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Background & Aims: Fatty acid transport protein 5
(FATP5/SIc27a5) has been shown to be a multifunc-
tional protein that in vitro increases both uptake of
fluorescently labeled long-chain fatty acid (LCFA) ana-
logues and bile acid/coenzyme A ligase activity on over-
expression. The aim of this study was to further investi-
gate the diverse roles of FATP5 in vivo. Methods: We
studied FATP5 expression and localization in liver of
C57BL/6 mice in detail. Furthermore, we created a
FATP5 knockout mouse model and characterized
changes in hepatic lipid metabolism (this report) and
bile metabolism (the accompanying report by Hubbard
et al). Results: FATP5 is exclusively expressed by the
liver and localized to the basal plasma membrane of
hepatocytes, congruent with a role in LCFA uptake from
the circulation. Overexpression of FATP5 in mammalian
cells increased the uptake of 1“C-oleate. Conversely,
FATP5 deletion significantly reduced LCFA uptake by
hepatocytes isolated from FATP5 knockout animals.
Moreover, FATP5 deletion resulted in lower hepatic tri-
glyceride and free fatty acid content despite increased
expression of fatty acid synthetase and also caused a
redistribution of lipids from liver to other LCFA-metabo-
lizing tissues. Detailed analysis of the hepatic lipom of
FATP5 knockout livers showed quantitative and qualita-
tive alterations in line with a decreased uptake of di-
etary LCFAs and increased de novo synthesis.
Conclusions: Our findings support the hypothesis that
efficient hepatocellular uptake of LCFAs, and thus liver
lipid homeostasis in general, is largely a protein-medi-
ated process requiring FATP5. These new insights into
the physiological role of FATP5 should lead to an im-
proved understanding of liver function and disease.

aintaining appropriate long-chain fatty acid
(LCFA) uptake by the liver is crucial for energy
homeostasis. During starvation, LCFAs are mobilized
from adipose tissue, taken up by the liver, and con-

verted into ketone bodies and other substrates. Dis-
ruption of these processes, as found in some hereditary
defects of liver LCFA uptake, is associated with acute
liver failure and mortality.!-> The underlying genetic
defect(s), however, are currently unknown. Con-
versely, excessive liver LCFA uptake (eg, due to vis-
ceral adiposity and elevated portal fatty acid [FA}
levels)? is associated with insulin desensitization, type
2 diabetes mellitus,* and nonalcoholic fatty liver dis-
ease.> Considerable evidence has accumulated that in
addition to diffusion, LCFA uptake by the liver,6-!
intestine,'>"'4 heart,'%!5 adipose tissue,'® and other
organs is mediated by a saturable and specific LCFA
transport system.!'7-'8 Investigators have found several
membrane proteins that, when overexpressed in cul-
tured mammalian cells, increase the uptake of LCFAs.
The most prominent and best characterized of these
are FAT/CD36 and fatty acid transport proteins
(FATPs, solute carrier family 27) 1 or 4. However,
neither CD36'%2° nor FATP1 or FATP4!3.16.18.21 g
expressed at appreciable levels in the liver. Further-
more, CD36-null animals show reduced LCFA uptake
into skeletal muscle and heart but increased uptake by
the liver.22-24

Based on sequence analyses, we have previously found
that FATPS is a member of the FATP gene family?!-2>
and that FATPS, like the other members of the FATP
family, can enhance the uptake of BODIPY-FA upon
transient overexpression in HEK293 cells.?! In addition

Abbreviations used in this paper: FA, fatty acid; FACS, fluorescence-
activated cell sorter; FAS, fatty acid synthetase; FATP, fatty acid trans-
port protein; FFA, free fatty acid; HBS, Hank’s buffered salt solution;
LCFA, long-chain fatty acid; PCR, polymerase chain reaction; TG, tri-
glyceride.
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to its function as FA transporter, FATP5S also facilitates
at least 2 different enzymatic reactions. As is the case for
FATP1, FATP2, and FATP4,26-28 FATP5 can activate
LCFAs and very long-chain fatty acids by catalyzing the
covalent attachment of coenzyme A (CoA).?® Further-
more, FATPS is also involved in the reactivation, but not
de novo synthesis, of C24 bile acids to their CoA deriv-
atives.??3° However, how these functions are integrated
in vivo is only poorly understood. To this end, we
investigated localization of FATPS in vivo and created a
FATP5 knockout mouse model to study its contribution
to bile (Hubbard et al3') and lipid metabolism (this
report). Here we show that FATPS is a liver-specific
protein required for efficient hepatic LCFA uptake and
hepatic lipid homeostasis.

Materials and Methods
Materials

Deoxycitidine-5'{a->?Pltriphosphate and Tri-{9,10-
SH(N)loleoylglycerol ~(*4C-triolein) were purchased from
Amersham Bioscience (Piscataway, NJ). “C-oleate, “C-tauro-
cholate, 4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-
3-dodecanoid acid (C1-BODIPY-C12), and cerulenin were
obtained from ARC Inc (St Louis, MO), Molecular Probes
(Eugene, OR), and Alexis Biochemicals (San Diego, CA),
respectively. All other chemicals were obtained from Sigma
Chemical Co (St Louis, MO).

Antibodies

Murine FATPS specific antibody was raised in rabbits
against a glutathione S-transferase/FATPS fusion protein. The
FATPS portion of the fusion protein was comprised of the last
93 C-terminal amino acids of FATPS. Monoclonal antibodies
against murine fatty acid synthetase (FAS), CD31, and 3-cate-
nin were purchased from BD Bioscience (Palo Alto, CA),
Jackson ImmunoResearch (West Grove, PA), and Transduc-
tion Labs (Lexington, KY), respectively. The antibody against
murine keratin 8 was obtained from the Developmental Stud-
ies Hybridoma Bank (Iowa City, IA).

