentiation cocktail ( 25 ). 

 D1D2KO differentiated cells expressed many proteins 
that are hallmarks of adipocytes. Immunoblotting revealed 
that the major adipocyte lipases, HSL and ATGL, were ex-
pressed in both WT and D1D2KO differentiated cells, as 
was the ATGL cofactor CGI-58 ( Fig. 7B ). Notably, the ex-
pression of HSL was 90% higher in D1D2KO differenti-
ated cells than in WT cells ( Fig. 7B ). 

 Hormone-mediated fat breakdown, or lipolysis, is a ro-
bust process in adipocytes. The signal transduction path-
way for lipolysis consists of adrenergic receptor-mediated 

found that this FA tracer was incorporated into both cho-
lesteryl esters and TG of WT and D1D2KO macrophages 
( Fig. 6C ). The accumulation of SEs was mediated by ACAT, 
as it was inhibited in both WT and D1D2KO macrophages 
by the ACAT inhibitor Sandoz 58-035. In the presence of 
the ACAT inhibitor, WT macrophages shunted the [ 14 C]
oleic acid to TG synthesis; this was not found in the ab-
sence of DGAT enzymes. 

 Adipogenesis is intact in differentiated fi broblasts lacking 
both DGAT1 and DGAT2 

 To verify that adipogenesis was intact in D1D2KO cells, 
we analyzed these cells for transcriptional changes, pro-
tein expression, and other functional activities that are 
characteristic of adipocytes. Microarray analyses revealed 
that mRNAs whose levels were altered as a result of adi-
pogenic differentiation were highly similar in WT and 
D1D2KO cells (n = 891 genes for WT and 1,256 genes for 
D1D2KO;   Fig. 7A  ).  Nearly 90% of the genes changed in 
the WT differentiation program were also changed in 
D1D2KO cells ( Fig. 7A ). Overall, the changes in gene ex-
pression for WT and D1D2KO differentiation were highly 
correlated ( Fig. 7A ;  R  2  = 0.87). In both genotypes, GO 
Term analysis and gene set enrichment analysis with the 
Kyoto Encyclopedia of Genes and Genomes pathway an-
notation identifi ed many adipocyte-related gene sets, such 
as FA metabolism and peroxisome proliferator-activated 
receptor  �  (PPAR- � ) signaling, enriched in differentiated 
compared with undifferentiated cells (see supplementary 
Table I and supplementary  Fig. I ). 

 To validate the microarray fi ndings, we examined  � 20 
adipocyte differentiation markers by quantitative PCR and 
found that they were induced in both WT and D1D2KO 
cells with differentiation (see supplementary Table II). In-
deed, the levels of induction of many adipocyte markers 
were higher in D1D2KO cells than in WT cells. Numerous 

  Fig.   4.  D1D2KO newborn mice are severely depleted in TG. 
Lipid extracts from carcass, liver, and skin of newborn WT, D2KO, 
and D1D2KO mice were analyzed by TLC. The experiment was 
performed three times, with representative results shown.   

  Fig.   5.  D1D2KO adipocytes express perilipin but lack LDs 
and accumulate membranous aggregates. A: BODIPY493/503 
(BODIPY, green) and perilipin (red) staining of WT and D1D2KO 
differentiated cells. Scale bar, 5  � m. B: WT and D1D2KO adipocytes 
visualized by electron microscopy. Lipid droplets are indicated by 
arrows. Mitochondria are indicated by black arrowheads. A large 
membranous aggregate is visible (outlined by white arrowheads) in 
the D1D2KO adipocyte. Aggregates were visible in all D1D2KO adi-
pocytes. Scale bar, 1  � m. C: Western blot of perilipin in undifferen-
tiated (DIFF–) and differentiated (DIFF+) WT (D1D2+) and 
D1D2KO (D1D2–) cells. A and B indicate the different isoforms of 
perilipin.   
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lack TG and LDs. We also found that DGAT enzymes and 
DGAT-mediated TG synthesis and accumulation are not 
required for adipocyte differentiation in vitro. Although 
DGAT enzymes appear to be essential for LDs in adipo-
cytes, they are not absolutely required for LD formation, 
inasmuch as macrophages lacking both DGATs were ca-
pable of forming LDs upon cholesterol loading with acety-
lated LDL. 

