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The lipogenic enzymes DGAT1, FAS, and LPL in
adipose tissue: effects of obesity, insulin resistance,

and TZD treatment
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Abstract Acyl-coenzyme A:diacylglycerol transferase
(DGAT), fatty acid synthetase (FAS), and LPL are three
enzymes important in adipose tissue triglyceride accumula-
tion. To study the relationship of DGAT1, FAS, and LPL with
insulin, we examined adipose mRNA expression of these
genes in subjects with a wide range of insulin sensitivity (Sy).
DGAT1 and FAS (but not LPL) expression were strongly
correlated with S;. In addition, the expression of DGAT1 and
FAS (but not LPL) were higher in normal glucose-tolerant
subjects compared with subjects with impaired glucose
tolerance (IGT) (P < 0.005). To study the effects of insulin
sensitizers, subjects with IGT were treated with pioglitazone
or metformin for 10 weeks, and lipogenic enzymes were
measured in adipose tissue. After pioglitazone treatment,
DGAT]1 expression was increased by 33 = 10% (P < 0.05)
and FAS expression increased by 63 = 8% (P < 0.05);
however, LPL expression was not altered. DGAT1, FAS, and
LPL mRNA expression were not significantly changed after
metformin treatment. The treatment of mice with rosiglita-
zone also resulted in an increase in adipose expression of
DGAT1 by 2- to 3-fold, as did the treatment of 3T3 F442A
adipocytes in vitro with thiazolidinediones.lilf These data
support a more global concept suggesting that adipose lipid
storage functions to prevent peripheral lipotoxicity.—Ranga-
nathan, G., R. Unal, I. Pokrovskaya, A. Yao-Borengasser, B.
Phanavanh, B. Lecka-Czernik, N. Rasouli, and P. A. Kern. The
lipogenic enzymes DGAT1, FAS, and LPL in adipose tissue:
effects of obesity, insulin resistance, and TZD treatment.
J. Lipid Res. 2006. 47: 2444-2450.
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Although it is well known that obesity is associated with
insulin resistance, this relationship is not strong and is
associated with other factors (1). Much of the relationship
between obesity and insulin resistance actually comes from
visceral and ectopic lipid accumulation (2, 3). Indeed, the
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removal of subcutaneous fat by liposuction does not im-
prove insulin resistance (4), and the improved insulin
sensitivity (S;) from thiazolidinedione (TZD) treatment is
associated with weight gain (5).

TZDs are insulin-sensitizing agents that act as high-affinity
ligands for peroxisome proliferator-activated receptor vy, a
transcription factor turned on early during adipocyte
differentiation. TZDs are known to regulate genes involved
in adipocyte differentiation and lipid metabolism (6, 7).
TZDs regulate glucose homeostasis by improving Sy, and
this is known to be accompanied by an increase in lipid
accumulation in subcutaneous adipose tissue (8, 9) along
with a decrease in lipid in muscle and liver (10, 11). In vitro
studies have demonstrated an increase in the triglyceride
content of adipose tissue through stimulating triglyceride
synthesis and fatty acid availability in adipocytes (12, 13).

A number of genes are involved in adipocyte lipid accu-
mulation, including acyl-coenzyme A:diacylglycerol trans-
ferase (DGAT), fatty acid synthetase (FAS), and LPL.
DGAT catalyzes the addition of the third fatty acyl-CoA
moiety to diacylglycerol. Two DGAT genes have been iden-
tified: DGATT is a microsomal enzyme with high expres-
sion in white adipose tissue (WAT), skeletal muscle, and
intestine and has sequence homology with the acyl-CoA
cholesterol acyltransferase gene family, whereas DGAT2
bears no sequence homology with DGAT1 (14). DGAT1
may be important in obesity and insulin resistance, be-
cause mice overexpressing DGAT]1 in adipose tissue were
obese but did not become insulin-resistant (15), whereas
mice deficient in DGAT1 were resistant to obesity and had
enhanced S; (16). Two enzymes that provide nonesterified
fatty acid substrate for triglyceride synthesis are FAS and
LPL. FAS regulates de novo lipogenesis from acetyl-CoA,

Abbreviations: BMI, body mass index; DGAT, acyl-coenzyme
A:diacylglycerol transferase; FAS, fatty acid synthetase; IGT, impaired
glucose tolerance; NGT, normal glucose tolerance; S;, insulin sen-
sitivity; TZD, thiazolidinedione; WAT, white adipose tissue.
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malonyl-CoA, and NADPH and is expressed at high levels
in adipose tissue, liver, and lung. Feeding increases FAS
mRNA and protein levels. LPL is expressed at high levels in
adipose tissue and muscle and hydrolyzes triglyceride-rich
lipoproteins at the capillary endothelium to generate NEFA
for uptake in peripheral tissues (17). Both FAS and LPL are
increased by feeding (18-21), and systemic overexpression
of LPL in rabbits results in increases in whole body S (22).
To better understand the role of these adipose tissue
lipogenic enzymes in insulin resistance, we examined their
expression in obese, insulin-resistant subjects and assessed
the response of these enzymes to TZDs. These data suggest
that TZDs upregulate the adipocyte lipid storage genes
DGAT and FAS but have no significant effect on LPL.

