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Fatty acid transport protein 1 (FATP1), a member of the FATP/Slc27 protein family, enhances the cellular
uptake of long-chain fatty acids (LCFAs) and is expressed in several insulin-sensitive tissues. In adipocytes and
skeletal muscle, FATP1 translocates from an intracellular compartment to the plasma membrane in response
to insulin. Here we show that insulin-stimulated fatty acid uptake is completely abolished in FATP1-null
adipocytes and greatly reduced in skeletal muscle of FATP1-knockout animals while basal LCFA uptake by
both tissues was unaffected. Moreover, loss of FATP1 function altered regulation of postprandial serum LCFA,
causing a redistribution of lipids from adipocyte tissue and muscle to the liver, and led to a complete protection
from diet-induced obesity and insulin desensitization. This is the first in vivo evidence that insulin can regulate
the uptake of LCFA by tissues via FATP1 activation and that FATPs determine the tissue distribution of
dietary lipids. The strong protection against diet-induced obesity and insulin desensitization observed in
FATP1-null animals suggests FATP1 as a novel antidiabetic target.

The metabolic syndrome (syndrome X), characterized by
obesity, hyperglycemia, hyperinsulinemia, hypertension, and
dyslipidemia, is a major cause of death worldwide, and insulin
resistance is a hallmark of these disorders (40). The mecha-
nism by which insulin resistance occurs is unknown but is likely
to be related to alterations in lipid and fatty acid metabolism
(6). Chronic elevation of plasma free fatty acid levels is com-
monly associated with impaired insulin-mediated glucose up-
take (46), obesity, and type 2 diabetes (36). While long-chain
fatty acids (LCFAs) can signal through G-protein-coupled re-
ceptors on the plasma membrane of certain cell types (47),
they typically must first cross the plasma membrane and enter
the cell to elicit their effects. If, and how, insulin can acutely
regulate this process in adipose, muscle, and cardiac tissues is
poorly understood.

Uptake of unesterified LCFAs into mammalian cells occurs
through both a passive flip-flop and a saturable, protein-medi-
ated mechanism. At physiological serum-to-albumin ratios, the
concentration of unbound fatty acids is low (7.5 nM) (37), and
over 90% of the LCFA uptake into tissues, such as adipocytes,
occurs via the saturable pathway (52). Besides adipose tissue,
other organs such as the intestine (19, 51), liver (49), and heart
(42, 50) express a saturable and specific LCFA transport sys-
tem (3). Several membrane proteins that increase the uptake
of LCFAs when overexpressed in cultured mammalian cells
have been identified. The most prominent and best character-
ized of these are FAT/CD36 (10), long-chain fatty acyl coen-
zyme A (acyl-CoA) synthetases (9, 39), and fatty acid transport
proteins (FATPs; solute carrier family 27). Six FATP genes are

found in human and mouse genomes (FATP1 through -6,
Slc271 to -6) (43). FATP1 was the first family member identi-
fied (39) and is thus far the best studied. Human and murine
FATP1 is a 71-kDa transmembrane protein and is the major
FATP in adipose tissue (39). It is also found in skeletal muscle
and to a lesser extent in heart tissue (5, 24, 39). FATP1 displays
acyl-CoA activity (12), but it remains unclear if this enzymatic
activity is required to drive fatty acid uptake (58).

Insulin’s actions on glucose uptake have been the subject of
intense research over several decades that has demonstrated
that it predominantly decreases glucose concentrations by a
dual mechanism, i.e., suppressing hepatic glucose release and
increasing glucose uptake through the translocation of the
insulin-sensitive glucose transporter GLUT4 (53). While insu-
lin also suppresses the release of fatty acids into the circulation
by inhibiting hormone-sensitive lipase in adipocytes, little is
known about whether it also increases protein-mediated up-
take. We have previously shown that, in adipocytes, insulin
induces translocation of FATP1 from an intracellular perinu-
clear compartment, where it colocalizes with the insulin-sensi-
tive glucose transporter GLUT4 to the plasma membrane (44).
In contrast, neither the highly related FATP4 (61% se-
quence identity) nor CD36 showed a similar dynamic local-
ization in the same cells (44). Insulin-induced FATP1 trans-
location coincides with increased LCFA uptake in fat (44),
suggesting that hormonal regulation of FATP1 activity may
play an important role in energy homeostasis. However,
insulin affects fatty acid metabolism on several levels, in-
cluding lipolysis and �-oxidation, and it remained unclear
how much of the insulin-induced increase in LCFA uptake
is due to enhanced transport versus changes in subsequent
intracellular events. To address these questions, we have
generated FATP1-null mice (28). Initial characterization of
these mice focused primarily on alterations in insulin sen-
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sitivity in skeletal muscle using hyperinsulinemic-euglycemic
clamp studies following lipid injections or short-term high-
fat challenges (28). Importantly, these studies showed that
loss of FATP1 led to reduced skeletal muscle lipid accumu-
lation and improved insulin sensitivity after lipid challenges,
highlighting the importance of excessive intramuscular tri-
glyceride (TG) in the etiology of type 2 diabetes (28). How-
ever, the contribution of FATP1 to basal and insulin-stim-
ulated LCFA uptake as well as its role in the development of
chronic high-fat-induced obesity/insulin resistance remained
unresolved. Here we used FATP1-knockout (KO) mice to
study insulin-mediated LCFA uptake and to demonstrate
that the dynamic regulation of fatty acid uptake by periph-
eral tissues depends on an insulin-sensitive FATP1 compart-
ment. Loss of this mechanism results in a redistribution of
postprandial lipids from adipocytes and muscle to the liver,
resulting in protection from chronic high-fat diet-induced
insulin desensitization.

MATERIALS AND METHODS

Antibodies and reagents. BODIPY (4,4-difluoro-3a,4a-diaza-s-indacene) fatty
acid (C1-BODIPY-C12) was obtained from Molecular Probes, and [14C]oleic acid
and 2-deoxy-D-[1-3H]glucose (2-DG) were purchased from American Radiola-
beled Chemicals. NSC119889 and NSC154020 were from Calbiochem (San Di-
ego, CA). Wortmannin, U0126, PP2, and Go 6850 were from Tocris Bioscience
(Ellisville, MO). Polyclonal antisera against the C termini of FATP1 to -6 were
raised as described previously (44), mouse monoclonal anti-Glut4 and anti-
caveolin 3 were purchased from BD Pharmingen, and the mouse monoclonal
anti-CD36/FAT antibody was a gracious gift from Maria Febbraio.