 Our results underscore the dominant roles that DGAT1 
and DGAT2 enzymes play in murine and probably mam-
malian TG synthesis. We found that DGAT1 and DGAT2 
account for the vast majority of TG normally found in 
murine adipocytes derived from MEFs. The inability of 
D1D2KO adipocytes to synthesize TG was probably not 
due to decreased availability of intracellular substrates, in-
asmuch as uptake of glucose used for the production of 
FAs was normal and the D1D2KO MEFs had detectable 
intracellular free FAs. DGAT1 and DGAT2 also account 
for nearly all TG in tissues of newborn pups, which lack 
WAT. Previous single deletions of DGATs in mice indi-
cated that DGAT1 contributed modestly to total TG syn-
thesis ( 3 ) and that DGAT2 played a major role, inasmuch 
as TG content was greatly reduced in newborn DGAT2 KO 
mice ( 4 ). In the current study, the double deletion of 
DGAT1 and DGAT2 resulted in newborn pups with even 
more severely reduced TG content ( � 1–3% of WT;  Fig. 4 ). 
Like D2KO mice, D1D2KO mice died within hours after 
birth. Thus, mice lacking both DGAT enzymes have appar-
ently normal embryonic development. Of note, the single 
deletion of DGAT2 did not impair the ability of MEF-derived 
adipocytes to synthesize TG. We suspect that DGAT1 is 
able to compensate for DGAT2 defi ciency in adipocytes, be-
cause we previously showed in D2KO hepatocytes that DGAT1 
can compensate, provided that substrates are abundant 
( 4 ), and this is probably the case during adipogenesis. 

 Our study also reveals that some TG can be synthesized 
in the absence of DGAT1 and DGAT2. Small amounts of 
TG were present in D1D2KO adipocytes and, to a greater 
degree, in cholesterol-loaded D1D2KO macrophages. This 
TG may be from either an alternative DGAT activity or a 

increases in cAMP, activation of protein kinase A (PKA), 
and phosphorylation of HSL. Both WT and D1D2KO dif-
ferentiated cells showed phosphorylation of HSL at S563, 
a well-characterized PKA site that results in activation of 
HSL activity ( 26 ), in response to dibutyryl cAMP, a PKA 
activator ( Fig. 7C ). In addition, lysates of D1D2KO differ-
entiated cells possessed lipase activities that were higher 
than with WT cells ( P  < 0.05;  Fig. 7D ). This was the case for 
both total lipase activity, which was increased 4–5-fold, and 
for non-HSL activity, as assessed by the use of the HSL 
inhibitor NNC 0076-0000-0079. As expected, because 
D1D2KO adipocytes lack stores of TG, they did not release 
glycerol, a terminal product of lipolysis, during basal con-
ditions or in response to dibutyryl cAMP ( Fig. 7E ). 

 D1D2KO differentiated cells also secreted the adipo-
cyte-specifi c hormone adiponectin, including the high-
molecular-weight isoform ( Fig. 7F ). The amount of total 
adiponectin secreted by D1D2KO differentiated cells was 
modestly decreased ( Fig. 7F ;  � 23% reduction, white bars, 
 P  < 0.05). However, the amounts of high-molecular-weight 
adiponectin, which is most correlated with the benefi cial 
metabolic effects ( 27 ), were similar in media from WT and 
D1D2KO differentiated cells ( Fig. 7F , dark bars). 

 Another hallmark of adipocytes is the ability to take up 
glucose in the presence of insulin. The levels of basal and 
insulin-stimulated glucose uptake (assayed by using  3 H-2-
deoxyglucose) were similar in WT and D1D2KO adipo-
cytes ( Fig. 7G ), and there was a trend for increased basal 
glucose uptake in D1D2KO adipocytes. Glucose uptake in-
creased from basal levels in response to insulin in adipo-
cytes of both genotypes. As a whole, these results clearly 
showed that adipogenesis was intact in differentiated 
D1D2KO MEFs and that these cells had all the hallmarks 
of adipocytes except TG accumulation. 

 DISCUSSION 

 In this study, we show that DGAT1 and DGAT2 account 
for nearly all TG synthesis in adipocytes and other murine 
tissues and that in the absence of DGAT enzymes, adipocytes 