Animal Experiments

Animals were maintained on regular laboratory chow
(5P75; LabDiet, Richmond, IN). Triglyceride (TG), choles-
terol, bile acid, albumin (all from Sigma Diagnostics, St Louis,
MO), free fatty acid (FFA; Wako Chemicals, Richmond, VA),
alanine aminotransferase, bilirubin (Stanbio Laboratory,
Boerne, TX), and insulin (ALPCO Diagnostics, Windham,
NH) levels were determined using commercial kits. All animal
experiments were approved by the Institutional Animal Care
and Use Committee of Palo Alto Medical Foundation Research
Institute.
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Generation of FATP5 Knockout Mice

Genomic DNA containing the FATPS locus was iden-
tified by screening a 129Sv genomic bacterial artificial chro-
mosome library with a fragment containing the 5" end of the
FATPS coding sequence. Polymerase chain reaction (PCR)
primers were designed to amplify a 6.2-kilobase fragment of
genomic DNA upstream of the initiation codon (5’ arm) and
a 2.1-kilobase fragment downstream of the first exon (3" arm).
The amplified arms were subcloned into a targeting vector
containing a neomycin resistance marker under control of the
PGK promoter and a promoter-less /acZ gene with a nuclear
localization sequence located downstream of the 5" arm. 129Sv
embryonic stem cells were electroporated with the targeting
construct and screened by Southern blotting. Embryonic stem
cell clones that had undergone homologous recombination
were injected into blastocysts. Injected blastocysts were trans-
ferred into pseudopregnant mice to generate chimeric off-
spring. Male chimeras were mated with C57BL/6 female mice.
Genotyping of offspring was performed by PCR.

Northern Blots

Northern blots were obtained from Clontech (Palo
Alto, CA) and hybridized with 3?P-labeled cDNA probes for
human FATPS generated by PCR (primer pair: hFSpfw, 5'-
tcttgcaacaggttaacgtg-3'/hFSprv, 5'-gggctagctgcacagcageca-3")
as previously described.?!

Hepatic TG Secretion

After a fasting period of 4 hours, anesthetized mice
were injected intravenously with Triton WR 1339 diluted in
saline (200 mg/mL) via the tail vein (500 mg/kg body wt).>?
Blood samples were taken before the injection (t = 0) and 60,
120, and 210 minutes after injection and serum TG levels
determined.

Hepatic Lipase Activity

Enzyme activity was assayed using a method described
by Nilsson-Ehle and Schotz.33

14C-Lipid Gavage

Mice were given an intragastric 200 L olive oil bolus
containing 2 wCi ““C-oleic acid. Before (t = 0) and at 30, 60,
120, and 240 minutes after administration, blood samples (75
ML) were taken by orbital eye bleeding and tissues were
harvested after the last time point. “C-content was measured
by scintillation counting and normalized to milligram protein
content for tissues.

Inhibition of FA de novo Synthesis

Mice were injected intraperitoneally with cerulenin 60
mg - kg™! . day~! for 3 days and kept under absence of food
with access to water ad libitum. After 56 hours, animals were
sacrificed and their livers were harvested.
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Hepatocyte Preparation and Fluorescence-
Activated Cell Sorter Analysis

Mouse livers were cannulated through the portal vein,
and an incision was made in the inferior vena cave. Liver
perfusion with digestion and perfusion media and isolation of
hepatocytes were performed according to the manufacturer’s
instructions (Gibco, Carlsbad, CA). After isolation, hepato-
cytes were resuspended in HepatoZYME (Gibco) containing
0.1% FA-free bovine serum albumin (Sigma Diagnostics).
C1-BODIPY-C12/bovine serum albumin solution'? was added
to the hepatocytes to yield final concentrations of 2 wmol/L or
0.1%, respectively. Uptake at 37°C was stopped after the
indicated time points by transferring 100 WL of the cells into
5 mL of ice-cold stop solution (Hank’s buffered salt solution
[HBS}], 0.1% bovine serum albumin). Cells were pelleted by
centrifugation and resuspended in 250 WL cold fluorescence-
activated cell sorter (FACS) buffer (HBS containing 20
mmol/L EDTA, 10% fetal calf serum, and 1 pg/mL propidium
iodine). Mean BODIPY uptake by living cells (propidium
iodine negative, dead cells gated out) was determined using a
FACSCalibur (Becton Dickinson, Rockville, MD).

Tissue Lipid Analysis

Tissue samples were powdered in liquid nitrogen, total
lipids were extracted by the method of Folch et al,>* and TG
content was measured.

FA Uptake Measurement in Hepatocytes
Using 14C-Labeled Oleate

Alternatively, LCFA uptake by isolated hepatocytes
was assayed using '“C-oleate essentially as previously de-
scribed.?>3¢ Briefly, isolated hepatocytes were allowed to at-
tach overnight to a type I collagen—coated 12-well cluster
plate. Dead cells were removed by 2 washes with serum-free
HepatoZYME and incubated at 37°C for 15 seconds with a
prewarmed uptake solution containing 200 pmol/L C-oleate
bound to bovine serum albumin at a 2:1 molar ratio in HBS
resulting in an approximate unbound oleate concentration of
400 nmol/L. Wells were washed twice with ice-cold stop
solution and cells were lysed in 200 wL radioimmunoprecipi-
tation assay buffer (150 mmol/L NaCl, 1% Nonidet P-40,
0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate, 50
mmol/L Tris, pH 8.0) for 30 minutes on ice. A total of 150 nL
of lysate was subsequently used for scintillation counting, and
30 WL was used for colorimetric protein determination (Pierce,
Rockford, IL).

FA Uptake Measurement in HeLa Cells

HeLa cell monolayers were transiently transfected with
the indicated constructs or with empty vector (pcDNA3.1)
using FuGENE reagent (Roche, Palo Alto, CA). Two days after
transfection, cells were detached, counted, washed with HBS,
and incubated at 37°C for the indicated time points with
uptake solution containing either 1 wmol/L '“C-oleate or
4C-taurocholate and 0.1% bovine serum albumin in HBS in
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the absence or presence of 50 wmol/L unlabeled taurocholate.
The reaction was stopped with ice-cold stop solution. Cells
were transferred onto Whatman paper using an automatic
harvester (Brandel, Gaithersburg, MD), washed 3 times with
stop solution, and subsequently used for scintillation counting.

Immunofluorescence and Immunoelectron
Microscopy

Immunofluorescence3” and immunoelectron micros-
copy'? were performed as described before.