Skeletal muscle fractionation. One gram of insulin-treated and untreated
flash-frozen soleus tissue was thawed in 30 ml of ice-cold sucrose buffer (250 mM
sucrose, 20 mM HEPES-Tris, 1 mM EDTA, 100 �M phenylmethylsulfonyl flu-
oride, pH 7.4), minced with scissors, and homogenized with a Polytron device
(setting 3; 30 s). This homogenate was filtered through two layers of cheesecloth
to remove residual connective tissue and centrifuged (3,000 � g for 10 min at
4°C). The pellet was saved for preparation of the plasma membrane-enriched
fraction. The resulting pellet was washed twice, resuspended in 10 mM Tris-HCl
(ratio of 30 ml to 1 g [wt/vol] of the original skeletal muscle), and homogenized
using a Teflon pestle. The suspension was transferred to a glass beaker, a 9- by
25-mm-diameter Teflon-coated magnet was added to the beaker, and the beaker
was covered with Parafilm and stored at 4°C for 16 h. Thereafter, 50 mM lithium
bromide (LiBr; 200 �l/10 ml of the suspension) was added to the beaker and
magnetically stirred (setting 3; 2.5 h) to extract all contractile elements. The
LiBr-treated suspension was transferred to a centrifuge tube, diluted in 20 ml of
10 mM Tris-HCl, and centrifuged (10,000 � g for 10 min at 4°C). The pellet was
resuspended in 10 ml of the 10 mM Tris-HCl and centrifuged (6,000 � g for 10
min at 4°C). The pellet obtained was resuspended in 25% potassium bromide
(KBr; 15 ml per 1 g [wt/vol] of muscle), followed by centrifugation (10,000 � g
for 30 min at 4°C). The KBr-treated pellet was washed once with 250 mM sucrose
buffer and was recentrifuged (17,000 � g for 20 min at 4°C) to obtain the final
plasma membrane-enriched pellet. This pellet was resuspended in 500 �l of
sucrose buffer and fractionated by a continuous Percoll gradient procedure (7).
In the resulting Percoll-free fractionated samples, the protein content was de-
termined by the bicinchoninic acid method, and 10 �g of each fraction was
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and iden-
tified by Western blotting. Western blot signals were quantified by densitometry.

Subcellular localization of FATP1 in skeletal muscle. Soleus muscle from
overnight fasted mice was dissected 30 min after intraperitoneal injection of
saline or 0.75 U insulin per kg of body weight. Muscle strips were fixed in 2%
paraformaldehyde, thick sectioned (15 �m to 40 �m), and stained with antibod-
ies as previously described for FATP4 (45). Sections were examined with a Zeiss
LSM10 confocal microscope. Three-dimensional reconstructions of confocal im-
age stacks were performed using Volocity (Improvision, England).

Cell culture and [14C]oleate uptake assay. 3T3-L1 fibroblasts (ATCC) were
grown in Dulbecco modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin (DMEM-FBS). Differenti-
ated cells were prepared as described previously. In short, 3T3-L1 fibroblasts
were grown 2 days after confluence in DMEM-FBS and then for 2 days in

DMEM-FBS supplemented with 0.83 �M insulin, 0.25 �M dexamethasone, and
0.25 mM isobutylmethylxanthine. The medium was then changed to DMEM-
FBS supplemented with 0.83 �M insulin for 2 days only, and then cells were
maintained in DMEM-FBS alone for a further 3 to 5 days. Differentiated cells (at
least 90% of cells showed lipid droplets) were used on day 8 after initiation of
differentiation.

3T3-L1 adipocytes were detached with trypsin-EDTA and seeded onto a
24-well plate at �10,000 cells/well in 500 �l of DMEM-FBS the day before assay.
After 4 h of preincubation with deprivation of serum, cells were treated with
inhibitors (2� 50% inhibitory concentration [IC50]) and insulin (100 nM) (30
min each at 37°C). Then each well was replaced with 200 �l fatty acid uptake
solution (50 �M [14C]oleate in Hanks’ balanced salt solution [HBS] with 0.1%
fatty-acid-free bovine serum albumin [BSA]) for 5 min followed by washing with
cold HBS. The cells were lysed in 250 �l radioimmunoprecipitation assay buffer
and 75 �l supernatant of lysate used for scintillation count, and counts per
minute were normalized by protein concentration of each lysate.

Preparation of primary cells. Primary adipocytes were prepared from epidid-
ymal fat pads as previously described (44), and hepatocytes were isolated by a
dual perfusion method (48). Mouse ventricular cardiomyocytes were prepared
essentially as described previously (8). Mice were subjected to overnight fasting
so as to lower systemic insulin levels. The isolated cells were allowed to recover
for �2 h at room temperature in Krebs-Henseleit bicarbonate medium supple-
mented with 1.0 mmol/liter CaCl2 and 2% (wt/vol) BSA and equilibrated with
95% O2 and 5% CO2 at 37°C. Only when �80% of the cells had a rod-shaped
appearance and excluded trypan blue were they used for subsequent fatty acid
uptake studies.

Fluorescent fatty acid and [14C]oleic acid uptake assay. Fluorescence-acti-
vated cell sorter-based short-term (1-min) fatty acid uptake assays with primary
adipocytes, hepatocytes, and cardiomyocytes were performed as previously de-
scribed (23, 38, 41). Long-chain fatty acid uptake assays with soleus muscle were
performed by incubating muscle strips in RPMI with 50 nM insulin for 30 min or
without. Each muscle strip was then dipped into HBS containing 0.2% fatty-
acid-free BSA, 50 �M [14C]oleic acid (BSA, 55 mCi/mmol) for 1 min. After a
thorough washing with ice-cold 0.2% BSA solution, muscle strips were homog-
enized and radioactivity in supernatants was determined by �-scintillation count-
ing and normalized to protein amount.