  Fig.   6.  D1D2KO macrophages can make SE-containing LDs and can synthesize TG. A: WT and D1D2KO 
macrophages untreated (Control) or treated with oleic acid (500  � M) or acetylated LDL (25  � g/ml). Scale 
bar, 5  � m. Blue, Hoechst 33342; green, BODIPY 493/503. B: Analysis of lipids in conditions for A by TLC. C: 
TLC of WT and D1D2KO acetylated LDL-treated macrophages in the presence or absence of Sandoz 58-035 
that have been incubated with [ 14 C]oleic acid tracer without other exogenous oleic acid. The experiment 
was performed three times, with representative results shown. DAG, diacylglycerol.   
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  Fig.   7.  D1D2KO differentiated cells have the cellular physiology of adipocytes. A: Results of microarray 
analyses of mRNA from WT and D1D2KO cells. Left: Venn diagram of genes regulated differently during 
differentiation in WT and D1D2KO adipocytes. Right: Scatterplot of induction values (differentiated/undif-
ferentiated) for individual genes in the microarray. Points are color-coded based on meeting criteria for in-
duction with differentiation (2-fold change and  P  < 0.001): red, meets criteria for both WT and D1D2KO; 
green, meets criteria for D1D2KO only; blue, meets criteria for WT only; gray, meets criteria for neither. In-
dividual positions of three highly induced adipocyte markers (Adipoq, Fabp4, and Retn) are indicated. B: 
Expression of HSL, ATGL, and CGI-58 in WT (D1D2+) and D1D2KO (D1D2–) undifferentiated (DIFF–) 
and differentiated (DIFF+) MEFs. C: Intact phosphorylation of HSL at serine 563 (S563) in D1D2KO adipo-
cytes induced by dibutyryl cAMP (db-cAMP). D: TG hydrolase activity in lysates of D1D2KO undifferentiated 
and differentiated MEFs and 3T3-L1 adipocytes. E: Glycerol release from WT and D1D2KO adipocytes un-
treated or treated with db-cAMP. F: Intact total (white bar) and HMW adiponectin (black bar) secretion in 
WT and D1D2KO differentiated MEFs. (G) Basal and insulin-stimulated glucose transport in WT and 
D1D2KO adipocytes. White bars, basal; black bars, insulin-stimulated. ND, none detected. *  P  < 0.05, n = 4. 
B–G, experiments were performed three times with representative results shown. Error bars represent SD.   
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step in TG synthesis, contrast with specifi c proximal de-
fects in the de novo (Kennedy) pathway of TG synthesis. 
More-proximal blocks at the level of 1-acyl- sn -glycerol-3-
phosphate acyltransferase 2 (AGPAT2) in humans and 
mice ( 36, 37 ) or lipin 1 in mice ( 38 ) lead to lipoatrophy 
and associated loss of adipokines, such as leptin and adi-
ponectin, and insulin resistance. In addition, lipin 1-defi cient 
( fl d ) MEFs fail to differentiate in vitro, as evidenced by 
lack of induction of adipogenic markers ( 39 ). Knockdown 
of AGPAT2 via small interfering RNA in OP9 cells ( 40 ) or 
small hairpin RNA-mediated knockdown of glycerol-
3-phosphate acyltransferase in 3T3-L1 cells ( 41 ) also in-
hibits the adipogenic program. What could account for 
the differences in adipocyte differentiation in proximal 
and distal steps in the pathway? One possible explanation 
is that in addition to generating lipid species used for stor-
age, Kennedy pathway intermediates also act as lipid sig-
naling molecules to stimulate adipocyte differentiation 
through a “feed-forward” mechanism. In this way, in-
creased substrate fl ux through the pathway might promote 
both the storage of TG and the differentiation of cells into 
adipocytes to store these substrates. Such intermediary 
substrates might act as ligands for PPAR- � . The existence 
of endogenous PPAR- �  ligands is controversial ( 10, 42, 
43 ), but collectively, these studies support the existence of 
such lipid signaling molecules. 

 A limitation of our study is that we could not examine 
TG and LDs in adipocytes in vivo in adult mice lacking 
both DGAT1 and DGAT2. An in vivo assessment would re-
quire crossing DGAT1 KO mice with a conditional knock-
out of DGAT2 in the WAT, and the latter mice are not 
currently available. Nevertheless, the MEF model that we 
employed has been extensively utilized to examine the 
functional roles of other genes in adipogenesis ( 8–11, 44 ), 
and it is a well-accepted means to examine adipogenesis 
and adipocyte-related processes. When DGAT2 tissue-
specifi c knockout mice become available, our fi ndings 
concerning adipocytes can then be tested in WAT. 

 Our study agrees with a previous study that tested the 
relationship of TG synthesis and adipocyte differentiation 
through biochemical depletion of FA synthesis. Culturing 
of preadipocytes in biotin-defi cient medium diminished 
FA synthesis and TG formation ( 45 ), inasmuch as biotin is 
a cofactor for acetyl CoA carboxylase, a key enzyme in FA 
synthesis. Under these conditions of TG depletion, preadi-
pocytes displayed some signs of adipocyte differentiation, 
including morphological changes as assessed by light mi-
croscopy and biochemically as assessed by lipoprotein li-
pase enzyme activity ( 45 ). It is diffi cult to directly compare 
this system with the genetic deletions we employed, how-
ever, because rendering media biotin-defi cient requires 
extensive dialysis of serum, which depletes the medium of 
many low-molecular-weight molecules, including FAs, and 
therefore probably has more-profound effects on cell 
metabolism. 