METHODS

Human subject recruitment

We recruited generally healthy subjects without diabetes by
local advertisement. All subjects provided written, informed
consent under protocols approved by the local Institutional Re-
view Board, and studies were conducted at the University of Ar-
kansas for Medical Sciences/Central Arkansas Veterans Health
Care System General Clinical Research Center. Subjects were
included if fasting glucose was <126 mg/dl and 2 h postchallenge
glucose was <199 mg/dl. Based on an initial 75 g oral glucose
tolerance test, subjects were classified as having either normal
glucose tolerance (NGT) or impaired glucose tolerance (IGT).
NGT subjects had fasting glucose of <110 mg/dl and 2 h glu-
cose of <140 mg/dl, and IGT subjects had 2 h glucose of
140-199 mg/dl. Fifty subjects were recruited for this study
(43 women and 7 men), of whom 37 had IGT and 13 had NGT.
The subjects were weight-stable and between 21 and 66 years of
age. Subjects with a history of coronary artery disease were
excluded. All subjects underwent a subcutaneous adipose tissue
incisional biopsy from the lower abdominal wall and S; testing
using a frequently sampled intravenous glucose tolerance test.
IGT subjects were randomized to receive metformin or pioglita-
zone, 2 week dose escalation followed by 8 weeks of maximum
dose (1,000 mg of metformin twice per day or 45 mg of
pioglitazone daily). After 10 weeks of treatment, the oral and
intravenous glucose tolerance tests and biopsy were repeated.
This clinical trial with pioglitazone or metformin has been de-
scribed in more detail previously (10).

S; measurement

S; was measured by insulin-modified frequently sampled intra-
venous glucose tolerance test using 11.4 g/m2 glucose and
0.04 U/kg insulin (23, 24). Plasma insulin was measured using a
chemiluminescent assay (Molecular Light Technology Research,
Ltd., Cardiff, Wales, UK), and plasma glucose was determined
by duplicate determinations using glucose oxidase assay. S; was
calculated from the insulin and glucose data using the MINMOD
program (25, 26).

Total RNA isolation and real-time RT-PCR

Total RNA from adipose tissue was extracted using an RNeasy
Lipid Tissue Mini kit from Qiagen (Valencia CA). The quantity
and quality of the isolated RNA were determined by ultraviolet
light spectrophotometry and formaldehyde-agarose gel electro-
phoresis, respectively. One microgram of total RNA was reverse-
transcribed using random hexamer primers with TaqMan reverse

transcription reagents (Applied Biosystems, Foster City, CA).
Reverse-transcribed RNA was amplified with SYBR Green PCR
Master Mix (Applied Biosystems) plus 0.3 uM of gene-specific
upstream and downstream primers during 55 cycles on a Rotor-
Gene 3000 Real-Time Thermal Cycler (Corbett Research, Sydney,
Australia). Each cycle consisted of denaturation at 94°C for 20 s,
annealing at 58°C for 20 s, and extension at 72°C for 20 s. Amplified
18S expression was used as a standard control to normalize the
differences in individual samples. The primer sequences for hu-
man LPL, FAS, DGATI1, and 18S RNA, as well as mouse LPL,
DGATI, and B-actin, are described below. All data were expressed
in relation to 18S RNA for human DGAT, FAS, and LPL and in
relation to B-actin for mouse DGAT1 and LPL, and standard curves
were generated using pooled ¢cDNA from the samples being
assayed. Therefore, the data represent arbitrary units, which ac-
curately compare samples within each assay but do not necessarily
accurately compare samples between different assays. All samples
were analyzed twice with and without reverse transcriptase; to avoid
genomic DNA contamination, primers were also designed span-
ning an intron. The primers used for amplification are as follows.
Human DGAT1I: forward, 5'-TCGCCTGCAGGATTCTTTAT-3'; re-
verse, 5'-GCATCACCACACACCAGTTGC-3'. Human LPL: forward,
5'-CCGGTTTATCAACTGGATGG-3'; reverse, 5" TGGTCAGACTT-
CCTGCAATG-3'. Human FAS: forward, 5-TGGGCTTGCATGTA-
TTCAAA-3'; reverse, 5'-AGATGGCTTCAAGGAGCAAG-3'. 18S:
forward, 5’-TTCGAACGTCTGCCCTATCAA-3; reverse, 5'-ATGGT-
AGGCACGGCGACTA-3' . Mouse DGAT1: forward, 5'-CCTCAGCCT-
TCTTCCATGAG-3'; reverse, 5'-ACTGGGGCATCGTAGTTGAG-3'.
Mouse LPL: forward, 5'-ACTCGCTCTCAGATGCCCTA-3'; reverse,
5"-TTGTGTTGCTTGCCATTCTC-3'. Mouse B-actin: forward,
5'-CATCTTGGCCTCACTGTCCA-3'; reverse, 5-GGGCCGGACT-
CATCGTACT-3'.

Studies of DGAT1 and LPL expression in WAT

Nondiabetic 6 month old male C57BL/6 mice were treated
with 20 pg rosiglitazone/g body weight for 7 weeks. WATs were
obtained after animals were euthanized using COy asphyxiation
as described (27).

Cell culture and differentiation

3T3 F442A cells were obtained from Dr. Howard Green
(Harvard Medical School, Boston, MA). Cells were maintained
in DMEM (Gibco BRL) supplemented to 10% with calf serum.
For experiments, cells were grown to confluence and stimulated
to differentiate in DMEM containing 10% fetal calf serum and
100 nM insulin or 1 wM rosiglitazone for 7-10 days.

