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ackground & Aims: Fatty Acid Transport Protein 5
FATP5) is a liver-specific member of the FATP/Slc27
amily, which has been shown to exhibit both fatty
cid transport and bile acid-CoA ligase activity in vitro.
ere, we investigate its role in bile acid metabolism
nd body weight homeostasis in vivo by using a novel
ATP5 knockout mouse model. Methods: Bile acid
omposition was analyzed by mass spectroscopy.
ody weight, food intake, energy expenditure, and fat
bsorption were determined in animals fed either a

ow- or a high-fat diet. Results: Although total bile acid
oncentrations were unchanged in bile, liver, urine,
nd feces of FATP5 knockout mice, the majority of
allbladder bile acids was unconjugated, and only a
mall percentage was conjugated. Primary, but not
econdary, bile acids were detected among the re-
aining conjugated forms in FATP5 deletion mice,

uggesting a specific requirement for FATP5 in recon-
ugation of bile acids during the enterohepatic recir-
ulation. Fat absorption in FATP5 deletion mice was
argely normal, and only a small increase in fecal fat
as observed on a high-fat diet. Despite normal fat
bsorption, FATP5 deletion mice failed to gain weight
n a high-fat diet because of both decreased food

ntake and increased energy expenditure.
onclusions: Our findings reveal an important role for
ATP5 in bile acid conjugation in vivo and an unex-
ected function in body weight homeostasis, which
ill require further analysis. FATP5 deletion mice pro-
ide a new model to study the intersection of bile acid
etabolism, lipid metabolism, and body weight regu-

ation.

atty acid transport protein 5 (FATP5) (Slc27a5/
VLACSR/VLCS-H2) is a liver-specific member of the

atty acid transport protein family.1–3 Similar to other

atty acid transport protein family members, FATP5
ediates the uptake of long-chain fatty acids (LCFAs)
hen overexpressed in cultured mammalian cells.1,4 We

ecently generated FATP5 knockout mice and showed
hat primary hepatocytes derived from these mice have a
ignificant reduction in LCFA uptake.4 We also found
hat FATP5 knockout mice have decreased intrahepatic
riglyceride levels and show a decreased hepatic fatty acid
ptake in vivo with redistribution of lipids from the liver
o other LCFA metabolizing organs.4 These data are
onsistent with an important role for FATP5 in hepatic
atty acid uptake in vivo.

Beside its role in fatty acid uptake, FATP5 has also
een suggested to function in bile acid metabolism as a
ile acid-CoA ligase (BAL). Purified rat liver BAL was
ound to be identical to the rat ortholog of FATP5.5

ecombinant rat FATP5, expressed in insect cells, shows
ile acid-CoA ligase activity with kinetic properties sim-
lar to rat liver BAL.5 Furthermore, human FATP5,
verexpressed in mammalian cells, confers choloyl-CoA
igase activity.6,7 These data suggest that FATP5 may
ndeed be a bile acid–CoA ligase.

By using our recently generated FATP5 knockout
ice,4 we decided to examine whether FATP5 is the
ajor bile acid–CoA ligase in vivo and, if so, what the

hysiological consequences of its deletion are. Figure 1
hows a simplified diagram of bile acid metabolism.8–10

he starting point for de novo synthesis of bile acids is
cetyl-CoA, which is converted to cholesterol by choles-
erol biosynthetic enzymes. Cholesterol is converted to
ile acids through the sequential action of bile acid
iosynthetic enzymes. Important intermediates in bile