 In summary, our results show that the two DGAT en-
zymes account for nearly all TG synthesis in murine adipo-
cytes. In the absence of TG, D1D2KO adipocytes do not 
make LDs, but rather form membrane aggregrates, visible 

non-DGAT enzymatic activity. DGAT2 is not the only 
DGAT2 family member to possess DGAT activity in vitro 
( 6, 28 ). However, there was no detectable DGAT activity in 
lysates from D1D2KO macrophages (data not shown). Po-
tential non-DGAT activities include diacylglycerol trans-
acylase, which converts two molecules of diacylglycerol 
(DG) to the products TG and monoacylglycerol ( 29 ), and 
phospholipid diacylglycerol acyltransferase (PDAT), which 
catalyzes the transfer of a fatty acyl moiety from a phospho-
lipid to DG to form TG and lysophospholipid products. 
DG transacylase activity has been reported in rodent intes-
tine ( 29, 30 ). To date, PDAT activity has been reported 
only in yeast and plants ( 31 ). Whatever the source of this 
TG synthesis, the near absence of TG in D1D2KO new-
born mice suggests that its contributions are normally rela-
tively small. 

 Interestingly, we did not see accumulation of DG in 
D1D2KO adipocytes. This is probably because DG can fl ux 
into a variety of other lipid pathways. For example, DG 
serves as a substrate for de novo synthesis of phospholipids 
such as PC and PE ( Fig. 1 ). Indeed, we observed a 73% 
increase in PC synthesis in D1D2KO adipocytes, support-
ing this hypothesis. Despite the increase in PC synthesis 
with oleate loading, we did not fi nd an increase in steady-
state PC levels, suggesting that PC degradation is also in-
creased to maintain homeostasis, as has been described 
previously ( 32 ). The lack of DG accumulation in D1D2KO 
adipocytes may also be due to lipases. In particular, HSL 
functions predominantly as a DG lipase ( 33 ), and HSL ac-
tivity was prominent in the D1D2KO adipocytes. 

 In the absence of DGAT enzymes, adipocytes did not 
have LDs, suggesting that TGs are the major neutral lipid 
required for LD formation in this cell type. On the other 
hand, D1D2KO macrophages formed SE-containing LDs 
when they were loaded with cholesterol. Thus, DGAT1 
and DGAT2 are not specifi cally required for LD formation 
in all cell types, and other enzymatic activities can contrib-
ute to LD formation. In agreement with this result, the 
yeast  Saccharomyces cerevesiae  has four major enzymes of 
neutral lipid synthesis (Lro1p and Dga1p for TG, and 
Are1p and Are2p for SE), and deletion of all four genes is 
required to eliminate LD formation ( 34, 35 ). Whether 
TGs are absolutely required for LD formation remains an 
open question. Add-back studies in yeast, in which indi-
vidual enzymes were expressed in the quadruple mutant, 
revealed a strong dependency of LD formation on TG 
(versus SE) synthesis ( 35 ). Our data are consistent with 
this result; we always found some TG when LDs were pres-
ent in either adipocytes or macrophages. However, our 
results do not exclude the possibility that cholesteryl esters 
alone may be suffi cient to drive LD formation. This cannot 
be tested in mammalian cells, however, until the all sources 
of TG synthesis activity are identifi ed and eliminated. It is 
also possible that a contributing factor to the lack of LDs 
in D1D2KO adipocytes is an inability to accumulate TG 
due to increased lipase activity in addition to very low TG 
synthesis rates. 

 Our results demonstrating intact adipogenesis in 
D1D2KO cells, which lack the enzymes catalyzing the fi nal 
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by electron microscopy. Despite the absence of TG and 
LDs, D1D2KO adipocytes are otherwise similar to WT adi-
pocytes with respect to adipocyte differentiation, with 
similar mRNA expression, expression of several adipocyte-
specifi c proteins, TG lipase activity, and secretion of the 
adipokine adiponectin. Our fi nding that DGAT-defi cient 
MEFs are competent to undergo adipogenesis, in contrast 
to specifi c defects in the proximal steps in TG synthesis, 
implies that DG or a DG-derived lipid might be an adipo-
genic signal. Finally, unlike adipocytes, macrophages lack-
ing DGAT enzymes can form TG and LD, implying that 
non-DGAT enzymes contribute to TG synthesis under cer-
tain conditions.  
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