Deoxyglucose uptake. A 2-DG uptake assay with soleus muscle was done
simultaneously with fatty acid uptake by adding 2-deoxy-D-[1-3H]glucose to a
final concentration of 0.1 mmol/liter to the uptake mixture.

Diet studies. FATP1-null mice were generated as previously described (28).
For diet studies, 8-week-old male mice housed separately were fed ad libitum a
high-fat diet containing 60% fat (D12492; Research Diets, NJ) or a low-fat diet
(D12450) containing 10% fat. Weight was measured weekly, and food intake was
measured twice a week. Glucose concentrations were monitored with a glucometer
(Bayer, NY) using whole blood collected from transversely sectioned tails. Stan-
dard glucose tolerance tests (1) were performed in which mice fasted for 10 h
before receiving an intraperitoneal injection of 2 mg of glucose per kg of body
weight in unanesthetized mice following a 12-hour fast. Circulating glucose levels
were then measured at indicated time points. Insulin tolerance tests were per-
formed similarly by injecting 0.75 U insulin per kg body weight.

Lipid gavage. Mice were given an intragastric 200-�l olive oil bolus containing
2 �Ci [14C]oleic acid. Before (t � 0) and at 30, 60, 120, and 240 min after
administration, blood samples (75 �l) were taken by orbital eye bleeding and
tissues were harvested after the last time point. 14C content was measured by
scintillation counting and normalized to mg protein content for tissues or �l
volume for serum.

Serum analysis. Serum free fatty acids and triglyceride concentrations were
measured with colorimetric assays (Wako Chemicals, VA). Levels of plasma
glucose were determined enzymatically using a commercially available kit
(Thermo Electron, Australia). Plasma insulin levels were determined by enzyme-
linked immunoassay using a mouse insulin kit (Alpco Diagnostics, NH). Fasting
plasma leptin, adiponectin, and resistin levels were measured by enzyme-linked
immunosorbent assay (Linco Research, MO).

Lipoprotein separation by FPLC. One hundred fifty microliters serum from
each animal in the feeding study (five male animals per group) was pooled
according to diet and genotype and centrifuged twice at full speed. Total cho-
lesterol was determined as for serum samples. Two hundred microliters of each
serum pool was then applied to a fast protein liquid chromatograph (FPLC)
(Pharmacia, Sweden), separated on a Superose 6 column (HR 16), and eluted
with (wt/vol) 0.9% NaCl, 0.01% Tris, 0.01% EDTA, 0.02% sodium azide, pH 7.6.
Up to 40 2-ml fractions were collected for each sample and assayed for protein
(A280) and cholesterol. Cholesterol concentrations were plotted versus fraction
number. Peaks were automatically identified, integrated, and expressed as per-
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centage of total signal. Absolute cholesterol amounts for very low density li-
poprotein (VLDL), low-density lipoprotein (LDL), and high-density lipoprotein
were calculated by multiplying the total plasma cholesterol value by the volume
percentage of these specific fractions.

Tissue triglyceride analysis. Liver and skeletal muscle samples were powdered
in liquid nitrogen, and total lipids were extracted by the Folch method (16). Total
triglycerides were assayed using a colorimetric kit (Thermo Electron, Australia).

Fatty acid oxidation in liver slices. Liver slices (0.5 mm thick) were prepared
using a McIlwain tissue slicer and placed in 25-ml Erlenmeyer center-well flasks
with 2 ml Krebs-Ringer phosphate buffer. [14C]oleic acid bound to fatty-acid-free
BSA in Krebs-Ringer phosphate buffer was added to a final concentration of 0.5
mM and 0.15 mM, respectively, and equilibrated for 30 s with a humidified
95%/5% O2/CO2 gas mix. Flasks were then capped with a rubber stopper con-
taining a centered well enclosing a loosely folded filter paper moistened with 0.2
ml of 1 N NaOH solution. After incubation for 4 h at 37°C, the reaction was
stopped by injecting 0.2 ml of H2SO4 (1 M), and the radioactivity trapped in the
filter paper was determined by scintillation counting.

Real-time PCR. Primers and a TaqMan 6-carboxyfluorescein probe for selected
genes were designed using Primer Express software (Applied Biosystems, CA).
Pooled total liver RNA samples of the FATP1�/� and littermate wild-type mice,
either on a regular diet or on a high-fat diet, were prepared using an RNeasy Mini
Kit (QIAGEN, CA). One microgram of total RNA was reverse transcribed in a total
volume of 20 �l using the GeneAmp RNA PCR kit (Applied Biosystems) following
the manufacturer’s instructions. Quantitative real-time reverse transcription-PCRs
were performed using the ABI Prism 7700 sequence detection system (Applied
Biosystems) using the TaqMan Universal PCR Master Mix (Applied Biosystems)
and the universal thermal cycling parameters (2 min at 50°C and 10 min at 95°C,
followed by 40 cycles of 15 s at 95°C and 1 min at 60°C). Arbitrary units of target
mRNA were corrected by measuring the levels of glyceraldehyde-3-phosphate de-
hydrogenase mRNA in the paralleled PCR.

The nucleotide sequences of primers and probes are shown in Table 1.

RESULTS

Insulin induces LCFA uptake and FATP1 translocation. To
test whether insulin-triggered LCFA uptake by a variety of
tissues coincides with the expression of any particular FATP,
we compared FATP protein levels to insulin-induced fatty acid
uptake rates (Table 2). Data from this experiment were con-
sistent with the hypothesis that FATP1 mediates the insulin-
inducible LCFA uptake (Table 2). FATP4 is also expressed in
insulin-sensitive tissues (Table 2) but has been shown to be the
primary fatty acid transporter in the small intestine (45), a
tissue that does not respond to insulin stimulation with in-
creased LCFA uptake (Table 2). In soleus muscle, insulin
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TABLE 2. FATP expression and insulin-stimulated LCFA uptake
by tissues and cell linesa

FATP

Expression levelb in tissue (insulin-induced LCFA uptake

% unstimulated�):

White
adipose
tissue
(225)

Soleus
muscle
(190)

Cardiomyocytes
(170)

Hepatocytes
(100)