Abbreviations used in this paper: BAL, bile acid–CoA ligase; BAT, bile
cid–CoA:amino acid N-acyltransferase; DHCA, 7�,12�-dihydroxy-5�-
holestanoic acid; FATP, fatty acid transport protein; LCFA, long-chain
atty acid; THCA, 3�,7�,12�-trihydroxy-5�-cholestanoic acid.
© 2006 by the American Gastroenterological Association Institute
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cid synthesis are C27 precursors of bile acids, such as
�,7�,12�-trihydroxy-5�-cholestanoic acid (THCA)
nd the related molecule 7�,12�-dihydroxy-5�-choles-
anoic acid (DHCA). These precursors are activated by
ddition of CoA to form THCA-CoA and DHCA-CoA,
hich are subsequently shortened to form the primary
ile acids choloyl-CoA and chenodeoxycholoyl-CoA.
ATP5 and a related FATP, FATP2, have THCA-CoA
igase activity in vitro and could therefore be involved in
e novo bile acid synthesis.7 CoA derivatives of mature
ile acids are conjugated to amino acids, such as taurine,
y the bile acid–CoA:amino acid N-acyltransferase
BAT) before secretion into the bile. Bile acids are effi-
iently reabsorbed from the distal small intestine and
eenter the liver to be resecreted into bile, a process that
as been termed the enterohepatic recirculation. The
ecirculation of bile acids is very efficient: under normal
onditions, only 5% of bile acids in gall bladder bile is
erived directly from de novo synthesis, whereas 95%
ave been recirculated through the gut at least once.10

hile in the gut, a portion of bile acids is deconjugated
nd/or dehydroxylated through the action of intestinal
acteria resulting in a mixture of conjugated and uncon-
ugated primary and secondary bile acids, which are then
eabsorbed.8 Purified BAL activates both primary and
econdary bile acids5,11,12 and is thus able to efficiently
econjugate all bile acid species reentering the liver.

What would be the consequences of BAL deletion? It
ould be expected that conjugated bile acids are synthe-

ized normally via the de novo biosynthetic pathway.
owever, any bile acid which is deconjugated in the

mall intestine could not be reconjugated. Over time,
ecause the majority of bile acids in the gall bladder bile

Figure 1. Overview of bile acid metabolism and recycling.
ave gone through the enterohepatic circulation multiple I
imes, unconjugated bile acids would accumulate. The
emaining conjugated bile acids would be mostly pri-
ary bile acids, and secondary bile acids would be
ostly unconjugated. The physiological consequences of

his bile acid conjugation defect might be expected to
nclude hepatic cholestasis and fat malabsorption. In
umans, a complete defect in bile acid conjugation,
aused by mutation in BAT, leads to increased serum
ile acid levels and fat malabsorption.13 Because uncon-
ugated bile acids are transported poorly by the bile salt
xport pump (BSEP),14 BAL deletion has also been pre-
icted to result in a phenotype similar to disruption of
SEP, which in mice causes intrahepatic cholestasis and
rowth retardation because of nutrient malabsorption.15

In addition to BAL activity, FATP5 also has TCHA-
oA ligase activity in vitro.7 If FATP5 is required for
ctivation of DHCA/THCA, one would expect a com-
lete absence of conjugated bile acids, an absence or
eduction of mature C24 bile acids, and accumulation of
HCA/DHCA. No defects have been described that

pecifically disrupt DHCA/THCA activation; however,
enetic defects in several other bile acid biosynthetic
nzymes result in intrahepatic cholestasis, jaundice, and
at malabsorption.16

Here we use FATP5 knockout mice to show that
ATP5 is required for bile acid reconjugation but not de
ovo synthesis. Despite a reversal of the ratio of uncon-
ugated to conjugated bile acids, we found no evidence of
ypercholonemia or overt fat malabsorption. Interest-
ngly, however, FATP5 knockout mice failed to gain
eight on a high-fat diet because of decreased food

ntake and increased energy expenditure. Although the
xact mechanism of this unexpected role for FATP5 in
ody weight regulation remains to be determined, our
ata together with the data by Doege et al4 clearly show
hat FATP5 functions in both lipid and bile acid me-
abolism.

