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Abstract Obese 

 

obob

 

 mice with strong overexpression of the
human apolipoprotein C1 (APOC1) exhibit excessive free
fatty acid (FFA) and triglyceride (TG) levels and severely re-
duced body weight (due to the absence of subcutaneous adi-
pose tissue) and skin abnormalities. To evaluate the effects
of APOC1 overexpression on hepatic and peripheral insulin
sensitivity in a less-extreme model, we generated 

 

obob

 

 mice

 

with mild overexpression of APOC1 (

 

obob

 

/APOC1

 

�

 

/

 

�

 

) and
performed hyperinsulinemic clamp analysis. Compared with

 

obob

 

 littermates, 

 

obob

 

/APOC1

 

�

 

/

 

�

 

 mice showed reduced

 

body weight (

 

�

 

25%) and increased plasma levels of TG
(

 

�

 

632%), total cholesterol (

 

�

 

134%), FFA (

 

�

 

65%), glucose
(

 

�

 

73%, and insulin (

 

�

 

49%). Hyperinsulinemic clamp analy-
sis revealed severe whole-body and hepatic insulin resistance
in 

 

obob

 

/APOC1

 

�

 

/

 

�

 

 mice and, in addition, increased hepatic
uptake of FFA and hepatic TG content. Treatment of 

 

obob

 

/
APOC1

 

�

 

/

 

�

 

 mice with rosiglitazone strongly improved whole-
body insulin sensitivity as well as hepatic insulin sensitivity,
despite a further increase of hepatic fatty acid (FA) uptake
and a panlobular increase of hepatic TG accumulation.  We
conclude that overexpression of APOC1 prevents rosiglita-
zone-induced peripheral FA uptake leading to severe hepatic
steatosis. Interestingly, despite rosiglitazone-induced hepatic
steatosis, hepatic insulin sensitivity improves dramatically. We

 

hypothesize that the different hepatic fat accumulation and/or
decrease in FA intermediates has a major effect on the insu-

 

lin sensitivity of the liver.

 

—Muurling, M., A. M. van den Hoek,

 

R. P. Mensink, H. Pijl, J. A. Romijn, L. M. Havekes, and P. J.
Voshol.
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The human apolipoprotein C1 (APOC1) gene is pre-
dominantly expressed in the liver and adipose tissue (1).

 

APOC1 is secreted as a 6.6 kDa protein in plasma, where it
resides on chylomicrons, VLDLs, and HDLs (2). To eluci-
date the role of APOC1 in lipid metabolism, we have pre-
viously generated transgenic mice overexpressing human
APOC1 (3). Overexpression of human APOC1 in these
mice is found predominantly in the liver and to a lesser
degree in the skin and adipose tissue (4). Homozygous
overexpressing APOC1 mice have strongly elevated levels
of plasma total cholesterol (TC) and triglyceride (TG)
due to the inhibitory action of APOC1 on VLDL uptake
via hepatic receptors, in particular the LDL receptor-related
protein (LRP) (3). In addition, homozygous APOC1 mice
exhibit elevated plasma free fatty acid (FFA) concentra-
tions (4). Another striking observation was the strong re-
duction in body weight and adipose tissue mass in these
APOC1-overexpressing mice on an 

 

obob

 

 background, due
to diminished net uptake of FFA into adipose tissue (5).

Thus, homozygous APOC1 overexpression in mice im-
pairs peripheral FFA metabolism and adipose tissue devel-
opment, and, as a consequence, APOC1 may be involved
in the pathophysiology of insulin resistance. However, these
homozygous APOC1 mice are an extreme model, because
subcutaneous fat is totally absent and, in addition, they ex-
hibit severe skin abnormalities, e.g., scaly skin and hair
loss (4). Therefore, to study the effect of APOC1 overex-
pression on tissue-specific insulin sensitivity in a less-extreme

 

model, we used mildly APOC1-overexpressing (heterozy-

 

gous) mice on an 

 

obob

 

 background (

 

obob

 

/APOC1

 

�

 

/

 

�

 

). In

 

obob

 

 mice, mild overexpression of human APOC1 results
in slightly reduced body weight. Concomitantly with in-
creased hepatic FFA uptake in 

 

obob

 

/APOC1

 

�

 

/

 

�

 

 mice, we
observed hepatic steatosis and severe hepatic insulin resis-
tance. In these mice, rosiglitazone treatment restored he-
patic insulin sensitivity, despite a further increase in he-
patic FFA uptake and increased steatosis. Rosiglitazone
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induced a different localization of the hepatic steatosis.
We hypothesize that the different hepatic fat accumula-
tion and/or decrease in fatty acid (FA) intermediates has
a major effect on the insulin sensitivity of the liver.