Western blot analysis

The detection of LPL and DGAT1 in adipocytes was performed
using Western blot analysis essentially as described (28). The tissue
was minced and rinsed in cold phosphate-buffered saline, and total
protein was extracted using cell lysis buffer containing 50 mM
phosphate buffer, pH 7.4, 1.0% Nonidet P-40, 0.1% SDS, 20 mM
PMSF, and protease inhibitor cocktail (Sigma Chemical Co., St.
Louis, MO). Proteins (15 pg) were fractionated by 10% SDS-PAGE
and transferred onto nitrocellulose membranes using 200 mA
current for 2-3 h. Membranes were treated with phosphate-
buffered saline, pH 7.6, 0.2% Tween-20, and 5% nonfat dry milk
overnight at 4°C. To identify DGAT1 protein, polyclonal antibody
was provided by R. V. Farese, Jr. (Gladstone Institutes), followed
by anti-rabbit HRP conjugate at 1:5,000 (Sigma). The reaction
product was visualized with chemiluminiscence reagents (Amer-
sham, Piscataway, NJ) followed by autoradiography. Densitometric
analysis of the images was performed using ImageQuant software
(Amersham Biosciences, Inc.). Western blots were probed for {3
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actin (Sigma), and LPL and DGATI protein were expressed as
the ratio of B-actin to normalize for total protein.

DGAT activity measurements

DGAT activity was measured in cell lysates or membrane isolates
according to methods described previously (29). Samples were
homogenized in HEPES (20 mM, pH 7.4) with a Dounce homoge-
nizer in the presence of protease inhibitors, 0.3 volume of 30%
sucrose solution was added, followed by low-speed centrifugation to
remove nuclei. To measure DGAT activity, typically 10-50 mg of cell
lysate protein was incubated with oleoyl-CoA and 1,2-dioleyl-sn-
glycerol. The specific activity of oleoyl-CoA was kept constant at
0.1 wCi/500 pl reaction. Reactions were performed for 30 min at
30°C and terminated by the addition of heptane/isopropanol/
HySO,4. The organic phase was washed with isopropanol-water
(2:3), and the incorporation of [14C]oleoy1-CoA into triglyceride
was measured by scintillation counting. DGAT1 activity was
expressed as nanomoles of triglyceride synthesized per 10° cells.

LPL activity measurements

Heparin-releasable and extractable LPL activities were de-
termined as described previously (12). To measure heparin-
releasable LPL, cells were incubated in serum-free medium
containing 10 U/ml heparin for 60 min at 37°C. After collect-
ing the heparin-released fraction, the remaining LPL was ex-
tracted in 50 mM Tris, pH 7.4, containing 0.2% Triton X-114.
Extracts were diluted with 3 volumes of 50 mM Tris, pH 7.4,
containing 10 U/ml heparin. LPL catalytic activity was mea-
sured as described previously using a substrate containing
[3H] triolein and fetal bovine serum as a source of apolipoprotein
CII (30). LPL activity was expressed as nmol free fatty acid
released/h/mg protein.

Oil Red O staining and quantitation

3T3 F442A adipocytes were differentiated as described above.
Oil Red O staining and estimation were done as described pre-
viously using the Chemicon Adipogenesis Assay kit (31). Briefly,
cells were fixed in 3.7% formaldehyde for 20 min at room
temperature and rinsed with distilled water. Cells were stained
for 2 h at room temperature, according to the manufacturer’s
instructions. At the end of staining, the dye was aspirated and the
plates were rinsed in distilled water. The dye was extracted for
30 min in 0.5 ml of dye extraction solution, and the absorbance
was measured in a spectrophotometer at 540 nm.

Statistical analysis

Student’s two-sample ttest was used to compare groups with
respect to continuous variables, and a paired #test was used to
compare baseline and posttreatment measurements. Pearson’s
correlation coefficients were used to determine linear associa-
tions between variables. All data from human samples are ex-
pressed as means = SEM.

RESULTS

DGAT1 and FAS mRNA positively correlate with Sy

In previous studies in mice, overexpression of DGAT1
in adipose tissue yielded obesity without insulin resistance
(16). To determine whether the expression of lipogenic
enzymes in subcutaneous adipose tissue of humans was
associated with S;, we measured the expression of DGAT1
in human adipose tissue of 27 subjects (25 female, 2 male;
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age, 45 = b years) divided among 14 NGT and 13 IGT
subjects; FAS mRNA was measured in 23 subjects (12 NGT
and 11 IGT). The relationship between DGAT1 mRNA
and S is illustrated in Fig. 1, and the relationship of
FAS and S; is also shown in Fig. 1. Both DGAT1 and FAS
demonstrated significant positive relationships with Sy (S;
vs. DGAT1, r = 0.54, P < 0.004; Sy vs. FAS, r= 0.54, P <
0.008). In contrast, however, there was no significant
correlation between LPLL. mRNA and S; (data not shown).
Further analysis of the data in Fig. 1 indicated a significant
correlation between the levels of DGAT1 and FAS mRNA
expression (r = 0.488, P < 0.03).