Materials and Methods

Animal Experiments

The generation of FATP5 deletion mice has been
escribed.4 Mice for phenotyping were obtained by brother-
ister matings of F2 animals. Genotypes were determined by
olymerase chain reaction. Mice were fed a low-fat (Standard
how or Research Diets D12450, New Brunswick, NJ) or
igh-fat diet (Research Diets D12330 and D12492). All ex-
eriments were performed on individually housed male ani-
als. Fat mass was determined by dual-energy x-ray absorp-

iometry (DEXA) by using a PIXImus mouse densitometer
Lunar Corp, Madison, WI). For glucose-tolerance tests, ani-
als were fasted overnight, 2 g/kg glucose was administered
P, and blood glucose levels were determined by using a
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lucometer (Bayer, Elkhard, IN). For tissue and plasma col-
ection, mice were fasted overnight, glucose was measured by
sing a glucometer, and animals were euthanized by CO2

sphyxiation. O2 consumption and CO2 production were mea-
ured in metabolic chambers (Columbus Instruments Inc, Co-
umbus, OH). Mice either had free access to food (first 24
ours) or no access to food (second 24 hours). The respiratory
xchange ratio (RER) was calculated as CO2 produced/O2

onsumed. Activity was measured by using the SmartFrame
ctivity System (Hamilton/Kinder, Poway, CA) consisting of
2 PC-interfaced horizontal frames fitted with photobeams
8LX4W) spaced 5.5 cm apart. Photobeam breaks (basic move-
ent) were recorded for 70 hours and analyzed in 60-minute

locks by using Motor Monitor Software (Hamilton/Kinder).
tatistical significance was determined by using 2-way
epeated-measures analysis of variance with genotype and time
s factors. Rectal temperature was recorded by using a rectal
robe (Thermalert TH-5; PhysiTemp, Clifton, NJ). Animals
nd procedures were approved by the Millennium and the Palo
lto Medical Foundation Research Institute Institutional An-

mal Care and Use Committees.

Determination of Bile Acids by Mass
Spectroscopy

Bile was collected from gallbladders of ad libitum–fed
nimals and diluted 1:500 in 50% acetonitrile in water. Ten
icroliters of the diluent was injected onto an Agilent 1100

apillary HPLC system fitted with a Luna Phenyl-Hexyl 3-�
olumn (30 � 1 mm; Phenomenex, Torrance, CA) and a single
uadrapole mass spectrometer (G1946D SL; Agilent Technol-
gies, Palo Alto, CA). A gradient from 10% to 70% acetoni-
rile was run at a flow rate of 50 �L/min over 45 minutes
aqueous phase was 10 mmol/L ammonium acetate pH 9.0).
ile acids and bile acid conjugates were monitored in single

on monitoring mode at their respective mass-to-charge ratios.
aurine-conjugated and unconjugated forms of cholate, che-
odeoxycholate, �- and �-muricholate, lithocholate, hyode-
xycholate, and hyocholate (all from Steraloids, Newport, RI)
ere used as standards. Calibration curves for standards were

ncluded in all experiments and were linear. The run-to-run
rror for individual samples was �5%.

Biochemical Assays

Liver microsomes were prepared as described.17

holate-CoA ligase activity was determined radiochemically.18

riefly, 40 �g protein was incubated in reaction buffer (100
mol/L Tris, pH 7.5, 10 mmol/L ATP, 5 mmol/L MgCl, 0.2
mol/L CoA, 20 �mol/L 14C-cholic acid [American Radio-

hemical Co., St. Louis, MO]) for 40 minutes at 37°C. EDTA
nd succinic acid was added, and tubes were extracted twice
ith water-saturated butanol. To determine fecal fat, feces was
ried at 70°C for 30 minutes and then extracted with 1:3.3:4
ol of H2O:chloroform:methanol for 1 hour. Organic material
as dried, weighed, and assigned as total lipid. To determine