Lipid Analysis

The lipids from plasma (200 pL) and tissues (25 mg)
were extracted in the presence of authentic internal stan-
dards.?* Individual lipid classes within each extract were sep-
arated by preparative thin-layer chromatography as described
previously.38 Isolated lipid classes were trans-esterified in 3N
methanolic HCI in a sealed vial under a nitrogen atmosphere
at 100°C for 45 minutes. The resulting FA methyl esters were
extracted from the mixture with hexane containing 0.05%
butylated hydroxytoluene and prepared for gas chromatogra-
phy by sealing the hexane extracts under nitrogen. FA methyl
esters were separated and quantified by capillary gas chroma-
tography using a gas chromatograph (model 6890; Hewlett-
Packard, Wilmington, DE) equipped with a 30-m DB-225MS
capillary column (J&W Scientific, Folsom, CA) and a flame-
ionization detector as described previously.?® Liver lipid me-
tabolite data were displayed using the Lipomics Surveyor
visualization software (Lipomics Tech. Inc., Sacramento, CA),
which illustrates the quantitative differences in concentration
of each lipid metabolite when comparing wild-type and
FATPS knockout mice. Column headings display the FA and
families of FAs present in each lipid class listed in the row
headings. Surveyor’s heat map display is read as follows: each
square represents the statistical comparison of the difference in
concentration of a single FA. A higher concentration of a
specific metabolite is displayed in green, whereas a lower
concentration is displayed in red. The brightness of the color
indicates the magnitude of the difference as detailed in the
legend. Mean differences not meeting P < .05 (assessed by
Student 7 test) are displayed in black.

Statistics

Chemiluminescent signals were directly quantified us-
ing Kodak 1D version 3.5.3 software (Kodak, Rochester, NY).
The absolute integration value of the immunoreactive bands
minus background was determined. Statistical analysis was
determined by nonpaired Student 7 test.

Results
FATP5 Is Specifically Expressed in Liver

Based on our initial observation that FATPS is
expressed in liver but not in heart, brain, spleen, lung,
muscle, kidney, or testis,?! we expanded Northern blot
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Figure 1. Expression of FATP5 in the liver. (A) Analysis of FATP5 messenger RNA expression in human tissues. Commercially available Northern
blots were hybridized with a human FATP5 complementary DNA radiolabeled by random priming. 1, peripheral blood lymphocytes; 2, colon; 3,
small intestine; 4, ovary; 5, testis; 6, prostate; 7, thymus; 8, spleen; 9, pancreas; 10, kidney; 11, skeletal muscle; 12, liver; 13, lung; 14,
placenta; 15, brain; 16, heart; 17, fetal liver; 18, bone marrow; 19, tonsil; 20, thymus; 21, lymph node; 22, spleen. (B) Western blot analysis
of FATP5 expression. Protein lysates of the indicated mouse tissues were prepared as described in Materials and Methods. Equal amounts of
lysates were separated by reducing sodium dodecyl sulfate /polyacrylamide gel electrophoresis and transferred onto nitrocellulose. Mouse FATP5
protein was immunochemically detected with a specific antiserum against its last 93 C-terminal amino acids. (C) Western blot analysis of FATPS
expression in mouse hepatocytes (H.)/nonparenchymal cells (N.P.) separated by differential centrifugation. The keratin-8 control was used as
hepatocyte-specific marker. a-Tubulin was loading control. (D) Confocal microscopic analysis of mouse FATP5 in an isolated hepatocyte.
Hepatocytes of wild-type (WT) or FATP5 knockout (KO) mice stained for FATP5 (fluorescein isothiocyanate, green) and B-catenin (Cy3, red) as
plasma membrane marker. Blue, 4’,6-diamidino-2-phenylindole—stained cell nuclei (scale bars = 4 um). (E) Three-dimensional reconstruction of
FATP5 protein (I, green) and endothelial cell marker CD31 (I, red) specific immunofluorescence in mouse liver from confocal image stacks (ll,
overlap of both channels) (scale bar = 17 pum). (F) Immunoelectron microscopy of mouse liver sections. Specific FATPS immunogold labeling of
space of Disse (l) and bile canaliculi (). Arrowheads indicate position of gold particles. b, space of Disse; mv, microvilli; m, mitochondria; bc,
bile canaliculus (scale bars = 0.20 pm).
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analyses and performed an extended survey of FATPS
messenger RNA expression in 21 human tissues, includ-
ing fetal liver. As shown in Figure 1A, FATPS messenger
RNA was detected in mature liver but was absent in fetal
liver, which is primarily a hematopoietic organ. In all
other tissues investigated, no signal was found. To as-
certain these findings with a second, independent
method and to analyze the tissue distribution of FATPS
protein, protein lysates of various mouse tissues were
separated by sodium dodecyl sulfate/polyacrylamide gel
electrophoresis and probed with a novel FATP5-specific
antiserum. In accordance with the predicted molecular
weight of 76 kilodaltons, a specific immunoreactive band
was detected exclusively in the liver lysate (Figure 1B).
Additionally, after separating the hepatocyte from the
nonparenchymal cell fraction by differential centrifuga-
tion, we could show that FATP5 is predominantly ex-
pressed by hepatocytes (Figure 1C).

FATP5 Is Localized to the Space of Disse

To further study the subcellular localization of
FATPS protein, we performed immunofluorescent mi-
croscopy of both isolated mouse hepatocytes and
mouse liver sections. Confocal microscopy showed that
FATPS protein was largely localized to the plasma
membrane of hepatocytes, as revealed by costaining
with the membrane marker B-catenin (Figure 1D).
The preferred plasma membrane localization was also
apparent in 3-dimensional restoration analyses of single
hepatocytes (Supplementary Figure 1; see supplemental
material online at http://www.pamf.org/research/stahl/
resources/gastro2686). As expected, no immunofluores-
cent signal for FATPS was found in the FATP5 knockout
hepatocytes, further demonstrating the specificity of the
FATPS antiserum (Figure 1D). Three-dimensional re-
construction of confocal sections through fresh frozen
mouse liver showed a branching, tubular distribution of
FATPS protein throughout the liver (Figure 1E). We
used CD31 as a marker to identify hepatic sinusoidal
endothelial cells.?® Costaining of FATPS5 and CD31
showed that these tubular structures coincided with the
liver sinusoids (Figure 1E). To confirm this highly re-
stricted localization pattern, we performed immunoelec-
tron microscopy studies of frozen liver sections. Hepato-
cytes are polarized cells with apical plasma membranes
forming specializations that constitute bile canaliculae
and basal plasma membranes that form, together with
the fenestrated sinusoidal endothelial cells, the space of
Disse. Both spaces are densely populated by hepatic
microvilli. Interestingly, FATPS was predominantly lo-
calized to microvilli in the space of Disse and underlying
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membrane structures, while the protein was completely
absent from apical villi (Figure 1F).