Insulin-resistant subjects tend to be more obese, and as
expected, the subjects chosen for this study also demon-
strated a significant negative relationship between body
mass index (BMI) and S; (r = —0.65, P < 0.001). DGAT1
expression was inversely correlated with BMI (r = —0.40,
P < 0.05); however, there was no significant association
between BMI and the expression of FAS or LPL. To better
understand the relationships between DGATI, FAS,
and LPL with S;, we examined the expression of these
lipogenic enzymes in adipose tissue of NGT and IGT
subjects who were matched for BMI. To limit variability
between subjects, female Caucasian subjects were selected
who were between the ages of 31 and 59 years with BMI
between 28 and 43 kg/m®. The subject characteristics are
described in Table 1. As expected, IGT and NGT subjects
differed in their Sj, 2 h glucose measurement, and serum

DGAT mRNA

FAS mRNA

Fig. 1. Relationship between insulin sensitivity (S;) and acyl-coen-
zyme A:diacylglycerol transferase (DGATT1) or fatty acid synthetase
(FAS) expression. DGAT1 and FAS mRNA levels in normal glucose
tolerance (NGT; triangles) and impaired glucose tolerance (IGT;
circles) subjects were determined by real-time RT-PCR analysis and
expressed in relation to endogenous 18S RNA, as described in
Methods. S; was determined using the frequently sampled intra-
venous glucose tolerance test for each subject.
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TABLE 1. Characteristics of NGT and IGT subjects (BMI-matched)

TABLE 2. Characteristics of IGT subjects

Characteristic IGT (n = 13) NGT (n = 14)
BMI (kg/m2) 35.2 £ 0.6 33.6 = 1.1

S; (1073 X min~'/pM) 1.8 + 0.2 3.7+ 0.5¢

Fasting glucose (mM) 5.0 = 0.14 4.6 = 0.13

2 h glucose (mM) 10.0 = 0.4 5.9 + 0.3

Triglyceride (mM) 191+ 0.2 1.4 +0.1¢

LDL (mM) 24 +0.2 3.0 = 0.2¢

HDL (mM) 1.3 £0.1 1.5 £ 0.1

BMI, body mass index; IGT, impaired glucose tolerance; NGT,
normal glucose tolerance; Sy, insulin sensitivity.
“P < 0.05 versus IGT.

triglyceride. As shown in Fig. 2, the expression levels of
DGATI were significantly higher in NGT subjects com-
pared with IGT subjects of the same gender, race, and BMI
[NGT, 1.24 + 0.08; IGT, 0.74 = 0.05 (P < 0.001)]. FAS
expression was also significantly higher in NGT subjects
compared with IGT subjects [NGT, 0.748 = 0.1; IGT,
0.446 = 0.04 (P < 0.01)], but levels of LPL expression
were not different between NGT and IGT subjects [NGT,
0.810 = 0.07; IGT, 0.873 = 0.06 (P < 0.38)].

Changes in expression of lipogenic enzymes after
treatment with insulin sensitizers

As described in Methods, 37 IGT subjects were ran-
domized to receive either metformin or pioglitazone, and
adipose tissue biopsies were performed before and after
10 weeks of treatment. The expression of the lipogenic
enzymes DGATI, FAS, and LPL was then measured in
subcutaneous adipose tissue. Pioglitazone but not metfor-
min treatment resulted in a significant increase in S, and
neither treatment resulted in any change in blood lipids
(Table 2). As shown in Fig. 3A, after pioglitazone
treatment DGAT1 mRNA increased by 33 * 10% (P <
0.05), FAS mRNA expression increased by 63 = 8% (P <
0.05), and LPL mRNA expression decreased slightly, al-
though this decrease was not statistically significant. Met-

1.4 T

OIGT BNGT
1.2}

mRN

0.6

0.4r

0.2t

DGAT1 FAS LPL

Fig. 2. Expression of DGATI, FAS, and LPL in IGT and NGT
subjects. DGAT1, FAS, and LPL mRNA levels were measured as
described in Methods; data presented are relative values expressed
in relation to endogenous 18S RNA (means = SEM). The NGT and
IGT subjects are matched for body mass index (BMI). Subject
characteristics are as shown in Table 1. * P < 0.01, ** P < 0.001.

Pioglitazone Metformin
Characteristic (n =17) (n = 20)
Age (years) 48.37 + 1.72 48.3 = 1.76
BMI (kg/mQ) 32.58 + 0.87 33.35 * 0.67
S; before (1072 X minfl/pM) 1.44 = 0.122 1.39 = 0.172
Sy after (107> X min~'/pM) 2.19 + 0.20“ 1.42 + 0.15
Triglyceride (mM) 2.11 £ 0.27 1.64 £ 0.20
LDL (mM/]) 2.91% 0.25 2.75 = 0.19
HDL (mM/1) 1.34 = 0.05 1.28 = 0.08
Gender (female/male) 14/3 16/4
Body fat (% body weight) 40 * 6.35 39.6 * 6.40

“P < 0.005 versus S; before.

formin treatment resulted in no significant changes in
DGAT]I, FAS, or LPL mRNA expression (Fig. 3).

To determine whether the increase in DGAT]I mRNA
was accompanied by an increase in DGAT1 activity, sub-
cutaneous adipose tissues from 12 subjects treated with
either pioglitazone or metformin were assayed before and
after drug treatment. DGAT1 activity increased by 35 *
10% after pioglitazone treatment (P < 0.03), but there was
no change in DGAT1 activity after metformin treatment
(Fig. 3B). LPL activity was also measured in the same tissues;
LPL activity increased from 103 *+ 10 to 135 * 17 nmol/ 10°
cells, but this increase was not statistically significant.

TZDs yield large increases in DGAT1 mRNA in mice

TZD treatment of humans yielded small but consistent
increases in DGAT1 mRNA levels. To assess the effects of
TZDs in mice, nondiabetic C57BL/6 mice were treated
with rosiglitazone as described in Methods. DGAT1 ex-
pression in WAT increased >2-fold, from 0.78 = 0.1 to
1.98 = 0.1 (P < 0.05), and DGATI1 protein expression
increased ~5-fold from 20.4 to 116.2 arbitrary units (ARU)
after rosiglitazone treatment (Fig. 4). LPL mRNA expres-
sion and protein were also measured in the same tissues;
LPL mRNA increased modestly after rosiglitazone treat-
ment, from 0.93 * 0.43 to 1.37 = 0.6, but this increase was
not statistically significant, and there was no change in
LPL protein in adipose tissue (data not shown).