MATERIALS AND METHODS

 

Animals

 

Transgenic mice with high expression of human APOC1 in
the liver (line 11/1) were previously generated in our laboratory
(3, 4) and further bred on a C57BL/6J background. Heterozy-
gous 

 

ob

 

/OB mice on a C57BL/6J background, obtained from the
Jackson Laboratories, were intercrossed with heterozygous APOC1
transgenic mice (APOC1

 

�

 

/

 

�

 

) to obtain wild-type and APOC1

 

�

 

/

 

�

 

mice on an 

 

obob

 

 background (

 

obob

 

 and 

 

obob

 

/APOC1

 

�

 

/

 

�

 

, respec-
tively). Mice were genotyped by PCR procedure and housed in a
temperature-controlled room on a 12 h light/dark cycle with
free access to water and standard mouse/rat chow [7.2 wt/wt %
crude fat (corn oil), 24.4 wt/wt % crude protein, and 41.8% wt/wt
carbohydrates (corn starch)] diet. At age 3–4 months, mice were
housed individually. Body weight was measured weekly during
the study. The study was approved by the institution’s animal wel-
fare committee, following Dutch guidelines for using laboratory
animals.

 

Pair-feeding experiment

 

Three-month-old o

 

bob

 

 and 

 

obob

 

/APOC1

 

�

 

/

 

�

 

 mice were sub-
jected to a pair-feeding regime. During the pair-feeding period,
mice received 4.0 g of chow diet during the first 4 weeks, fol-
lowed by 4.5 g for 8 weeks. During the pair-feeding period, body
weight was measured weekly.

 

Plasma analysis

 

To measure plasma parameters, blood was taken from the
mice by tail bleeding after a 4 h fast. The blood was collected in
paraoxinized tubes (to prevent hydrolysis of TGs) (6) and kept
on ice. Subsequently, the samples were spun (13,000 rpm) at 4

 

�

 

C
for 3 min, and the separated plasma was immediately assayed for
TG, FFAs, ketone bodies, TC, and glucose. The remaining
plasma was frozen in liquid nitrogen and stored at 

 

�

 

20

 

�

 

C for
later measurement of insulin.

Levels of TG (corrected for free glycerol) and TC were deter-
mined by using commercially available enzymatic kits (#2336691,
Boehringer Mannheim GmbH, Mannheim, Germany; and GPO-
trinder kit 337-B, Sigma, St. Louis, MO). FFA was measured enzy-
maticaly with a NEFA-C kit (Wako Chemicals GmbH, Germany).
Ketone bodies were determined by measuring 

 

�

 

-hydroxybu-
tyrate, using a commercially available enzymatic kit (#310-A, Sigma
Diagnostics, Inc., St. Louis, MO). Plasma glucose was determined
by a commercially available kit (#315-500, Sigma Diagnostics,
Inc.). Insulin levels were measured by using a radioimmunoassay kit
(Sensitive Rat Insulin Assay, Linco Research Inc., St. Charles, MO).

 

Hyperinsulinemic clamp analysis

 

Whole-body insulin sensitivity was measured by hyperinsuline-
mic clamp analysis. During the clamp analysis, whole-body glu-
cose uptake and hepatic glucose production (HGP) were deter-
mined using [

 

3

 

H]

 

d

 

-glucose, (Amersham, Little Chalfont, UK).
The clamp experiments were performed as described earlier (7).
At the end of the hyperinsulinemic clamp analysis period (insu-
lin infusion of 7.0 mU/kg/min), a bolus (100 

 

�

 

l) of [

 

14

 

C]palmi-
tate (3 

 

�

 

Ci, Amersham) was given to measure tissue-specific up-
take of FA. One minute after administering the [

 

14

 

C]palmitate
bolus, blood was collected and the animal was sacrificed. Liver

 

and white adipose tissue (WAT) and reproductive (visceral) and
subcutaneous fat pads were rapidly collected, snap frozen in liq-
uid nitrogen, and kept at 

 

�

 

20

 

�

 

C for analysis. The collected
blood was used to measure plasma insulin, glucose, and FFA.