Targeted Deletion of FATP5 Results in
Viable FATP5 Knockout Mice

The murine FATPS gene is located on mouse
chromosome 7 spanning over 10 coding exons (Figure
2A). Homologous recombination was used to replace the
first exon with a cassette containing a selectable marker
and a /acZ gene, which results in a deletion of the first
228 amino acids of the FATP5 protein. The correct
recombination event was confirmed both by PCR (Figure
2C) and Southern blotting with probes specific for the 5’
and 3’ arm (Figure 2B), respectively. FATPS knockout
mice were obtained at Mendelian ratios from heterozy-
gous mating pairs and were fertile. Animals homozygous
for the FATPS deletion allele lacked any detectable
FATPS in liver (Figure 2D, fifth column). FATPS
knockout mice appeared to be indistinguishable from
wild-type lictermates and when fed a standard laboratory
chow diet had similar body weight and length.

Next, we investigated which of the other FATP pro-
tein family members besides FATPS are expressed in
liver and whether their expression would be altered as a
result of the FATPS deletion. To that end, equal
amounts of liver lysates from wild-type or FATPS knock-
out mice were analyzed with antisera specific for each of
the 6 FATP isoforms. In the lysates from wild-type
animals, specific bands for FATP2 and FATPS were
clearly detected, as well as a weak expression of FATP3
and FATP4 (Figure 2D, upper row). Lysates from tissues
known to be positive for the expression of FATP1 (adi-
pose tissue), FATP4 (jejunum), and FATPG (heart) were
used to verify that liver expression of these genes was
very weak or nondetectable (Figure 2D, lower row).
Lysates from FATPS knockout animals showed no com-
pensatory up-regulation of FATP1-4 or FATP6 in the
livers (Figure 2D, middle row).

FATP5 Knockout Hepatocytes Have
Reduced FA Uptake

Initial FACS analyses showed a clear difference in
the physical parameters of wild-type and FATP5 knockout
hepatocytes from ad libitum—fed animals. Forward scatter, a
measurement of cell size, was increased, while side scatter, a
measurement of cellular granulosity, was decreased for
FATPS knockout hepatocytes (Figure 3A). The observed
shift in forward scatter indicates a slight hepatocyte hyper-
trophy in FATPS knockout livers, which was also noticed in
H&E-stained liver sections (average hepatocyte diameters,
18.7 pm vs 15.1 wm) and is in line with the observed trend
toward a hepatomegaly in FATPS knockout mice (Hubbard
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Figure 2. Generation of FATP5 knockout mice. (A) Map of the FATP5 genomic locus and the targeting construct. (B) Southern blot using genomic
DNA from the tail of F2 animals digested with Xbal and Pstl, respectively, and hybridized with the 5’ and 3’ probes. (C) PCR detection of altered
FATP5 locus from genomic DNA. (D) Western blot analysis of wild-type (WT) and FATP5 knockout (KO) liver lysates using antisera specific for
FATP1-6. Con., positive control tissue (FATP1, adipocytes; FATP4, jejunum; FATP6, heart). Rows show same amount of protein lysate from FATP5

KO and WT animals run side by side on the same blot.

et al'). Because the change in side scatter could indicate a
lower abundance of intracellular lipid droplets, we quanti-
fied neutral lipids by FACS-analyzed Nile red—stained hepa-
tocytes. Significantly lower values for the FATPS knockout
versus wild-type hepatocytes (190 vs 271) were observed
(Figure 3B).

To test if the decreased hepatocellular lipid content is a
direct result of impaired hepatocellular LCFA uptake due to
the loss of FATPS, we established two independent LCFA
uptake assays using freshly isolated hepatocytes from ad
libitum—fed FATPS knockout and wild-type mice. Ini-
tially, short-term (30-second) LCFA uptake was determined
using the fluorescently labeled FA analogue C1-BODIPY-
C12. This FACS-based assay showed that LCFA uptake by
FATPS knockout hepatocytes was uniformly decreased by
>40% (Figure 3C and D). Uptake over shorter and longer
periods was also significantly reduced in FATPS knockout
cells (Figure 3D). Secondly, we measured uptake of “C-
radiolabeled oleic acid by isolated hepatocytes. As shown in
Figure 3E, LCFA uptake was reduced by nearly 50%, which
is in line with the results collected from the FACS-based
measurements.

Overexpression of FATP5 in Cultured
Mammalian Cells Increases Uptake of FAs
but not of Bile Acids

Because FATPS is also involved in bile acid me-
tabolism, as described in the accompanying report by
Hubbard et al,>! we wanted to compare its transport
function with a bona fide bile transporter, SLC10A1.4041
As shown in Figure 3F and G, overexpression of FATPS,
but not of SLC10A1, resulted in a rapid increase of oleate
uptake (Figure 3F). Oleate uptake could not be com-
peted with a 50-fold excess of unlabeled taurocholate
(Figure 3F). Under the same assay conditions, SLC10A1
showed a robust and significant increase in '“C-tauro-
cholate uptake compared with the vector control, which
was not observed in the FATP5-overexpressing cells
(Figure 3G).

FATP5 Knockout Livers Have Decreased
Lipid Content and Altered Lipid Profiles

Initial assessment of liver composition showed that
total diglyceride and TG content was reduced by 48% (data
not shown). To determine changes in hepatic liver compo-
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Figure 3. Impaired FFA uptake
of FATP5 knockout hepatocytes.
(A) FACS analysis of wild-type
(blue) and FATP5 knockout (red)
hepatocytes. FSC, forward scat-
ter; SSC, side scatter. (B) Quan-
tification of Nile red-stained
hepatocytes of wild-type (blue)
and FATP5 knockout (green)
hepatocytes by FACS analysis.
(C) Histogram plot of wild-type
(blue) and FATP5 knockout (red)
hepatocytes after 30-second in-
cubation with C1-BODIPY-C12.
(D) Mean fluorescence of FATP5
wild-type (black bars) and
knockout (white bars) hepato-
cyte populations after 10-, 30-,
and 60-second incubation with
C1-BODIPY-C12. (E) Uptake of
14C-radiolabeled oleic acid by
hepatocytes of wild-type (black
bar) and FATP5 knockout (white
bar) animals. (F) Uptake of 14C-
radiolabeled oleic or (G) tauro-
cholic acid by HelLa cells overex-
pressing FATP5S (white circles),
FATP5 in the presence of 50-fold
unlabeled taurocholate (white