DGAT]1 expression in 3T3 F442A adipocytes
during differentiation

We studied the effects of TZD treatment in vitro on
3T3 F442A adipocytes during differentiation. Cells were
differentiated as described in Methods. Both insulin and
rosiglitazone yielded essentially comparable adipocyte dif-
ferentiation, as indicated by cellular lipid accumulation.
Oil Red O staining of adipocytes was quantitated as de-
scribed in Methods. There was no significant difference
in Oil Red O staining of insulin-differentiated cells versus
rosiglitazone-treated cells [insulin, 0.065 * 0.025; rosig-
litazone, 0.045 * 0.015 optical density (n = 5; P= 0.11)].
Compared with cells induced to differentiate with insulin,
however, rosiglitazone resulted in a much greater increase
in DGAT1 expression. DGAT1 mRNA expression was
4.12 £ 0.05 with insulin treatment and 26.6 = 0.08 with
rosiglitazone treatment (Fig. 5). DGATI protein was in-
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Fig. 3. A: Effect of pioglitazone (Pio; n = 17) or metformin (Met; n = 20) treatment on DGATI, FAS, and LPL mRNA in IGT subjects.
DGAT]1, FAS, and LPL mRNA were measured in adipose tissue as described in Methods and normalized to endogenous 18S RNA; the values
represent percentage change from baseline after drug treatment (means * SEM) * P < 0.05 versus baseline. B: DGAT1 activity in IGT
subjects after pioglitazone or metformin treatment. DGATI activity was measured in subcutaneous adipose tissue before and after
treatment. DGAT1 activity is expressed as nmol/10° cells (means = SEM). * P< 0.03 versus baseline (pretreatment). Subject characteristics

are as shown in Table 2.

creased in a similar manner (4- to 5fold compared with
insulin-differentiated cells), although DGATI activity was
higher by 43 = 7 in cells differentiated with rosiglitazone
compared with cells differentiated with insulin (Fig. 5). LPL
mRNA was not significantly different between cells differ-
entiated with insulin or rosiglitazone (data not shown).

DISCUSSION

Insulin resistance and diabetes are associated with in-
creasing body weight and adipose tissue mass in both hu-
mans and rodents. However, the precise relationship

3
< DGAT E
= 2r Control Rosi 200 @
[ 2
E o
[ [
3 1 3
a 100 /

1]

mRNA Protein O Control
B Rosi

Fig. 4. DGAT] expression in mouse white adipose tissue (WAT).
DGAT1 mRNA and protein were measured in mouse WAT after
rosiglitazone (Rosi) treatment. DGAT1 mRNA measurements were
done by real-time PCR of six samples per experiment performed in
duplicate. DGAT1 protein was measured as described in Methods,
by Western blot analysis followed by densitometric analysis of the
band. Error bars show SD. The change in DGAT1 expression in
rosiglitazone-treated animals was significant (DGAT1 mRNA, P <
0.03 vs. untreated control; DGATI protein, P < 0.05 vs. untreated
control). The inset shows a representative blot of WAT from
control or rosiglitazone-treated WAT, probed with DGAT antibody.
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between adipose tissue mass and insulin resistance is un-
clear, and there are a number of examples of discordance
between adipose tissue mass and insulin resistance. For ex-
ample, lipodystrophy of both rodents and humans results
in no adipose tissue yet extreme insulin resistance (32).
Many different genetic manipulations of mice, such as the
knockout of tumor necrosis factor-a receptors or overex-
pression of the adipose tissue lipin, result in obese, insulin-
sensitive mice (33, 34). TZD drugs are agonists for
peroxisome proliferator-activated receptor <y, which pro-
motes adipocyte differentiation. Treatment of patients

30
DGAT —, o
; 20t Ins  PFosi 200 E
m -
E E
; ™
g <
& 1op 100 O
0
RNA Activity O Insulin
B Rosi

Fig. 5. DGATI expression in 3T3 F442A adipocytes. DGAT1 mRNA
and protein in 3T3 F442A adipocytes differentiated with insulin
or rosiglitazone (Rosi). DGAT1 mRNA quantitations were done by
real-time PCR using triplicate measurements in three separate
experiments. The change in DGAT1 mRNA expression in rosiglita-
zone-treated adipocytes was significant (P < 0.03). Error bars show
SD. DGATT activity was measured as described in Methods using
duplicate measurements in at least six different experiments. The
change in DGAT1 activity versus insulin-differentiated cells was sig-
nificant (P < 0.05). Error bars represent SD. The inset shows a repre-
sentative Western blot of adipocytes differentiated with insulin or
rosiglitazone probed with DGATTI antibody.
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with these drugs results in weight gain and an increase in
fat mass accompanied by a shift of fat from the visceral to
the subcutaneous depot, resulting in improved Sy (35).