Enterocytes
(90)

FATP1 ��� ��� � � �
FATP2 � � � ��� �
FATP3 � � � �� �
FATP4 �� �� �� � ���
FATP5 � � � ��� �
FATP6 � � ��� � �

a FATP expression by tissues was determined by direct comparison using
antibodies specific for FATP1 to -6. Fatty acid uptake after 30 min of incubation
with or without 50 nM insulin was determined by either fluorescent fatty acid or

14C�oleic acid uptake assays. Since different antisera were used, absolute ex-
pression can be compared only among tissues for each FATP.

b �, no expression; � to ���, lowest to highest expression levels, respec-
tively.
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FIG. 1. Insulin-induced translocation of FATP1 in skeletal muscle. (A) Concomitant measurement of 2-deoxy-D-[1-3H]glucose and [14C]oleate
uptake into insulin-treated (INS) or untreated soleus muscle from FATP1 wild-type mice fed a normal (ND) or high-fat (HF) diet for 12 weeks.
FFA, free fatty acid. (B) Effect of insulin signaling inhibitors on LCFA uptake in 3T3-L1 adipocytes. Serum-starved 3T3-L1 adipocytes were
preincubated with inhibitors (at a twofold IC50) of translation (NSC119889, 3 mM), phosphatidylinositol 3-kinase (PI3K; wortmannin; 5 nM), AKT
(NSC154020, 20 mM), mitogen-activated protein kinase (MAPK; U0126; 0.1 mM), Src (PP2, 10 nM; note that this compound may also inhibit
insulin receptor kinase and PKC with an IC50 of 10 �M), or PKC (Go 6850, 0.5 mM) for 30 min followed by a 30-min incubation with 100 nM
insulin. NSC119889 was dissolved in water; all other compounds were in dimethyl sulfoxide (DMSO). The 1-minute uptake of [14C]oleate was
determined following the insulin incubation. Uptake rates were measured by normalizing 14C counts to protein concentrations and expressed as
increase over control uptake in the absence of insulin. Values represent means of six measurements � standard deviations. (C) Amounts of Glut4

3458 WU ET AL. MOL. CELL. BIOL.



increased both glucose and oleic acid uptake to comparable
extents (Fig. 1A). Interestingly, chronic high-fat feeding im-
paired the insulin response in both transport systems (Fig. 1A),
highlighting overlaps in the signaling pathways for glucose and
fatty acid transporter translocation. These similarities were
also obvious when 3T3-L1 adipocytes were preincubated with
inhibitors (at a twofold IC50 concentration) of translation
(NSC119889, 3 mM [34], phosphatidylinositol 3-kinase [wort-
mannin, 5 nM] [35], AKT [NSC154020, 20 mM] [57], mitogen-
activated protein kinase [U0126, 0.1 mM] [14], Src [PP2, 10
nM] [22] [may also inhibit insulin receptor kinase and protein
kinase C {PKC } with an IC50 of 10 �M for both {29, 38}], or
PKC [Go 6850, 0.5 mM] [26]) (Fig. 1B). Similar results were
obtained using respective concentrations of inhibitors at 10-
fold their IC50s. Importantly, inhibition of translation did not
significantly impact the insulin-induced increase in fatty acid
uptake. We have previously shown that insulin causes FATP1
translocation to the plasma membrane and enhanced LCFA
uptake in adipocytes (44). To demonstrate that insulin-induced
FATP1 translocation is not unique to adipocytes, we used
continuous gradient sedimentation of insulin-stimulated and
unstimulated skeletal muscle to analyze changes in the subcel-
lular localization of FATP1 and GLUT4. A 30-min insulin
stimulus induced a shift of FATP1 to lighter fractions, similar
to changes observed for GLUT4 by us (Fig. 1C) and others (7).
To visualize FATP1 protein in muscle, we used immunofluo-
rescence microscopy of isolated soleus muscles incubated with
or without insulin for 30 min. The sarcolemma was highlighted
using an anti-caveolin 3 antibody, and costainings were per-
formed using antibodies against FATP1 (44) and CD36 (16).
Three-dimensional reconstruction of surfaces showed a robust
sarcolemmal staining and a pronounced intracellular FATP1
vesicle population under insulin-free conditions (Fig. 1D). In
contrast, staining of intracellular compartments was greatly
reduced in insulin-treated muscle fibers (Fig. 1D). In contrast
to FATP1, CD36 was expressed only by a subset of muscle
fibers, as had been previously reported (54), and was largely
confined to the sarcolemma regardless of insulin treatment.

FATP1 is required for insulin-induced LCFA uptake by
adipocytes and muscle. We have previously reported the gen-
eration of FATP1-null animals and used hyperinsulinemic-
euglycemic clamp studies to show that skeletal muscle of
FATP1-knockout mice displays partial protection from lipid
infusion-induced insulin resistance and intramuscular accu-
mulation of fatty acyl-CoA (28). However, changes in LCFA
uptake in these animals remained undetermined. If FATP1
translocation is indeed causal to the increased LCFA uptake in
peripheral insulin-sensitive tissues, one would expect the insu-
lin response in adipocytes and skeletal muscle to be blunted in
FATP1-knockout animals. To test this hypothesis, we isolated
primary adipocytes and soleus muscle strips from FATP1-null
mice and wild-type littermates. Using fluorescent and radio-
chemical-based LCFA uptake assays, we found that fatty acid

uptake in unstimulated adipocytes and soleus muscle was not
significantly altered in the absence of FATP1 (Fig. 2A and B).
Most importantly, while adipose and muscle tissues from wild-
type mice more than doubled their LCFA uptake after a 30-
min stimulation with 50 nM insulin, the insulin responsiveness
of FATP1-null tissues was greatly blunted (Fig. 2A and B).
Insulin-stimulated fatty acid uptake was completely abolished
in FATP1-null primary adipocytes (Fig. 2A) and diminished by
80% in soleus muscle (Fig. 2B).