>
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sition in further detail, we performed gas chromatography/
mass spectrometry—based analyses of wild-type and FATPS
knockout liver lysates as detailed in Materials and Methods.
Using this technique, we found that total TG levels were
reduced by 59% in FATPS knockout livers compared with
wild-type littermates (Figure 4A). Compositional analysis
showed a disproportional decrease in saturated (62%) and
polyunsaturated FAs (60%) compared with monounsatu-
rated FAs (55%). Total intracellular FFA levels were de-
creased by 37% (Figure 4B). Interestingly, the degree of
lipid reduction in FATPS knockout livers was similar to the
decrease in LCFA uptake by isolated FATPS knockout
hepatocytes (Figure 3D and E). The reduction in saturated
FAs (41%) was more pronounced than the decrease in
monounsaturated (319%) and polyunsaturated (309%) FAs

T T

\ T T
10 15 20 25 30

time (min)

25 30 0 5

(Figure 4B). Amounts of cholesterol esters were likewise
reduced, probably as a direct result of this decline in intra-
cellular FA levels (Figure 4C).

Because FATPS has been reported to possess very-long-
chain acyl-CoA synthetase activity, we compared a compre-
hensive analysis of FA classes and chain lengths from livers
of FATPS knockout animals with that of wild-type litter-
mates. No change in chain length distribution was detected
in any of the 10 lipid classes analyzed (Figure 4D). Total
phospholipid mass in liver of FATPS knockout animals was
slightly lower than in wild-type animals. Interestingly,
phosphatidylserine concentrations were significantly higher
(9044 = 3130 vs 5739 £ 485 nmol/g) in FATP5 knockout
livers, whereas cardiolipin and phosphatidylcholine showed
an obvious trend toward lower concentrations.
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Figure 4. Changes in FATP5 knockout liver lipid composition. (A) Liver TG content. (B) Liver FFA content. (C) Liver cholesterol ester (CE) content.
SAT, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. (D) Lipomics Surveyor heat map comparing
the lipid composition of wild-type and FATP5 knockout liver samples as described in Materials and Methods. All experiments were performed with
2 cohorts of 6 female animals. Similar results were obtained using male animals. *P < .05 in t test.

FATP5 Knockout Livers Have Altered
Hepatic Lipid Distribution and Increased de
novo FA Synthesis

To assess whether the observed qualitative and
quantitative alterations in hepatic lipid composition
in FATPS knockout mice would be reflected by a
difference in lipid deposition throughout the liver, we
investigated hepatic lipid distribution by Oil Red O
staining of liver sections. In regard to its metabolic
function, the liver acinus is divided into 3 zones based
on distance from the feeding vessels and oxygen sup-
ply. Glucose-liberating and FA-oxidizing enzymes are
predominantly expressed in zone 1, whereas glycolytic
and FA-synthesizing enzymes are preferentially ex-
pressed in zone 3.42

Although H&E staining has shown no significant struc-
tural alterations between FATP5 knockout and wild-type
mice (data not shown), we found clear differences in stain-
ing of neutral lipids (Figure 5A). Wild-type animals fed ad
libitcum showed neutral lipid accumulation, preferentially
around the hepatic triads, which reflects the known nutrient
and gene expression gradients within the liver. Staining of

neutral lipids in the FATPS knockout liver was weaker and
diffuse between the individual liver zones (Figure 5A, upper
panel). To increase hepatic TG uptake, we used a 48-hour
fast. Livers from starved wild-type mice showed a robust Oil
Red O staining and demonstrated an even neutral lipid
distribution throughout the liver. In contrast, livers of
FATPS knockout animals showed a patchy Oil Red O
staining pattern. Strong neutral lipid accumulation could
be detected particularly around central veins but was greatly
reduced or absent from other areas (Figure SA, lower panel).
These results suggest that a large amount of the lipids in the
FATPS knockout liver are the product of de novo biosyn-
thesis rather than imported from the circulation. This no-
tion was supported by our finding that FAS expression was
greatly increased in FATPS knockout livers (Figure 5B). To
compare the contribution of de novo lipid synthesis with
liver TG content, we treated mice with the FAS inhibitor
cerulenin.®44 As shown in Figure SC, the decrease in liver
TG content after cerulenin treatment relative to mock
treatment showed a clear trend to be more pronounced in
the FATPS knockout animals compared with the wild-type
littermates, pointing to a more essential role of LCFA de
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Figure 5. Altered lipid accumulation and increased FAS expression in the FATP5 knockout liver. (A) Neutral lipids in wild-type (WT) and FATP5
knockout mouse (KO) livers were visualized by Oil Red O/hematoxylin staining of mice fed ad libitum (upper panel) or after a 48-hour fasting
period (lower panel) of the animals. (B) Western blot analysis of FAS expression in liver lysates from wild-type (WT), FATP5 heterozygote (Het),
and FATP5 knockout (KO) mice. Densitometric quantification is shown in the lower panel. *P < .05 in t test. (C) Effect of FAS inhibition on liver
TG content after a 56-hour fasting period. Wild-type and FATP5 knockout mice were treated with the FAS inhibitor cerulenin (black bars) or mock

(white bars) as described in Materials and Methods. *P < .05 in t test.

novo synthesis in livers of FATPS knockout animals, un-
derlining our results gained from the hepatic FAS expres-
sion analysis.