This study was intended to better understand the rela-
tionship between the expression of several adipogenic
genes, DGAT1, FAS, and LPL, in adipose tissue and insulin
resistance. The expression of these genes was studied in
nondiabetic insulin-sensitive and insulin-resistant subjects
covering a range of S; and BMI. Although obese subjects
were generally more insulin-resistant, there was a positive
relationship between the expression of DGAT1 and S; and
between FAS and S;. To confirm this finding, and to sepa-
rate the effects of obesity, we compared the more insulin-
resistant IGT subjects with NGT subjects. IGT and NGT
subjects were matched for BMI, gender, and age, and
NGT subjects expressed significantly higher levels of both
DGATI1 and FAS compared with IGT subjects. Thus, in-
creased Sy is accompanied by increased DGAT1 and FAS
expression in subcutaneous adipose tissue in humans. In
addition, the improved peripheral S; that accompanied
pioglitazone treatment was also associated with an in-
creased expression of DGAT1 and FAS. Metformin, which
improves hepatic S;, had no effect on subcutaneous adi-
pose tissue gene expression or S;. In mouse adipose tis-
sue and in 3T3 F442A mouse adipocytes, the increase in
DGATI1 expression after TZD treatment was more pro-
nounced than in humans.

DGATT1 catalyzes the addition of fatty acyl-CoA to a 1,2-
diacylglycerol to yield triglyceride; hence, it is important in
lipogenesis in many tissues. Mice with a genetic knockout
of DGAT1 tended to resist obesity and were more insulin-
sensitive (36), and transgenic mice overexpressing DGAT1
demonstrated increased adiposity, although there was
no deterioration in Sy (37). In a recent review of studies
of DGATI, Chen et al. hypothesized that inhibition of
DGAT1 may be a useful target for antiobesity drugs (37).
However, our data, which demonstrated a positive asso-
ciation between DGAT1 and S; and an increase in DGAT1
with TZD treatment, suggest that inhibition of DGATI
may not be beneficial to Sy.

Other studies have noted a relationship between adi-
pose tissue gene expression and S;. Treatment with the
antiretroviral agent ritonavir has been shown to induce
lipodystrophy and insulin resistance, and this drug also
inhibited preadipocytes and adipocyte differentiation
along with the expression of GLUT4, FAS, and adiponec-
tin mRNA (38). TZDs are known to promote lipogenesis in
human adipose tissue (39). Another study examined the
role of pioglitazone on lipid metabolism in subcutaneous
human adipose tissue of type 2 diabetic subjects (40) and
found that the expression of both LPL and FAS was higher
after pioglitazone treatment. This study did not observe
any change in LPL expression but confirmed the increase
in FAS. This study was different from others in the in-
clusion of nondiabetic subjects. Also, our studies did not
find any relationship between LPL mRNA or LPL activity
and S; or in response to TZD treatment, whereas two en-
zymes involved in adipocyte triglyceride synthesis, DGAT1
and FAS, both were associated with S; and TZD treatment.

Because obesity is associated with insulin resistance, one
might expect that genes that promote lipid accumulation
would also promote insulin resistance. However, consider-
able evidence suggests that factors that promote adipose
tissue lipid accumulation prevent the toxic action of lipid
in insulin-responsive organs such as skeletal muscle and
liver. In addition to the overexpression of DGAT1 (37), the
overexpression of lipin in adipose tissue yields a mouse
that is more obese but also more insulin-sensitive (34).
Lipodystrophy in both animals and humans is associated
with the absence of adipose tissue, leading to extreme ec-
topic lipid accumulation and insulin resistance (32). In
addition, treatment with TZDs increases adipose tissue lipid
accumulation in subcutaneous adipose tissue, leading to a
reduction in muscle and liver lipid and improved S; (9-11,
41). These data support a concept whereby lipid accumu-
lates in nonadipose tissue and also in ectopic sites, leading
to lipotoxicity (42, 43). Furthermore, the deposition of tri-
glycerides in adipose tissue, or the diversion of lipid to adi-
pose tissue, may prevent lipotoxicity in muscle and liver.

In summary, these studies demonstrate the association
between two adipose lipogenic genes, DGAT1 and FAS,
with S; and an increase in DGAT1 and FAS gene ex-
pression after treatment of humans, mice, and cultured
adipocytes with TZDs. These data are consistent with a role
of the adipocyte in the appropriate storage of lipid and
perhaps with another role in the diversion of lipid into
adipose tissue, away from ectopic sites that are susceptible
to lipotoxicity. Bl

This work was supported by a grant from the American Diabetes
Association (to G.R.), by Grants DK-39176 and DK-71277 from
the National Institutes of Health, by Merit Review Grants from
the Veterans Administration (to G.R. and P.A.K.), and by Grant
MO1 RR-14288 of the General Clinical Research Center.

REFERENCES

1. Kahn, S. E., R. L. Prigeon, R. S. Schwartz, W. Y. Fujimoto, R. H.
Knopp, J. D. Brunzell, and D. Porte, Jr. 2001. Obesity, body fat
distribution, insulin sensitivity and islet beta-cell function as ex-
planations for metabolic diversity. J. Nutr. 131 (Suppl. 2): 354-360.

2. Carr, D. B., K. M. Utzschneider, R. L. Hull, K. Kodama, B. M.
Retzlaff, J. D. Brunzell, J. B. Shofer, B. E. Fish, R. H. Knopp,
and S. E. Kahn. 2004. Intra-abdominal fat is a major determinant
of the National Cholesterol Education Program Adult Treat-
ment Panel III criteria for the metabolic syndrome. Diabetes. 53:
2087-2094.

3. DeFronzo, R. A. 2004. Dysfunctional fat cells, lipotoxicity and type 2
diabetes. Int. J. Clin. Pract. Suppl. 143: 9-21.

4. Klein, S., L. Fontana, V. L. Young, A. R. Coggan, C. Kilo, B. W.
Patterson, and B. S. Mohammed. 2004. Absence of an effect of
liposuction on insulin action and risk factors for coronary heart
disease. N. Engl. J. Med. 350: 2549-2557.