Diminished LCFA uptake by muscle and adipose tissues in
vitro also translated into changes in vivo, as the normally rapid
drop of serum-free fatty acids after an intraperitoneal insulin
injection was significantly delayed, particularly at early time
points, in FATP1-null animals (Fig. 2C). Further, oil gavages
containing [14C]oleate tracer demonstrated that, while lipid
absorption was normal, removal of postprandial lipids was
impaired in FATP1-KO mice (Fig. 2D). The delayed removal
of postprandial lipids could be indicative of changes in fatty
acid biodistribution. In line with this hypothesis, postgavage
levels of [14C]oleate tracer in FATP1-KO animals were in-
creased in tissues expressing FATP5, such as liver (24), or
FATP6, such as heart (18), but markedly reduced in tissues
normally relying on FATP1—most notably white adipose tis-
sue (Fig. 2E) (Table 2).

Adipocytes display significant LCFA fluxes both into and out
of cells. Since it was unknown if FATP1 is involved only in the
uptake or also in the efflux of fatty acids, we wanted to test
whether fatty acid efflux is impaired in FATP1-null adipocytes.
To this end, wild-type and FATP1-null primary adipocytes
were prepared from epididymal fat pads and stimulated with
isobutylmethylxanthine to induce hormone-sensitive lipase ac-
tivity. Lipolysis of triglycerides produces glycerol besides fatty
acids, and glycerol uptake and efflux should be independent of
FATP1. Therefore, the ratio between extracellular fatty acids
and glycerol should be reduced if fatty acid efflux is impaired
but increased if reuptake of fatty acids is affected by loss of
FATP1 function. Importantly, this assumption holds true in-
dependently of possible changes in the amount of intracellular
triglyceride stores, which could have arisen from the formation
of fat pads in the absence of FATP1. Figure 2F shows that
extracellular LCFA/glycerol ratios are indeed increased in the
medium of FATP1-null adipocytes after 1 h of incubation with
isobutylmethylxanthine. This strongly argues that FATP1 is
predominantly involved in the uptake, but not efflux, of fatty
acids. One alternative explanation for the observed data would
be that the rate of glycerol phosphorylation, contributing to the
glycerol 3-phosphate pool used for reesterification of triglyc-
erides, is increased in FATP1-null adipocytes. However, we
have no indication that this is indeed the case. Further, given
the strong sequence conservation among the FATP family
members (43), it is likely that FATP2 to -6 are also primarily
involved in LCFA uptake rather than efflux.

and FATP1 protein in fractions from density gradient centrifugations of soleus muscle lysates were assessed by Western blotting (WB) and
densitometry. Open squares, without insulin; closed diamonds, with 50 nM insulin for 30 min. (D) Three-dimensional surface projections of
caveolin 3 (blue), FATP1 (red), and CD36 (green), as well as their superimposition (rightmost panels) from 20-�m sections of hind limb muscle
from fasted (upper panels) or insulin-injected (lower panels) FATP1 wild-type mice. Nuclei were stained with 4,6-diamidino-2-phenylindole and
are depicted in turquoise. Grid cell dimensions: 20 by 20 by 20 �m.
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FATP1-null mice are protected from diet-induced obesity
and metabolic syndrome. The delayed insulin-induced clear-
ance of serum fatty acids that we observed could indicate that
LCFAs in FATP1-null mice are redirected away from adipose

tissue and muscle, possibly towards the liver. This redistribu-
tion could potentially alter energy expenditure and suscepti-
bility to diet-induced obesity and diabetes. To test the latter
hypothesis, we fed FATP1-null mice and wild-type littermates

FIG. 2. FATP1-dependent fatty acid flux. (A) Uptake of a fluorescently labeled long-chain fatty acid by primary adipocytes from FATP1
wild-type (WT) and KO animals following a 30-min incubation in RPMI (white bars) or RPMI containing 50 nM insulin (black bars). (B) Rates
of uptake of [14C]oleate by soleus muscle strips from FATP1 wild-type and knockout animals following a 30-min incubation in RPMI (white bars)
or RPMI containing 50 nM insulin (black bars). (C) Serum free fatty acid (FFA) levels following an intraperitoneal insulin injection in FATP1
wild-type (squares) and knockout (circles) animals. (D) Time course of plasma radioactivity after intragastric administration of 200 �l olive oil
containing 2 �Ci [14C]oleic acid in FATP1 wild-type (squares) and knockout (open squares) animals. Error bars indicate standard deviations of
five mice per group. P was �0.05 at 30 min, 60 min, and 4 h after bolus administration. (E) Distribution of radioactivity in organs of FATP1
wild-type (solid bars) and knockout (open bars) mice 4 h after bolus administration. Error bars indicate standard deviations of five mice per group.
SKM, skeletal muscle; WAT, white adipose tissue. (F) Ratios of free fatty acid (FAA) and glycerol efflux from isolated primary FATP1 wild-type
and knockout mouse adipocytes. Error bars indicate standard deviations of five measurements. Asterisks and number signs denote a P of �0.05
in Student’s t test comparing FATP1 wild-type and KO mice or insulin-treated and untreated mice, respectively.
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either a low-fat (10% cal from fat) or a high-fat (60% cal from
fat, predominantly lard) chow. We repeated studies twice using
six male animals per study group. As expected, wild-type mice
on the high-fat diet gained significantly more weight than the
low-fat chow-fed animals (Fig. 3A). In contrast, FATP1 knock-

out animals were protected from high-fat diet-induced weight
gain and showed no significant difference in weight from either
wild-type or knockout animals fed a low-fat chow (Fig. 3A).
This was not due to a difference in feeding behavior since
caloric consumption in knockout and wild-type animals was