FATP5 Deletion Results in Decreased
Hepatic TG and Ketone Body Output in the
Fasting State

To test whether the observed reduction in hepatic
TG and cholesterol ester stores would also result in de-
creased hepatic lipoprotein secretion, we injected the lipase
inhibitor Triton WR 1339 into both FATP5 knockout
mice and wild-type littermates after a 4-hour fast and
studied serum TG levels. Strikingly, FATPS knockout an-
imals showed greatly impaired liver TG secretion, particu-
larly at later points of the Triton WR 1339 treatment
(Figure 6A), whereas initial hepatic lipase expression (data
not shown) and activity (6.1 * 0.51 vs 6.4 * 0.65)
mol/(mL - h - e'?) as well as serum TG levels, were compa-
rable between FATPS knockout mice and wild-type litter-
mates. Next, we measured hepatic ketone body production
under fasting conditions. To that end, we performed an oil
gavage to initially administer both FAPS knockout and
wild-type animals equal amounts of lipids. We subse-
quently assayed the concentrations of serum [(3-hydroxybu-
tyrate, one of the predominant ketone bodies produced by
the liver, during a 48-hour starvation period. For shorter
fasting periods (0—24 hours), we found a trend toward
decreased [-hydroxybutyrate levels that became more dra-

matic at later points (Figure 6B). This observation demon-
strated a significantly impaired ketogenetic response to
fasting in the FATPS knockout animals. In summary, our
findings gained from these experiments show a profoundly
impaired liver metabolite output that is likely a direct result
of the reduced hepatic lipid stores.

FATP5 Deletion Results in Impaired Serum
Clearance and Deposition in the
Postprandial State

To investigate whether the impaired hepatic
LCFA uptake capacity and lipid content would be re-
flected by alterations in lipid absorption or deposition,
we next measured clearance of lipids in FATPS knockout
and wild-type animals in the postprandial state. To that
end, we performed oil gavages after an overnight fast and
subsequently measured serum FFA and TG levels. As
shown in Figure 6C and D, wild-type mice showed a
peak in FFA concentrations after 30 minutes (1.51
mmol/L) and in TG concentrations after 60 minutes (182
mg/dL). In the FATP5 knockout mice, the increase was
more pronounced (2.25 mmol/L for FFA, 411 mg/dL for
TG) and persisted longer. Taken together, these results
indicate an impairment in FFA and TG clearance from
circulation in the postabsorptive state after FATPS de-
letion but also point to a normal absorption of dietary
lipids in intestine as observed by Hubbard et al.?!



1254 DOEGE ET AL

>
s 9)

mwr T et
300- OFATPSke | FATPSKo

serum TG (mg/dl)
g
beta-HB (mM)
=]
N

0 50 100 150 200 250 0 24 48
min h after gavage

O
O

- WT
—o—FATP5ko

*

FFA (mmol/L)
‘ 2

—WT
o —o—FATP5ko o
0 60 120 180 240 " 60 120 180 = 240
min after gavage min after gavage
Leh—

WT HD
50/ FATPSko HD

counts/g protein
TG (umol/g)

22!
heart sk.m. at. liver heart sk.m.

Figure 6. Measurement of hepatic metabolite output in the fasting
state and absorption and deposition in the postprandial state. (A)
Hepatic TG secretion. Serum TG levels of fasted wild-type and FATP5
knockout mice was measured at the indicated points after intrave-
nous injection of Triton WR 1339. Data represent means = SEM from
a representative experiment of 3 animals per group that was repeated
2 times. (B) B-Hydroxybutyrate, (C) serum FFA, and (D) TG levels were
determined in overnight-fasted FATP5 knockout and wild-type animals
followed by an oil gavage at the indicated time points. Graphs repre-
sent means = SEM of data from 3 independent experiments, each
assayed in triplicate. (E) Distribution of radioactivity in organs of
FATP5 knockout and wild-type animals 4 hours after intragastric ad-
ministration of an olive oil bolus containing 1*C—oleic acid tracer. Error
bars indicate =SEM of 5 representative measurements. sk.m., skel-
etal muscle; a.t., adipose tissue. (F) TG content in tissues from FATP5
knockout and wild-type animals on normal diet (ND) and after a
12-week high-fat challenge (HD). (A-F) *P < .05 in t test between
wild-type and FATP5 knockout animals (normal chow). (F) #P < .05 in
t test between wild-type and FATP5 knockout animals (high-fat diet).

Loss of FATP5 Causes a Redistribution of
Dietary Lipids From the Liver to Other FFA-
Metabolizing Tissues

To assess changes in the tissue distribution of
dietary lipids due to the reduced hepatic uptake, we
performed oil gavages containing "“C-oleate tracer after
an overnight fast and measured the amount of '“C radio-
activity in several organs. As shown in Figure 6E, in our
experiments we could demonstrate a postprandial redis-
tribution of dietary fats away from the liver to other
FFA-metabolizing tissues, such as skeletal and cardiac
muscle, and adipose tissue, which do not express liver-
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specific FATPS but other members of the FATP fam-
ily.13.16.1821.45 Ag expected from the FATPS deletion,
postgavage levels of '“C-oleate tracer in liver were sig-
nificantly decreased (Figure GE). These results are in line
with our findings that chronic loss of FATPS function
leads to a redistribution of lipids among organs at the
end of a 12-week high-fat diet challenge (60% caloric fat
content, D12492; Research Diets, New Brunswick, NJ)
compared with animals fed with normal chow (Figure
6F). In summary, our data clearly indicate that loss of
FATPS alters regulation of hepatic lipid uptake and
output while causing a redistribution of lipids away from
the liver to other tissues.

FATP5 Deletion Affects Several Serum
Metabolites

The alterations in hepatic lipid metabolism found
in the FATPS knockout mice significantly affected the
levels of several serum metabolites. Serum TG, FFA, and
cholesterol concentrations were significantly reduced in
the FATP5 knockout animals compared with the wild-
type littermates (Table 1). Interestingly, we found that
FATPS knockout mice had significantly increased serum
glucose levels and showed a trend toward elevated insulin
levels (Table 1). Basic liver function, however, seemed
unaffected by FATPS deficiency, as serum albumin, ala-
nine aminotransferase, and bilirubin levels were gener-
ally comparable to that in wild-type animals (Table 1).