5. Parulkar, A. A., M. L. Pendergrass, R. Granda-Ayala, T. R. Lee, and
V. A. Fonseca. 2001. Nonhypoglycemic effects of thiazolidine-
diones. Ann. Intern. Med. 134: 61-71.

6. Hallakou, S., L. Doare, F. Foufelle, M. Kergoat, M. Guerre-Millo,
M-F. Berthault, I. Dugail, J. Morin, J. Auwerx, and P. Ferre. 1997.
Pioglitazone induces in vivo adipocyte differentiation in the obese
Zucker fa/fa rat. Diabetes. 46: 1393-1399.

7. Hamm, J. K., A. K. el Jack, P. F. Pilch, and S. R. Farmer. 1999. Role of
PPAR gamma in regulating adipocyte differentiation and insulin-
responsive glucose uptake. Ann. N.Y. Acad. Sci. 892: 134-145.

Lipogenic enzymes and insulin sensitivity 2449

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

2450

. Giaraldi, T. P., A. P. S. Kong, N. V. Chu, D. D. Kim, S. Baxi, M.

Loviscach, R. Plodkowski, R. Reitz, M. Caulfield, S. Mudaliar, et al.
2002. Regulation of glucose transport and insulin signaling by
troglitazone or metformin in adipose tissue of type 2 diabetic
subjects. Diabetes. 51: 30-36.

. Miyazaki, Y., A. Mahankali, M. Matsuda, S. Mahankali, J. Hardies, K.

Cusi, L. J. Mandarino, and R. A. DeFronzo. 2002. Effect of
pioglitazone on abdominal fat distribution and insulin sensitivity
in type 2 diabetic patients. J. Clin. Endocrinol. Metab. 87: 2784-2791.
Rasouli, N., U. Raue, L. M. Miles, T. Lu, G. B. Di Gregorio, S. C.
Elbein, and P. A. Kern. 2005. Pioglitazone improves insulin sen-
sitivity through reduction in muscle lipid and redistribution of
lipid into adipose tissue. Am. J. Physiol. Endocrinol. Metab. 288:
E930-E934.

Bajaj, M., S. Suraamornkul, T. Pratipanawatr, L. J. Hardie, W.
Pratipanawatr, L. Glass, E. Cersosimo, Y. Miyazaki, and R. A.
DeFronzo. 2003. Pioglitazone reduces hepatic fat content and
augments splanchnic glucose uptake in patients with type 2 dia-
betes. Diabetes. 52: 1364-1370.

Ranganathan, S., and P. A. Kern. 1998. Thiazolidinediones in-
hibit lipoprotein lipase activity in adipocytes. J. Biol. Chem. 273:
26117-26122.

Guan, H. P., Y. Li, M. V. Jensen, C. B. Newgard, C. M. Steppan, and
M. A. Lazar. 2002. A futile metabolic cycle activated in adipocytes
by antidiabetic agents. Nat. Med. 8: 1122-1128.

Cases, S., S. J. Stone, P. Zhou, E. Yen, B. Tow, K. D. Lardizabal, T.
Voelker, and R. V. Farese, Jr. 2001. Cloning of DGAT2, a second
mammalian diacylglycerol acyltransferase, and related family
members. J. Biol. Chem. 276: 38870-38876.

Smith, S. J., S. Cases, D. R. Jensen, H. C. Chen, E. Sande, B. Tow,
D. A. Sanan, J. Raber, R. H. Eckel, and R. V. Farese, Jr. 2000. Obesity
resistance and multiple mechanisms of triglyceride synthesis in
mice lacking Dgat. Nat. Genet. 25: 87-90.

Chen, H. C,, S.]. Stone, P. Zhou, K. K. Buhman, and R. V. Farese, Jr.
2002. Dissociation of obesity and impaired glucose disposal in mice
overexpressing acyl coenzyme A:diacylglycerol acyltransferase 1 in
white adipose tissue. Diabetes. 51: 3189-3195.

Merkel, M., R. H. Eckel, and I. J. Goldberg. 2002. Lipopro-
tein lipase: genetics, lipid uptake, and regulation. J. Lipid Res. 43:
1997-2006.

Semenkovich, C. F., T. Coleman, and F. T. Fiedorek, Jr. 1995.
Human fatty acid synthase mRNA: tissue distribution, genetic
mapping, and kinetics of decay after glucose deprivation. J. Lipid
Res. 36: 1507-1521.

Semenkovich, C. F. 1997. Regulation of fatty acid synthase (FAS).
Prog. Lipid Res. 36: 43-53.

Doolittle, M. H., O. Ben-Zeev, J. Elovson, D. Martin, and T. G.
Kirchgessner. 1990. The response of lipoprotein lipase to feeding
and fasting. Evidence for posttranslational regulation. J. Biol. Chem.
265: 4570-4577.

Ong, J. M., and P. A. Kern. 1989. Effect of feeding and obesity on
lipoprotein lipase activity, immunoreactive protein, and messenger
RNA levels in human adipose tissue. J. Clin. Invest. 84: 305-311.
Liu, E., S. Kitajima, Y. Higaki, M. Morimoto, H. Sun, T. Watanabe,
N. Yamada, and J. Fan. 2005. High lipoprotein lipase activity
increases insulin sensitivity in transgenic rabbits. Metabolism. 54:
132-138.