 

Calculations

 

Glucose uptake and HGP were calculated as described by
Voshol et al. (7). In short, under steady-state conditions, the rate
of glucose disappearance equals the rate of glucose appearance.
The latter was calculated as the ratio of the infusion rate of
[

 

3

 

H]glucose (dpm) to the steady-state plasma [

 

3

 

H]glucose-spe-
cific activity (dpm/

 

�

 

mol glucose). The HGP (

 

�

 

mol/kg/min)
was calculated as the difference between the rate of glucose dis-
appearance and the rate of glucose infusion. The whole-body in-
sulin sensitivity index was calculated as the ratio of the change in
whole-body glucose uptake to the change in plasma insulin levels
from basal to hyperinsulinemic conditions. The hepatic insulin
sensitivity index was calculated as the ratio of the suppression of
HGP during the hyperinsulinemic condition to the change in
plasma insulin levels.

 

Tissue homogenates

 

To determine the uptake of palmitate by the various tissues,
tissue samples (

 

�

 

250 mg) were homogenized in 1 ml demineral-
ized water (demi-water). Tissue protein was measured according
to the method of Lowry et al. (8), using BSA (Sigma, Deisen-
hofen, Germany) as standard. To determine the uptake of
[

 

14

 

C]palmitate in liver, muscle, and WAT, lipids were extracted
by a modification of the method of Bligh and Dyer (9). TLC
analyses revealed that 90% of the label was in the FFA fraction.
Uptake of palmitate was calculated as percent uptake by the tis-
sue of total administered 

 

14

 

C activity per gram tissue protein and
subsequently corrected for plasma FFA levels by multiplying the
uptake of palmitate by the plasma FFA levels measured during
the clamp experiment.

 

Tissue lipid content

 

Total TG and diacylglycerol (DAG) content was determined in
homogenates of liver, muscle, and WAT retrieved from the mice.
Lipids were extracted and separated by high-performance TLC
as described previously (10). Quantification of the amounts was
performed by scanning the plates and integrating the density ar-
eas using TINA

 

®

 

 version 2.09 software (Raytest, Straubenhardt,
Germany). To confirm hepatic steatosis, frozen sections (7 

 

�

 

m)
were made and hepatic morphology was visualized by Oil Red O
staining.

 

Rosiglitazone treatment

 

Obob

 

/APOC1

 

�

 

/

 

�

 

 littermates were divided into two groups that
were matched for body weight. One group received normal
chow, the other chow containing rosiglitazone maleate (Avandia;
SmithKline Beecham plc, Brentford, UK), achieving a daily dose
of 

 

�

 

3 mg/kg per mouse. During treatment, body weight was
measured every week.

Plasma levels of glucose, insulin, TG, TC, FFA, and ketone
bodies were measured after 5 weeks of treatment. Furthermore,
whole-body glucose uptake, HGP, and tissue-specific uptake of
FA were measured under hyperinsulinemic clamp conditions in
mice that were treated for 5 weeks. All analytical procedures
were performed as mentioned above.

 

Statistical analysis

 

For statistical analysis, SPSS version 11 was used. The Mann-
Whitney nonparametric test for two independent samples was
used to define differences between the groups of mice. The crite-
rion for significance was set at 

 

P

 

 

 

	

 

 0.05.
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RESULTS

 

Hyperlipidemia, severe hyperglycemia, and
hyperinsulinemia, but decreased body weight
in 

 

obob

 

/APOC1-overexpressing mice

 

Obob

 

/APOC1

 

�

 

/

 

�

 

 mice were hyperlipidemic (

 

Table 1

 

),
showing significantly increased plasma TG, TC, and FFA
levels, compared with their 

 

obob 

 

littermates. In addition,
plasma levels of glucose and insulin were significantly ele-
vated in 

 

obob

 

/APOC1

 

�

 

/

 

�

 

 mice, suggesting, indeed, alter-
ations in insulin sensitivity. As expected, rosiglitazone
treatment in 

 

obob

 

/APOC1

 

�

 

/

 

�

 

 mice resulted in signifi-
cantly decreased plasma TG levels. Rosiglitazone treat-
ment in 

 

obob

 

/APOC1

 

�

 

/

 

�

 

 mice showed a dramatic normal-
ization of the hyperglycemia, concomitant with decreased
plasma insulin levels, compared with untreated litter-
mates.