FIG. 3. Diet-induced obesity in wild-type and FATP1-null mice. (A to E) FATP1 wild-type (black symbols) or knockout (white symbols) mice
were fed either a low-fat (triangles and circles) or high-fat (diamonds and squares) diet for 12 weeks. Weight gain (A), caloric consumption (B),
and serum glucose levels (C) were assessed over the 12-week period. At the end of the study, glucose (D) and insulin (E) tolerance tests were
performed. Error bars indicate standard deviations of five measurements. Asterisks denote P � 0.05 in Student’s t test comparing FATP1 wild-type
and KO mice. (F) Lipoprotein profiles of serum pools (four animals each) from wild-type (WT) and FATP1-null (KO) mice fed a normal diet (ND)
or a high-fat diet (HF) were generated by FPLC. Bars indicate percentages of total cholesterol in the VLDL (white), LDL (gray), and high-density
lipoprotein (HDL; black) peak fractions. Numbers indicate absolute cholesterol levels in mg/dl.
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identical (Fig. 3B). Glucose levels, measured by tail bleeds in
ad libitum-fed animals, started to rise after 8 weeks in the
high-fat diet/wild-type group, indicating a loss of glycemic con-
trol. In contrast, glucose levels in the FATP1-null high-fat
group remained normal (Fig. 3C). In line with these observa-
tions, the glucose tolerance test (Fig. 3D) and the insulin
tolerance test (Fig. 3E), performed at the end of the 12-week
feeding study, showed impaired insulin sensing in high-fat-fed
wild-type but not FATP1-knockout animals. At this time
point, we also determined fasting and fed serum values for
insulin, glucose, triglycerides, and free fatty acids (Table 3).
While the high-fat-fed wild-type animals had developed a
pattern consistent with the onset of metabolic syndrome,
FATP1-null animals were completely protected from these
alterations (Table 3). This was also evident from the analysis
of lipoprotein profiles (Fig. 3F) that showed for wild-type,
but not FATP1-null, animals a conversion to a high-LDL/
proatherosclerotic profile following high-fat feeding (Fig.
3F). Additionally, profiling of serum adipokines showed sig-
nificantly lower leptin and resistin levels in FATP1-null mice
fed a high-fat diet, while adiponectin levels were higher than
those in wild-type littermates (Table 4).

Triglyceride and morphometric analysis of organs at the end
of the feeding studies further supported the notion that
chronic loss of FATP1 function leads to a redistribution of
lipids among organs. Liver weights and triglyceride contents of
FATP1-knockout animals were significantly increased in both
high- and low-fat-fed animals (Fig. 4A and B), and mice dis-
played pronounced lipid droplet accumulation on the high-fat
diet (Fig. 4C). Interestingly, �-oxidation rates in liver slices
from FATP1 animals were clearly elevated (Fig. 4D)—possibly

reflecting a fatty acid-induced activation of peroxisome prolif-
erator-activated receptor 	 (PPAR-	) (30). While real-time
PCR analysis of mRNA levels revealed similar expression of
PPAR-	 in livers of knockout and wild-type animals fed a
high-fat diet, several PPAR-	 target genes such as FABP1,
CPT1, and UCP2 were strongly up regulated in the livers of
FATP1-null mice (Table 5). Interestingly, expression of liver
fatty acid transporters FATP2, FATP5, and CD36 revealed a
small but significant up regulation of these transporters in the
FATP1-knockout mice (Table 5).

Significantly, epididymal fat pads from FATP1-null animals
were considerably smaller not only in the overall lighter high-
fat group but also in the normal chow cohort (Fig. 5C). Inter-
estingly, fat pad differences were primarily due to a significant
reduction in adipocyte size (Fig. 5A and B) rather than a reduced
cell number. Further, muscle triglyceride content was also re-
duced in both the basal and chronic high-fat groups (Fig. 5D).
However, differences in muscle TG content did not affect mo-
tor strength (data not shown).

DISCUSSION

Insulin plays an important role in maintaining nutrient ho-
meostasis. Postprandial surges of insulin reduce serum glucose
both by decreasing hepatic glucose output and by increasing
glucose uptake. The latter is primarily due to increased activity
of the glucose transporter GLUT4 in muscle and adipose tis-
sue (13). Regulation of serum LCFA levels is equally impor-
tant particularly since chronically elevated serum fatty acid
levels have been linked to the development of insulin desen-
sitization (6, 41). While it is known that insulin suppresses the
release of LCFAs from white adipose tissue by inhibiting hor-
mone-sensitive lipase (25), it has remained unclear if LCFA
uptake is also a regulated process. Here we took advantage of
a genetic model system that lacks the LCFA transporter
FATP1 to demonstrate that, analogous to the regulation of
glucose, LCFA uptake is also dynamically regulated by insulin.
Loss of FATP1 practically abolished insulin-induced LCFA
uptake in adipocytes and skeletal muscle and led to a redistri-
bution of dietary lipids away from fat and skeletal muscle and
towards the liver. Likely as a consequence of this redistribu-
tion, FATP1-null animals are protected from the insulin-de-
sensitizing effects of a high-fat diet.

FATP1’s expression pattern is consistent with its proposed

TABLE 3. Serum parameters of FATP1 wild-type and knockout micea

Serum parameter
Value for mouse group:

WT ND WT HF KO ND KO HF

Fasting insulin (ng/ml) 0.186 � 0.046 0.238 � 0.030 0.200 � 0.023 0.192 � 0.028
Fed insulin (ng/ml) 0.604 � 0.100 1.016 � 0.138 0.470 � 0.111 0.560 � 0.108
Fasting glucose (mg/dl) 90.4 � 12.9 97.4 � 10.5 77.4 � 12.1 73.8 � 8.2
Fed glucose (mg/dl) 176.2 � 13.5 238.8 � 28.5 142.6 � 16.5 147.2 � 13.7
Fasting TG (mg/dl) 63.4 � 6.3 78.6 � 12.1 54.8 � 8.5 55.8 � 16.7
Fed TG (mg/dl) 166.8 � 20.7 239.4 � 15.5 131.0 � 12.6 134.0 � 23.6
Fasting FFA (mM) 2.2 � 0.1 2.4 � 0.1 2.0 � 0.2 2.0 � 0.1
Fed FFA (mM) 1.4 � 0.1 1.5 � 0.2 1.1 � 0.1 1.2 � 0.2

a Fasting and fed serum levels of insulin, glucose, TGs, and free fatty acids (FFA) in FATP1 wild-type (WT) and KO animals fed a low-fat (ND) or high-fat (HF)
chow for 12 weeks. The standard deviation of at least five measurements is given. Boldface values indicate a P of �0.05 in Student’s t test comparing FATP wild-type
and KO animal values.