Bergman, R. N., R. Prager, A. Volund, and J. M. Olefsky. 1987.
Equivalence of the insulin sensitivity index in man derived by the
minimal model method and the euglycemic glucose clamp. J. Clin.
Invest. 79: 790-800.

Bergman, R. N. 2005. Minimal model: perspective from 2005.
Horm. Res. 64 (Suppl. 3): 8-15.

Bergman, R. N., Y. Z. Ider, C. R. Bowden, and C. Cobelli. 1979.

Journal of Lipid Research Volume 47, 2006

26.

27.

28.

29.

30.

31.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Quantitative estimation of insulin sensitivity. Am. J. Physiol. 236:
E667-E677.

Boston, R. C., D. Stefanovski, P. J. Moate, A. E. Sumner, R. M.
Watanabe, and R. N. Bergman. 2003. MINMOD Millennium: a
computer program to calculate glucose effectiveness and insulin
sensitivity from the frequently sampled intravenous glucose
tolerance test. Diabetes Technol. Ther. 5: 1003-1015.

Rzonca, S. O, L. J. Suva, D. Gaddy, D. C. Montague, and B. Lecka-
Czernik. 2004. Bone is a target for the antidiabetic compound ro-
siglitazone. Endocrinology. 145: 401-406.

Ranganathan, G., R. Kaakaji, and P. A. Kern. 1999. Role of protein
kinase C in the translational regulation of lipoprotein lipase in
adipocytes. J. Biol. Chem. 274: 9122-9127.

Cases, S., S.J. Smith, Y. W. Zheng, H. M. Myers, S. R. Lear, E. Sande,
S. Novak, C. Collins, C. B. Welch, A. J. Lusis, et al. 1998. Iden-
tification of a gene encoding an acyl CoA:diacylglycerol acyltrans-
ferase, a key enzyme in triacylglycerol synthesis. Proc. Natl. Acad. Sci.
USA. 95: 13018-13023.

Nilsson-Ehle, P., and M. C. Schotz. 1976. A stable radioactive
substrate emulsion for assay of lipoprotein lipase. J. Lipid Res. 17:
536-541.

Bodles, A. M., V. Varma, A. Yao-Borengasser, B. Phanavanh, C. A.
Peterson, R. E. McGehee, Jr., N. Rasouli, M. Wabitsch, and P. A.
Kern. 2006. Pioglitazone induces apoptosis of macrophages in
human adipose tissue. J. Lipid Res. 47: 2080-2088.

. Garg, A. 2004. Acquired and inherited lipodystrophies. N. Engl. J.

Med. 350: 1220-1234.

Uysal, K. T., S. M. Wiesbrock, M. W. Marino, and G. S. Hotamisligil.
1997. Protection from obesity-induced insulin resistance in mice
lacking TNF-alpha function. Nature. 389: 610-614.

Phan, J., and K. Reue. 2005. Lipin, a lipodystrophy and obesity
gene. Cell Metab. 1: 73-83.

Miyazaki, Y., A. Mahankali, M. Matsuda, S. Mahankali, J. Hardies, K.
Cusi, L. J. Mandarino, and R. A. DeFronzo. 2002. Effect of
pioglitazone on abdominal fat distribution and insulin sensitivity
in type 2 diabetic patients. J. Clin. Endocrinol. Metab. 87: 2784-2791.
Chen, H. C,, S. J. Smith, Z. Ladha, D. R. Jensen, L. D. Ferreira, L. K.
Pulawa, J. G. McGuire, R. E. Pitas, R. H. Eckel, and R. V. Farese,
Jr. 2002. Increased insulin and leptin sensitivity in mice lacking acyl
CoA:diacylglycerol acyltransferase 1. J. Clin. Invest. 109: 1049-1055.
Chen, H. C, S.]. Stone, P. Zhou, K. K. Buhman, and R. V. Farese, Jr.
2002. Dissociation of obesity and impaired glucose disposal in mice
overexpressing acyl coenzyme A:diacylglycerol acyltransferase 1 in
white adipose tissue. Diabetes. 51: 3189-3195.

Grigem, S., P. Fischer-Posovszky, K. M. Debatin, E. Loizon, H. Vidal,
and M. Wabitsch. 2005. The effect of the HIV protease inhibitor
ritonavir on proliferation, differentiation, lipogenesis, gene ex-
pression and apoptosis of human preadipocytes and adipocytes.
Horm. Metab. Res. 37: 602—609.

McTernan, P. G., A. L. Harte, L. A. Anderson, A. Green, S. A. Smith,
J. C. Holder, A. H. Barnett, M. C. Eggo, and S. Kumar. 2002. Insulin
and rosiglitazone regulation of lipolysis and lipogenesis in human
adipose tissue in vitro. Diabetes. 51: 1493-1498.

Bogacka, I., H. Xie, G. A. Bray, and S. R. Smith. 2004. The effect
of pioglitazone on peroxisome proliferator-activated receptor-
gamma target genes related to lipid storage in vivo. Diabetes Care.
27: 1660-1667.

Tiikkainen, M., A. M. Hakkinen, E. Korsheninnikova, T. Nyman, S.
Makimattila, and H. YkiJarvinen. 2004. Effects of rosiglitazone and
metformin on liver fat content, hepatic insulin resistance, insulin
clearance, and gene expression in adipose tissue in patients with
type 2 diabetes. Diabetes. 53: 2169-2176.

Friedman, J. 2002. Fat in all the wrong places. Nature. 415: 268-269.
Unger, R. H. 2002. Lipotoxic diseases. Annu. Rev. Med. 53: 319-336.

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


http://www.jlr.org/