Discussion

The liver has long been believed to have an active,
protein-mediated mechanism for the uptake of LCFAs.?
However, the identity of the presumed hepatic FA trans-
porter has remained controversial. Possible candidates
include FAT/CD36,22° FABPpm, and FATPs (Slc27
family).?"?> FABPpm was later found to be identical to
mitochondrial aspartate aminotransferase (mAspAT), an
enzyme used to catalyze transamination reactions that
link urea metabolism and the Krebs cycle,® and it
remains unclear how a bona fide mitochondrial protein
could enhance LCFA uptake at the membrane. While
there is good evidence that CD36 enhances LCFA up-
take, it is only expressed at low levels in the liver, and
CD36-null animals show an increased, rather than re-
duced, liver TG content.22-24

Two members of the FATP family, FATP2 (Slc27a2)
and FATPS (Slc27a5), have been found to be strongly
expressed in the liver.?! Based on sequence similarities,
FATPS is a member of the FATP/SIc27 protein family.?!
Overexpression of FATPS causes an increase in FA up-
take, using the fluorescently labeled LCFA analogue C1-



April 2006

Table 1. Body Weights and Serum Parameters of FATP5
Knockout and Wild-Type Mice on Normal Chow Ad

Libitum
Wild-type Knockout P
Parameter mice mice value
Body wt (g) 29.8 +2.24 29.6 = 0.65 NS
Glucose (mg/dL) 92 +12.8 114 = 11.6 .009
Insulin (ng/mL) 0.76 = 0.15 0.95 +0.13 .048
FFA (nmol/L) 1.59 = 0.07 1.39 = 0.03 .0001
TG (mg/dL) 126 = 12.8 104 £ 7.36 .005
Cholesterol (mmol/L) 75+13 4815 .045
B-hydroxybuturate (mg/dL) 9.70 = 1.58 7.69 £ 2.0 NS
Alanine aminotransferase 33.2+254 31.8 + 3.09 NS
(/L)
Albumin (g/dL) 2.2*+0.44 2.3 £0.52 NS
Bilirubin (mg/dL) 1.082 + 0.17 0.985 + 0.26 NS

NOTE. Parameters are from overnight fasted animals 8-12 weeks of
age (n = 5-6).

BODIPY-C12,?! and has also been reported to increase
long-chain and very-long-chain acyl-CoA synthetase?® as
well as bile acid/CoA synthetase??3° activities. Here we
report that, based on RNA and protein detection meth-
ods, FATPS is indeed a liver-specific protein that is
primarily expressed by hepatocytes where it localizes to
the basal membrane. Immunofluorescent and immuno-
electron localization of FATPS protein in liver sections
revealed a preferred localization to the space of Disse, and
its expression follows closely the hepatic microvascula-
ture. Targeting of FATPS to the hepatocyte/sinusoidal
interface is congruent with a role in serum FA uptake
and the reconjugation of bile acids from the enterohe-
patic circulation. While we could show that FATPS
clearly enhances the uptake of oleate and also acts as a
bile-CoA ligase (Hubbard et al?!), we could demonstrate
that it does not function as a general bile transporter like
the SLC10 family members.4” However, because uncon-
jugated bile acids can enter cells without a bile trans-
porter,"® FATPS may increase their intracellular concen-
tration by metabolic trapping.

Interestingly and similar to FATPS, a targeting to
membrane areas juxtaposed to microvasculature has also
been shown for the heart-specific FATPG6.37 Our in vivo
localization data are in contrast to earlier reports of
myc-tagged FATPS protein being predominantly local-
ized to the endoplasmic reticulum of transiently trans-
fected COS cells.? It is important to note that our
studies were performed with primary tissues and cells,
thus eliminating possible artifacts due to the presence of
protein tags or as a result of overexpression.

Loss of FATPS significantly impacted hepatic lipid
metabolism. In line with a postulated role of FATPS in
LCFA uptake, FATPS knockout hepatocytes showed a
50% reduced uptake of both fluorescently and radioac-
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tively labeled LCFAs. It is unlikely that the remaining
uptake activity is due to passive diffusion because 90% of
the total hepatic LCFA uptake is due to a saturable
process.!! Our Western blot analyses showed that both
wild-type and FATPS knockout livers express significant
amounts of FATP2 and, to a lesser degree, FATP3. We
therefore speculate that the FATP5-independent hepatic
LCFA uptake is largely due to other members of the
FATP family such as FATP2. A targeted deletion of the
FATP2 gene in mice has recently been described?;
however, its effect on FA uptake has not been examined.

The significantly reduced LCFA uptake by FATPS
knockout hepatocytes provides the first in vivo evidence
that cell surface proteins, such as FATPs, contribute
substantially to this process in the liver. Similarly, other
in vivo studies have shown the importance of FATP4 and
FATPI1 for LCFA uptake by the intestine3” and skeletal
muscle,® highlighting the general importance of this
protein family for FA uptake and metabolism.

While our in vitro data clearly show that overexpres-
sion of FATPS alone results in an increased LCFA uptake
in cultured mammalian cells, it is likely that its function
is closely associated with other upstream- as well as
downstream-located transporters, binding proteins, or
acyl-CoA synthetases ensuring efficient LCFA uptake.
Further, while FATPS has been shown to possess very-
long-chain acyl-CoA synthetase activity,?® it remains to
be determined whether additional plasma membrane
acyl-CoA synthetases are required for efficient hepatic
LCFA uptake. Potential candidates for interactions in-
clude CD36,'92° FABP,'22° LACS,>° and possibly
FATP2.184 Although a deeper biochemical and struc-
tural understanding of FATP-mediated LCFA uptake
awaits further investigation, our data presented in this
report clearly show that FATPS is both required and
sufficient for an efficient hepatic LCFA uptake.

As would be expected from a reduced hepatic LCFA
uptake, liver FFA, cholesterol ester, diglyceride, and TG
levels were all significantly lower in FATPS knockout
animals. There were no significant effects on the distri-
bution of acyl chain lengths and we did not observe any
signs of perturbed very long-chain fatty acid metabolism,
which would argue that FATPS very-long-chain acyl-
CoA synthetase activity plays only a minor role in vivo.
Interestingly, loss of FATPS protein impacted liver TG
levels more than any other FA transport compartment.
Taken together with the finding that overexpression of
FATP1 has been linked to a preferential increase in TG
levels,>! this could indicate a predominant channeling of
FAs by FATPs toward TG synthesis and storage rather
than mitochondrial import and [(3-oxidation.
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We also observed a disproportionately large effect of
FATPS deletion on saturated FAs compared with monoun-
saturated and polyunsaturated FAs. The percentage of 16:0
FAs was decreased in liver TGs and FFAs, whereas the
percentage of 18:1n9 was higher in the FATPS knockout
mice. These observations are consistent with a decreased
uptake of dietary FAs and an increased de novo synthesis of
preferentially monounsaturated LCFAs to compensate for
the disturbed LCFA supply from the diet. This hypothesis
is supported by the increased concentration of neutral lipids
in FATPS knockout livers in zone 3 of hepatic lobules and
by the increased FAS expression and increased cerulenin
susceptibility. Alternatively, FATPS may have a higher
affinity for saturated FAs compared with the postulated
additional liver LCFA transporter(s).