TABLE 4. Serum adipokine levels of FATP1 wild-type and
knockout micea

Adipokine
Value for mouse group:

WT ND WT HF KO ND KO HF

Adiponectin (�g/ml) 14.6 � 0.3 12.8 � 1.3 15.4 � 0.6 14.9 � 1.4
Resistin (ng/ml) 25.2 � 1.5 35.5 � 6.3 22 � 3.6 25.9 � 3
Leptin (ng/ml) 8 � 0.7 11 � 2 6.5 � 1.6 7.1 � 1.8

a Fasting serum levels of adiponectin, resistin, and leptin from FATP1 wild-
type (WT) and knockout animals fed a low-fat (ND) or high-fat (HF) chow for
12 weeks. The standard deviation of at least five measurements is given. Boldface
values indicate a P of �0.05 in Student’s t test comparing FATP1 wild-type and
KO animal values.
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role as an insulin-sensitive LCFA transporter since it is abun-
dantly expressed by the two tissues with the largest LCFA
uptake response to insulin, white adipose tissue and skeletal
muscle, but is absent from other insulin-sensitive tissues that
lack the insulin-induced LCFA uptake, such as the liver. In-
terestingly, we show here that high-fat-induced insulin desen-
sitization impairs both insulin-stimulated glucose and LCFA
uptake (Fig. 1A), arguing that the two signaling pathways over-
lap significantly. This is a notion that is further supported by
our preliminary analysis of insulin signaling pathways leading
to FATP1 translocation and increased LCFA uptake (Fig. 1B).
It seems perplexing that insulin-inducible LCFA uptake is
blunted in mice after a high-fat diet treatment. Yet FATP1-KO
mice are protected from diet-induced obesity and insulin re-
sistance. However, the two observations can be reconciled
when assuming that FATP1-mediated LCFA uptake is partic-

ularly important for insulin desensitization during the early
phase of diet-induced obesity, which is characterized by hyper-
insulinemia. We hypothesize that during this prediabetic phase
the increased insulin leads to a predominantly FATP1-medi-
ated accumulation of lipids in muscle which in turn leads to
insulin desensitization and hyperglycemia. However, FATP1-
mediated uptake may be less important once an overtly dia-
betic phenotype has been established.

As a mechanism for the insulin-induced LCFA uptake, we
propose a translocation of FATP1 from an intracellular com-
partment to the plasma membrane. While this process has
been observed for adipocytes (44) as well as skeletal muscle
(Fig. 1C and D), we cannot exclude additional activation mech-
anisms such as covalent modification of FATP1 or accessory
molecules. However, the fact that loss of FATP1 greatly di-
minishes insulin-induced LCFA uptake strongly argues that it

FIG. 4. Changes in FATP1-null mouse livers. (A) Liver weight relative to body mass. (B) Extractable liver triglycerides normalized to g (wet
weight). (C) Oil red O staining of wild-type and FATP1-null mouse livers from mice fed a high-fat diet for 12 weeks. Bars: 100 �m. (D) �-Oxidation
assay with liver slices from male FATP1 wild-type and null (KO) animals. Error bars indicate standard deviations of at least five measurements.
Asterisks denote a P of �0.05 in Student’s t test comparing FATP1 wild-type and KO mice. WT, wild type; ND, low-fat diet; HF, high-fat diet.
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is required for this process. In the same tissues, we failed to
observe a translocation of other proteins involved in LCFA
uptake such as FATP4 and CD36, albeit a change of CD36
subcellular localization in response to insulin was observed by
others using membrane fractionation techniques (32). Indeed,
the small but significant (P � 0.003) remaining FATP1-inde-
pendent insulin response in muscle hints at additional mech-
anisms relying on other plasma membrane proteins, e.g.,
FATP4 (43) and CD36 (11), or may reflect changes in intra-
cellular lipid metabolism. Basal LCFA uptake by adipocytes
and skeletal muscle, in contrast, was not significantly impaired,
leading us to hypothesize that basal uptake in the absence of
insulin is predominantly mediated by other proteins or mech-
anisms. Possible candidate genes that might mediate the basal
uptake include FATP4 (17, 45) and CD36 (2). The contribu-
tion of FATP4 to LCFA uptake in muscle or adipocytes has
not yet been tested since FATP4 animals are embryonic lethal
(17), but antisense-mediated down regulation of FATP4 in
primary enterocytes led to a robust reduction in LCFA uptake
rates (45). CD36 has been shown to be required for efficient
uptake of oleate by adipocytes at low fatty-acid-to-BSA ratios
(15). Importantly, the complete lack of insulin-stimulated
LCFA uptake by FATP1-null adipocytes and the greatly re-
duced LCFA uptake by skeletal muscle in response to insulin
show that FATP1 is crucially required for insulin’s effect on
LCFA uptake independently of other insulin actions such as
increased glucose uptake. Taken together, these data demon-
strate for the first time that dynamic regulation of fatty acid
uptake by peripheral tissues depends on an insulin-sensitive

FATP1 compartment. The concept of insulin-stimulated LCFA
uptake is functionally analogous to the Glut4 compartment, and
it will be interesting to study the overlap of the two transporter
populations in the future.

The importance of the insulin-induced LCFA uptake system
is highlighted by the decreased serum LCFA absorption rate
and the change of dietary lipid deposition away from FATP1
expression organs, i.e., fat and skeletal muscle, towards organs
whose LCFA uptake is dominated by other FATP family mem-
bers such as the liver, expressing FATP5 and -2 (24), as well as
the heart, which primarily expresses FATP6 (18). While loss of
FATP1 function led to a pronounced redistribution of lipids, it
is worth noting that it is not the only protein that can become
rate limiting for LCFA uptake. Lipoprotein lipase (LpL) is the
principal enzyme that generates fatty acids in the extrahepatic
circulation through the hydrolysis of chylomicrons and VLDL
particles. Through tissue-specific gain (23, 27, 31, 56)- and loss
(4)-of-function studies, it has been demonstrated that local
activity of LpL can control the rate of lipid accumulation and,
in the case of muscle-specific overexpression, can lead to in-
sulin desensitization (27).