At 4 to 5 months of age, 

 

obob

 

/APOC1

 

�

 

/

 

�

 

 mice showed
significantly lower body weight and visceral adipose tissue
content compared with their 

 

obob 

 

littermates (

 

Table 2

 

).
No differences were observed in subcutaneous fat pad
weight between obob/APC1�/� mice and their obob litter-
mates. The difference in body weight between obob and
obob/APOC1�/� mice was not due to altered food intake,
because forced food restriction (daily intake of 4.5 g chow
per day for a period of 12 weeks) resulted in the same ab-
solute difference in body weight between obob and obob/
APOC1�/� mice (Fig. 1). Rosiglitazone treatment in obob/
APOC1�/� mice resulted in significantly increased body
weights (� 18.6 � 2.0 g, Table 2) in 5-month-old mice.

Severe whole-body and hepatic insulin resistance
in obob/APOC1�/� mice

To investigate whether the severe hyperglycemia and
hyperinsulinemia were due to insulin resistance, a hyper-
insulinemic clamp analysis was performed. Table 3 shows
plasma glucose, insulin, and FA levels determined at the end
of the clamp period. Plasma glucose and insulin levels were
not different between obob/APOC1�/� and obob mice dur-
ing the clamp period. Rosiglitazone-treated obob/APOC1�/�

mice showed significantly lower plasma glucose and insu-
lin levels during the clamp period compared with un-
treated obob/APOC1�/� and obob control mice (Table 3).
Plasma FFA concentration remained increased in un-
treated and rosiglitazone-treated obob/APOC1�/� mice

compared with obob littermates. Obob/APOC1�/� mice
showed severe whole-body insulin resistance, as indicated
by the insulin sensitivity index (Fig. 2A), compared with
obob littermates. The results of wild-type mice shown are
given to confirm that obob and obob/APOC1�/� mice are
insulin resistant in our hands using a similar insulin infu-
sion protocol. Whole-body glucose uptake did not in-
crease during hyperinsulinemia in obob/APOC1�/� mice
compared with a 30% increase in obob littermates. Further-
more, obob/APOC1�/� mice showed complete hepatic in-
sulin resistance, because there was no suppression of the
HGP during the clamp conditions (Fig. 2B). The insulin-
sensitizer rosiglitazone improved both whole-body (Fig.
2A) as well as hepatic insulin sensitivity (Fig. 2B) in obob/
APOC1�/� mice, compared with untreated littermates.

Increased hepatic FA uptake and hepatic lipid content in 
obob/APOC1�/� mice

To obtain more insight into a possible cause of the se-
vere hepatic insulin resistance in obob/APOC1�/� mice,
we measured hepatic FA uptake during the hyperinsuline-
mic clamp and determined hepatic TG content (Fig. 3).
Obob/APOC1�/� mice showed a 3-fold increased hepatic
FA uptake (Fig. 3A) compared with obob controls. This in-
creased hepatic FA flux in obob/APOC1�/� mice was asso-
ciated with an increased hepatic TG accumulation (Fig.

TABLE 1. Plasma levels of TG, TC, FFA, glucose, and insulin 
of obob mice, untreated obob/APOC1�/� mice, and ROSI-treated 

obob/APOC1�/� mice

obob obob/APOC1 obob/APOC1 � ROSI

TG (mM) 0.28 � 0.11 7.6 � 2.6a 3.1 � 2.0b

TC (mM) 4.1 � 1.0 9.6 � 2.9a 10.7 � 2.5
FFA (mM) 0.85 � 0.13 1.4 � 0.2a 1.1 � 0.1
Glucose (mM) 10.2 � 2.8 17.6 � 5.4a 8.4 � 1.0b

Insulin (ng/ml) 19.9 � 5.7 29.6 � 14.9a 5.8 � 0.3b

TG, triglyceride; TC, total cholesterol; FFA, free fatty acid; ROSI,
rosiglitazone. Values represent mean � SD.

a P 	 0.05 obob/APOC1 mice versus obob mice.
b P 	 0.05 obob/APOC1 mice versus obob/APOC1 � ROSI mice.