Interestingly, hepatic levels of phospholipids, partic-
ularly phosphatidylserine, were increased in FATPS
knockout livers. Phosphatidylserine is a critical mem-
brane phospholipid and can be as much as 10% of the
cellular phospholipids. It is normally restricted to the
inner leaflet of the plasma membrane and participates, in
addition to its structural functions, in multiple cellular
signaling pathways.>? Additionally, the FA composition
of another phospholipid, phosphatidylcholine, was sig-
nificantly different between FATPS knockout and wild-
type mice. Phosphatidylcholine is the most abundant
phospholipid in mammalian cells. Like phosphatidylser-
ine, phosphatidylcholine has important structural prop-
erties for the cell. Here as well, the monounsaturated FA
content in phosphatidylcholine was increased in the
knockout mice while the saturated FA content was de-
creased. Similar to the effect of FATPS deletion on
hepatic FA composition, this shift was characterized
primarily by a change in n-9 FAs, that is, the relative
concentration of 18:1n9 was significantly increased,
which may be due to the increased levels of 18:1n9 FAs
in the liver being shunted into the production of phos-
phatidylcholine. Although the direct consequences of the
alterations in phospholipid level and composition are
unknown, these findings could possibly be linked to the
observed hepatomegaly in the FATPS knockout animals,
as described in our companion report (Hubbard et al3!).
While we cannot exclude the possibility that the decrease
in hepatic lipid content is connected to alterations in bile
metabolism, it is more likely a result of decreased LCFA
uptake from the circulation because FATPS knockout
animals showed no malabsorption of lipids when fed a
high-fat diet (Hubbard et al!).

We also observed that the changes in hepatic lipid
homeostasis in FATPS knockout animals were reflected
by profound alterations in serum metabolites (this report
and Hubbard et al?!). In the FATP5 knockout animals,
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FFA, TG, and cholesterol levels were significantly re-
duced under fasting conditions. This decrease is likely a
direct result of the reduced liver lipid stores leading to
the observed decrease in hepatic very-low-density li-
poprotein output. Interestingly, in FATPS knockout
mice fed on normal chow, we observed significantly
increased serum glucose levels and a slight trend toward
hyperinsulinemia. This finding differs from our observa-
tions made on a high-fat diet (Hubbard et al®'). Similar,
albeit more pronounced, changes in serum TG, glucose,
and insulin levels were found in the LIRKO mouse
model.>> However, our finding was unexpected because
decreased hepatocellular FFA levels, as found in FATPS
knockout mice, should rather improve hepatic insulin
sensing and decrease glucose production.>*

Further, as a likely result of the depletion of liver lipid
stores, we also found severe alterations in metabolite ab-
sorption and clearance in FATPS knockout mice. The ke-
togenetic response was severely impaired after FATPS de-
letion during a 48-hour fasting period as assessed by the
formation of 3-hydroxybutyrate. Conversely, postabsorptive
lipid clearance was severely diminished in FATPS knockout
mice, as would be expected from an impaired hepatic FFA
uptake as a result of the FATPS deletion. While FATPS
knockout mouse livers are overall enlarged and show a 25%
increase in hepatocyte size compared with livers of wild-
type animals, no evidence of fibrosis or other structural
disorders in the FATPS knockout mouse livers was found.
Furthermore, serum alanine aminotransferase, albumin, and
bilirubin levels were similar between FATPS knockout and
wild-type mice, again pointing to an unimpaired basic liver
function. Moreover, in our accompanying report, we could
show comparable values of the respiratory exchange ratios
and of expression levels of FA oxidation markers (Hubbard
et al®!), which as well should exclude a major hepatic
dysfunction in the FATPS knockout mouse model.

Taken together, our data describing the FATPS
knockout mouse show a significant reduction in both
liver lipid uptake and content. On the other hand, we
could demonstrate a decrease in the concentrations of
diverse serum lipids. Besides these findings, our investi-
gations point to an unaltered intestinal lipid absorption.
To link these findings and to also address the observed
trend toward a hyperglycemic/hyperinsulinemic pheno-
type, we performed oil gavages containing '“C-oleate
tracer. The results gained from these experiments reveal
a redistribution of dietary fats in the postprandial state
away from the liver toward tissues whose uptake is
dominated by other members of the FATP family, such
as skeletal and cardiac muscle. This in turn could lead to
insulin desensitization and a decreased glucose uptake
and utilization by these tissues followed by an elevated
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serum insulin concentration. These findings are also con-
sistent with our observations that both hearts from
FATPS-null mice are enlarged (data not shown) and
chronic loss of FATPS function leads to a redistribution
of lipids among organs at the end of a 12-week high-fat
diet challenge. Moreover, in line with our hypothesis,
that the partial FFA uptake defect in liver may result in
an increased availability of FFAs to other tissues, would
also be our observation of an increased thermogenesis,
potentially as a consequence of an increased availability
of FFAs to muscle and brown adipocytes (Hubbard et
al?!). It is noteworthy that higher insulin levels also
promote the transcription of SREBP, a key regulator of
nutritional homeostasis and insulin action, which in
addition could contribute to increased serum glucose
levels due to the stimulation of hepatic glycolytic en-
zymes.>>>¢ Lastly, and linking back to the serum FA
levels, the observed higher insulin concentrations in the
FATP5 knockout mice could result in a suppression of
lipolysis in adipocytes leading to a decreased FFA out-
put,>’=>? which would also add to a reduced serum lipid
concentration as described previously. Additional stud-
ies, including euglycemic/hyperinsulinemic clamp ex-
periments, are under way to further investigate these
findings in more detail.

In conclusion, our studies shown here and in the
accompanying report by Hubbard et al®! suggest that
FATPS is a protein with multiple activities and can
contribute to both bile acid reactivation and hepatic FA
uptake and lipid accumulation. These findings begin to
shed light on the complex interrelationships in hepatic
lipid biology and should further our understanding of
metabolic disorders, such as nonalcoholic fatty liver dis-
ease, diet-induced obesity, and type 2 diabetes mellitus.
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