Likely as a result of the observed lipid redistribution, loss of
FATP1 conferred a strong resistance to high-fat diet-induced
obesity, insulin desensitization, and the onset of metabolic
syndrome (Fig. 3). Increased adiposity, particularly visceral
obesity (33), as well as increased muscle triglyceride content
(41), has been linked to the development of the metabolic
syndrome. Using hyperinsulinemic-euglycemic clamp studies
following lipid injections or short-term high-fat challenges
(28), we have previously shown that muscle from FATP1-
knockout mice is partially protected from insulin signaling.
Here we report that, following high-fat feeding, adipocyte mass
and cell size, which frequently correlate with insulin sensitivity
(55), are also reduced. Increased insulin sensitivity can also be
inferred from the improved adipokine profiles in FATP1-null
mice fed a high-fat diet, which demonstrated reduced leptin
and resistin levels and increased serum concentrations of adi-
ponectin. Since loss of FATP1 function affects both fat and
muscle, dual mechanisms might underlie the observed resis-
tance to diet-induced obesity and diabetes. Further studies
using the tissue-specific reexpression of FATP1 in the back-
ground of FATP1-null mice are under way to address these
interesting questions. These findings are in contrast to CD36-
null mice, which also have decreased muscle TG content (20)
and decreased rates of LCFA uptake into adipocytes (15) but
are not protected from a high-fat diet (safflower)-induced in-
sulin desensitization (20) and have increased resting choles-
terol, TG, and LCFA levels (15).

Since FATP1-null mice consume equal amounts of calories
as do their wild-type littermates on a high-fat diet but resist
obesity, the question of the fate of the excess energy arises. We
found that fatty acids in FATP1-null animals are shunted into
the liver, which is enlarged and TG enriched in these animals
and, importantly, shows an increased rate of oleate �-oxida-
tion. Fatty acid transporters FATP2, FATP5, and CD36 were
only slightly up regulated in FATP1-null mouse livers (Table
5), arguing that increased LCFA uptake was mainly driven by
the increased and prolonged postprandial levels of dietary lip-
ids. Further, livers from FATP1-null animals fed a high-fat diet
express significantly higher levels of FABP1 (2.5-fold increase),

TABLE 5. Changes in liver expressiona

Diet and gene Trendb

mRNA abundance in
mouse group:

PWT KO

Avg SD Avg SD

Normal diet
FATP2 1 3.64 0.11 5.4 0.17 0.00024
FATP5 1 18 1.44 20.6 2.79 0.062
CD36 7 10.7 1.56 10.1 2.98 0.18
FABP1 _ 93.1 2.80 246.7 7.63 0.00001
CPT1 1 7.9 0.82 11.2 0.97 0.00997
UCP2 2 2.3 1.05 1.0 0.10 0.01114
SREBP-1c 2 28.0 2.42 17.9 2.80 0.00889
PPAR-	 2 2.8 0.42 1.1 0.13 0.00151
PGC-1 7 9.1 0.61 10.1 0.65 0.12495

High-fat diet
FATP2 2 5.4 0.13 2.0 0.12 0.00014
FATP5 1 22.4 4.76 29.1 7.27 0.00492
CD36 1 32.5 3.59 39.4 2.01 0.0062
FABP1 _ 383.8 18.7 963.2 32.8 0.00001
CPT1 _ 15.1 0.82 68.5 4.43 0.00003
UCP2 _ 9.8 1.71 34.3 7.05 0.00413
SREBP-1c + 45.3 1.53 16.3 0.46 0.00001
PPAR-	 2 15.8 1.84 10.4 1.87 0.02273
PGC-1 1 7.6 0.32 10.7 0.31 0.00024

a mRNA abundance of the indicated genes (in arbitrary units) was determined
by real-time PCR and normalized to glyceraldehyde-3-phosphate dehydrogenase
expression. mRNAs from five mice per group were pooled and assayed indepen-
dently three times. Averages, standard deviations, and significances based on the
unpaired Student t test are shown.

b Symbols:1, upward;2, downward;7, no change;_, strongly upward;+,
strongly downward.
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CPT1 (4.6-fold increase), and UCP2 (3.5-fold increase), in line
with increased lipid handling and oxidation capacity (Table 5).
Interestingly, all three genes are regulated in the liver by
PPAR-	, indicating that, while overall PPAR	 levels were
lower or unchanged (Table 5), PPAR-	 activity was increased,
possibly due to the increased availability of natural ligands
such as fatty acids and their acyl-CoA esters (30).

Taken together, these findings demonstrate for the first time
in vivo that a system analogous to the insulin-sensitive glucose
transporter GLUT4 exists for fatty acids. We propose a model
in which insulin counteracts the postprandial rise in dietary
lipids by increasing active FATP1, primarily in adipocytes and
skeletal muscle, while basal LCFA uptake by these and other
tissues is mediated by other FATPs in conjunction with CD36.
In the absence of FATP1, dietary fatty acid uptake by adipo-
cytes and skeletal muscle is reduced, protecting them from
insulin desensitization, while uptake by liver is increased. This
is potentially activating PPAR-	 and triggering increased �-ox-
idation by this organ (30), thus preventing the detrimental
effects of a high-fat diet that otherwise might have led to the

onset of hepatic steatosis and insulin resistance. Therefore, we
argue that FATP1 plays an important role in the removal of
postprandial fatty acids by adipose tissue and muscle as well as
in the etiology of diet-induced insulin resistance and metabolic
disease. This highlights the role of protein-mediated fatty acid
uptake versus a simple unregulated mechanism based on dif-
fusion as previously proposed (21). Consequently, inhibitors of
FATP1 function might be useful as novel therapeutic approaches
for the treatment of insulin resistance, type 2 diabetes, and
cardiovascular disease.
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FIG. 5. Phenotypic changes in FATP1-null animals. (A) Hematoxylin- and eosin-stained white adipose tissue sections of wild-type and FATP1
knockout mice. (B) Average adipocyte diameter determined from fat pad sections as shown in panel A. (C) Epididymal fat pad weights relative
to body mass. (D) Muscle TG content. ND, low-fat diet; HF, high-fat diet; WT, wild type; black bars, wild-type mice; white bars, FATP1-null
animals. Error bars indicate standard deviations of at least five measurements. Asterisks denote a P of �0.05 in Student’s t test comparing FATP1
wild-type and KO mice.
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