TABLE 2. Body weight and subcutaneous and visceral adipose tissue 
content of obob mice, untreated obob/APOC1�/� mice, and

ROSI-treated obob/APOC1�/� mice

obob obob/APOC1
obob/APOC1 �

ROSI

Body weight (g) 61.6 � 6.0 46.0 � 5.4a 64.6 � 5.5b

Subcutaneous adipose tissue
content(% of body weight) 11.3 � 1.8 11.6 � 0.9 ND

Visceral adipose tissue
content (% of body weight) 12.0 � 3.9 8.6 � 0.9a ND

ND, not determined. Values represent mean � SD.
a P 	 0.05 obob/APOC1 mice versus obob mice.
b P 	 0.05 obob/APOC1 � ROSI mice versus obob/APOC1 mice.

Fig. 1. Body weights of obob and obob/APOC1�/� mice during
pair feeding. Both obob and obob/APOC1�/� mice received equal
amounts of food for 12 weeks.
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3B), compared with obob littermates. DAG levels were also
significantly increased in obob/APOC1�/� mice compared
with obob controls (0.7 � 0.1 �g/mg cell protein vs. 0.5 �
0.1 �g/mg cell protein, respectively; P 	 0.05). Surpris-
ingly, although rosiglitazone treatment increased hepatic
insulin sensitivity in obob/APOC1�/� mice, hepatic FA up-
take and hepatic TG content were significantly increased,
compared with untreated littermates. Hepatic DAG con-
tent did not significantly decrease with rosiglitazone treat-
ment in obob/APOC1�/� mice (0.9 � 0.3 �g/mg cell pro-

tein vs. 0.7 � 0.1 �g/mg cell protein). In addition, we
found that plasma ketone bodies were significantly in-
creased in obob/APOC1�/� mice receiving rosiglitazone
treatment (0.65 � 0.17 vs. 0.39 � 0.16 mM, respectively;
P 	 0.05), compared with untreated littermates, concomi-
tant with the increased hepatic FA flux.

DISCUSSION

FFA and TG are involved in the pathophysiology of in-
sulin resistance in nonadipose tissues. Overexpression of
human APOC1 considerably affects whole-body FA and
TG metabolism and adipose tissue formation. Strong
APOC1 overexpression, as in homozygous APOC1 mice,

Fig. 2. Insulin sensitivity index. Whole-body insulin sensitivity in-
dex (A) and hepatic insulin sensitivity index (B) of overnight-fasted
obob mice, untreated obob/APOC1�/� mice, and rosiglitazone
(ROSI)-treated obob/APOC1�/� mice. Values represent mean �
SD. * P 	 0.05 obob mice versus obob/APOC1 mice; # P 	 0.05 obob/
APOC1 mice versus obob/APOC1 � ROSI mice using the Mann-
Whitney nonparametric test for two independent samples. Due to
this severe whole-body and hepatic insulin resistance in the obob/
APOC1�/� mice, no exogenous glucose infusion was needed; in
comparison, glucose infusion rates in obob littermates were 32.1 �
13.4 �mol/kg/min versus 66.1 � 11.5 �mol/kg/min in ROSI-
treated obob/APOC1�/� mice, P 	 0.05.

Fig. 3. Hepatic uptake of fatty acid (FA) and triglyceride (TG) con-
tent. A: Mice were fasted overnight, and tissue-specific 14C-labeled
palmitate was measured under hyperinsulinemic conditions after a
4-week period during which obob/APOC1�/� mice were treated
with ROSI. Data are means � SD for n 
 4 mice per group. * P 	
0.05 obob versus obob/APOC1; # P 	 0.05 obob/APOC1 versus obob/
APOC1 � ROSI, using the Mann-Whitney nonparametric test for
two independent samples. B: TG content was determined after a
10-week period during which obob/APOC1�/� mice were treated
with ROSI. Data are means � SD for n 
 5 per group. * P 	 0.05
obob versus obob/APOC1�/�; # P 	 0.05 obob/APOC1 versus obob/
APOC1 � ROSI, using the Mann-Whitney nonparametric test for
two independent samples.

TABLE 3. Plasma insulin, glucose, and FFA levels measured at the 
end of the clamp period

obob obob/APOC1

Chow Chow ROSI

Insulin (ng/ml) 41.8 � 10.7 35.7 � 4.2 17.5 � 3.5b

Glucose (mM) 9.0 � 2.6 17.7 � 1.9a 9.6 � 1.4b

FFA (mM) 0.78 � 0.24 2.0 � 1.1a 2.2 � 0.16a

Values represent mean � SD.
a P 	 0.05 obob/APOC1 mice versus obob mice.
b P 	 0.05 ROSI versus chow.
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however, is an extreme model with complete loss of subcu-
taneous adipose tissue mass and severe skin complica-
tions. Thus, to study the effect of APOC1 on the patho-
physiology of insulin resistance under more physiological
circumstances, we studied the effects of mild, (heterozy-
gous) overexpression of human APOC1 in obob mice
(obob/APOC1�/� mice).

Compared with obob mice, obob/APOC1�/� mice show
strongly elevated levels of plasma TG, cholesterol, and
FFA. These observations are in line with those reported
previously for homozygous APOC1-overexpressing mice
on an obob background (5). The observed hypertriglyceri-
demia can be explained by APOC1-mediated inhibition of
the uptake of TG-rich particles by the liver via the LDL
and LRP receptors (3). In addition, Jong et al. (3) have
postulated that strong APOC1 overexpression completely
blocks binding of VLDL particles to the VLDL receptor,
which is thought to function as a docking protein for effi-
cient TG-rich lipoprotein lipolysis (11) and subsequent
delivery of FFA to underlying tissue, such as adipose tis-
sue, thus leading to less adipose tissue mass. The molecu-
lar mechanisms underlying the impaired FFA uptake in
APOC1-overexpressing mice remains unknown at the
present time. In addition to the VLDL receptor, the action
of FA transporters (such as CD36 and FATP) may also be
affected by APOC1. Our data indicate that APOC1 is not
likely to inhibit FFA tissue uptake through interference
with the FA transporter CD36. Recent studies with CD36
knockout mice showed reduced uptake of FA in heart,
skeletal muscle, and adipose tissue, whereas APOC1 ap-
pears to inhibit FA uptake in WAT only (5). In addition, it
is possible that APOC1, either bound to VLDL or present
in a free form in plasma, is able to bind FAs, thereby pre-
venting rapid uptake by peripheral tissues.

In the current study, we show that mild overexpression
of APOC1 (obob/APOC1�/� mice) leads to mildly re-
duced body weights compared with their obob littermates,
which is also in line with our previous study (5). In accor-
dance with this previous study, the lower body weight ob-
served in obob/APOC1�/� mice was due mainly to re-
duced fat pad weight. To exclude a possible interfering
role of food intake in body weight control in these obob/
APOC1�/� mice, we applied feeding restrictions to our
obob/APOC1�/� mice and their obob littermates (4.5 g of
chow diet per day). During the 12 weeks of feeding restric-
tions, the absolute body weight differences between the
two genotypes remained unchanged, indicating that hu-
man APOC1 overexpression has direct effects on adipose
tissue formation, independent of food intake, most proba-
bly by blocking the VLDL receptor. This hypothesis is sus-
tained by two previous studies: i) Goudriaan et al. (12)
showed less adipose tissue formation with high-fat feeding
in VLDL receptor-deficient mice, resulting in decreased
body weight compared with wild-type mice; and ii) net
FFA uptake in adipose tissue was decreased in APOC1-
overexpressing mice (5).

Interestingly, obob/APOC1�/� mice revealed severe hyper-
glycemia concomitant with hyperinsulinemia, two pheno-
typic features of severe insulin resistance and type 2 diabetes

mellitus. Hyperinsulinemic clamp studies using [3H]glu-
cose as a tracer showed indeed severe whole-body and he-
patic insulin resistance in obob/APOC1�/� mice compared
with obob controls. After an overnight fast, HGP was �45%
increased in obob/APOC1�/� mice, compared with their
obob littermates. Thus, both the increased HGP and the in-
ability of insulin to suppress this HGP, in combination
with the whole-body insulin resistance, fully explain the
observed severe hyperglycemia in the obob/APOC1�/�

mice. Several studies have shown that HGP is the main
regulator of plasma glucose concentrations during fasting
(13–15). We can only speculate on a possible mechanism
underlying the link between decreased peripheral FA up-
take and whole-body insulin resistance. The mild overex-
pression of APOC1 may have effects only on adipose tissue
FA uptake (4 � 2% doses vs. 8 � 3% doses, in obob/
APOC1�/� mice and obob litttermates, respectively), which
seems to be confirmed by the observation that only vis-
ceral fat pad weight was decreased in obob/APOC1�/�

mice. In fact, muscle FA uptake might not be decreased at
all in these mildly overexpressing obob/APOC1�/� mice.

Several studies using different animal models have
shown an association between hepatic insulin resistance
and increased hepatic FA uptake and hepatic steatosis
(16–18). Previously, we showed that APOC1 overexpres-
sion was associated with increased plasma albumin-bound
FAs and diminished adipose tissue FA uptake (5). Interest-
ingly, in the current study, we show that this reduction in
adipose tissue FFA uptake leads to a significantly higher
FFA flux to the liver in obob/APOC1�/� mice, leading to
hepatic TG storage. This observation is in line with our
previous finding that albumin-bound FFA is the main
source of FAs for hepatic TG storage (19).

Rosiglitazone, a peroxisome proliferator-activated re-
ceptor-� (PPAR�) agonist identified as being an insulin
sensitizer (20), indeed strongly reduced plasma glucose
levels to normoglycemic levels in obob/APOC1�/� mice.
Furthermore, as shown in other studies using different an-
imal models (21–23), plasma insulin and TG levels de-
creased upon rosiglitazone treatment in obob/APOC1�/�

mice (22, 23). Because rosiglitazone treatment has been
shown to lower hepatic TG content and increase insulin
sensitivity (21), we examined whether rosiglitazone treat-
ment could affect these parameters in obob/APOC1�/�

mice. Despite the increased body weight in rosiglitazone-
treated obob/APOC1�/� mice, whole-body insulin sensitiv-
ity was profoundly enhanced by rosiglitazone. Furthermore,
basal HGP was reduced by �50% in rosiglitazone-treated
obob/APOC1�/� mice versus their untreated littermates,
concomitant with the decreased plasma glucose levels in
rosiglitazone-treated obob/APOC1�/� mice. In addition to
the reduction in basal HGP, rosiglitazone also enhanced
the hepatic insulin sensitivity in obob/APOC1�/� mice. In-
sulin was able to suppress the HGP in obob/APOC1�/�

mice up to 75%, whereas untreated mice showed no sup-
pression. This improvement in whole-body and liver insu-
lin sensitivity in rosiglitazone-treated obob/APOC1�/� mice
is in line with earlier observations made by others (20,
23, 24).
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Surprisingly, rosiglitazone treatment in obob/APOC1�/�

mice led to a further increase in hepatic TG storage. Be-
cause peripheral FA uptake is still impaired due to APOC1
overexpression in rosiglitazone-treated animals, an in-
creased FA flux to the liver was seen in rosiglitazone-
treated obob/APOC1�/� mice. The rosiglitazone-induced
increase in TG content was associated with a widespread,
periportal to perivenous, lipid accumulation within the
liver (Fig. 4). Paradoxically, this increased steatosis was ac-
companied by increased hepatic insulin sensitivity, re-
flected by the ability of insulin to suppress HGP during
the hyperinsulinemic clamp analysis. These data may im-
ply that the rosiglitazone-induced altered hepatic zona-
tion of TG accumulation is not associated with insulin re-
sistance. In fact, rosiglitazone induces FA utilization, both
esterification and oxidation (25), probably leading to a re-
duction in metabolically active FA/TG intermediates (26).

Interestingly, we observed no significant decrease in he-
patic DAG content in rosiglitazone-treated obob/APOC1�/�

mice, compared with untreated animals. These data lead
us to hypothesize that decreased levels of fatty acylCoAs or
ceramides probably underlie the increased hepatic insulin
sensitivity in rosiglitazone-treated obob/APOC1�/� mice.

The increase in hepatic TG content seems not to be in
concordance with observations made by others in wild-
type mice (23, 27). However, in line with our observations,
it has been shown that rosiglitazone treatment in murine
models with liver steatosis leads to further increase of the
hepatic TG content (27, 28). Compared with wild-type
mice, A-ZIP/F-1 mice have markedly increased hepatic
PPAR-� mRNA levels, which increased even further upon
rosiglitazone treatment (27). Furthermore, rosiglitazone
treatment increased the TG content of the steatotic livers
of A-ZIP/F-1 mice (27). In addition, Memon et al. (29)
showed that rosiglitazone treatment leads to increased ex-
pression of adipose tissue-specific genes such as aP2 and
FAT/CD36 in the liver. These effects of rosiglitazone in
mouse models with steatotic livers indicate that rosiglita-
zone treatment elicits PPAR-� effects, which result in exac-
erbated hepatic steatosis. Whether this increase in TG
content is caused by increased lipogenesis and/or lipid
uptake is not clear for A-ZIP/F1 mice (27). We showed in
our study that hepatic FFA uptake is increased in rosiglita-
zone-treated obob/APOC1�/� mice. Because rosiglitazone
treatment in A-ZIP/F1 mice did not result in increased ex-
pression of sterol-regulatory element binding protein-1c
and FAS (27), it is unlikely that lipogenesis is increased upon
rosiglitazone treatment. Thus, the observed increase in he-
patic TG content in rosiglitazone-treated obob/APOC1�/�

mice is very likely due to increased FFA uptake. This is sus-
tained by observations by Chao et al. (27) and Memon et
al. (29) showing that rosiglitazone increases gene expres-
sion of aP2 and FAT/CD36, which are involved in hepatic
FFA uptake.

We observed effects on insulin sensitivity in obob/
APOC1�/� mice receiving rosiglitazone treatment, in con-
trast with rosiglitazone treatment in A-ZIP/F1 mice (27).
The absence of effects on insulin sensitivity in A-ZIP/F1
mice might be caused by the total absence of adipose tis-
sue. Obob/APOC1�/� mice have adipose tissue, although
visceral adipose tissue mass was diminished as compared
with their obob littermates. In this, obob/APOC1�/� mice
share similarities with aP2/DTA mice, which have strongly
reduced WAT. Troglitazone treatment in aP2/DTA mice
results in improved insulin sensitivity (30). Therefore,
Burant et al. (30) concluded that troglitazone action is in-
dependent of adipose tissue. The discrepancy in the effect
of troglitazone on A-ZIP/F1 and aP2/DTA mice is caused
by the small amount of adipose tissue that is present in
aP2/DTA mice. This small amount of adipose tissue is ap-
parently enough to elicit the effects of troglitazone. This
line of reasoning explains the positive effect of rosiglita-
zone treatment on insulin sensitivity in obob/APOC1�/�

mice. We cannot exclude that alterations in adipocyte-
derived cytokines (adiponectin, resistin, leptin) might
play an important role in the rosiglitazone-induced im-

Fig. 4. Lipid Oil Red O staining in livers obtained from obob mice
(upper panel), untreated obob/APOC1�/� mice (middle panel),
and ROSI-treated obob/APOC1�/� (bottom panel) mice. P, peri-
portal zone; V, perivenous zone.
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provement of hepatic insulin sensitivity despite increased
hepatic steatosis in obob/APOC1�/� mice. Plasma adiponec-
tin levels are positively correlated with hepatic insulin sen-
sitivity, and rosiglitazone treatment in known to increase
plasma adiponectine levels (31, 32). However, recently
Voshol et al. (33) showed improved hepatic insulin sensi-
tivity even with decreased plasma adiponectin levels in
hormone-sensitive lipase knockout mice.

In summary, we showed that human APOC1 overex-
pression in mice decreases FA flux to adipose tissue and
leads to increased FA flux to the liver. This increase in
liver FA flux correlates with hepatic steatosis accompanied
by severe hepatic insulin resistance in the human APOC1-
overexpressing mice. Interestingly, rosiglitazone, although
improving hepatic insulin sensitivity, increased FA flux to-
ward the liver, concomitant with increased hepatic steato-
sis. Because rosiglitazone induced a different localization
of the hepatic steatosis, we hypothesize that the different
hepatic fat accumulation and/or decrease in FA interme-
diates has a major effect on the insulin sensitivity of the
liver.

The authors are grateful to Erik Offermans for his excellent
technical contribution to the hepatic histology. The research
described in this paper was supported by the Netherlands Or-
ganization for Scientific Research (NWO) project 980-10-006.
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