ecal free fatty acids, the dried pellet was resuspended in 100%

thanol and free fatty acids were determined by using a diag- f
ostic kit (Sigma, St. Louis, MO) with oleate as a standard.
aloric content of feces was determined by using a Parr 1425
alorimeter (Parr Instrument Company, Moline, IL). Briefly,
0 mg dried feces was wrapped with platinum wire, sealed in
calorimetry bomb, and submerged in a water-filled chamber.
he temperature difference in the water before and after com-
ustion of the sample was recorded by using a Parr 1672
alorimeter thermometer and used to calculate the total fecal
alories. Commercially available kits were used to determine
nsulin, leptin (both Crystal Chem, Downers Grove, IL), cre-
tinine (BioAssay Systems, Hayward, CA), cholesterol, glyc-
rol, triglycerides, free fatty acids, �-hydroxybutyrate, and
otal bile acids (all Sigma, St. Louis, MO). Bile acids and
holesterol were extracted from lyophilized liver homogenate
r dried feces by incubating with 75% ethanol at 50°C (bile
cids) or with 10 mmol/L potassium hydroxide:methanol (1:9)
t 66°C (cholesterol) for 2 hours. Bile acid pool size was
easured as described.19 To determine hepatic lipids, 20 mg

yophilized liver homogenate was extracted with 1 mL chlo-
oform:methanol (2:1) at 60°C, filtered over a 0.2-�mol/L
ylon membrane spin column (Schleicher & Schuell, Keene,
H), and re-extracted twice with chloroform:methanol. The

rganic phase was dried, weighed, and assigned as total lipid.
iver glycogen was determined by digesting liver homogenate
ith amyloglucosidase and then assaying the amount of glu-

ose in the sample by using a diagnostic kit (Sigma).

Analysis of Gene Expression

Gene-profiling data were generated by using the
OE430A chip according to the manufacturer’s recommen-

ations (Affymetrix, Santa Clara, CA). Arrays were scanned on
n Affymetrix GeneArray scanner and analyzed by using the
AS 5.0 software (Affymetrix). Taqman real-time quantita-

ive PCR was performed by using an ABI Prism 7700 se-
uence detector (Applied Biosystems, Foster City, CA) with
8S as a control. Gene-specific primers and probes were de-
igned by using the Primer Express software (Applied Biosys-
ems). RNA was digested with DNase A and transcribed to
DNA by using a mixture of random hexamer and oligo dT
rimers. Relative expression was determined by the Ct method
Applied Biosystems).

Statistical Analysis

Average and standard error of the mean are shown.
nless otherwise indicated, statistical significance was deter-
ined by using a Student t test.

Results

FATP5 Deletion Mice Have a Reversed
Ratio of Conjugated to Unconjugated Bile
Acids

Total bile acid concentrations in gall bladder bile,

eces, liver, serum, and urine of FATP5 deletion mice
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ere similar to controls (Table 1). Furthermore, bile acid
ool size was similar in FATP5 deletion and wild-type
ontrol mice (Table 1). To determine bile acid compo-
ition, we used mass spectroscopy coupled to liquid
hromatography (Figure 2). In the bile of wild-type
ice, taurine-conjugated trihydroxylated (TriOH) bile

cids were most abundant (81% of total: tauro-�-muri-
holic acid 40%, taurocholic acid 32%, and tauro-�-
uricholic acid 9%; Figure 2D). Taurine-conjugated

ihydroxylated (DiOH) bile acids (taurohyodeoxycholic
cid, taurochenodeoxycholic acid, and taurodeoxycholic
cid) together constituted 14% of total bile acids (Figure
B), whereas 5% of bile acids was unconjugated cholic
cid (Figure 2C). We were unable to detect lithocholic
cid, glycine-conjugated, or glucuronidated bile acids in
ur samples, and the levels of sulfated bile acids detected
ere too low to quantitate (data not shown). In sum-
ary, in wild-type mice, 95% of the bile acids in gall-

ladder bile were conjugated and only 5% were uncon-
ugated (Figure 2H). In contrast, in FATP5 knockout

ice, 83% of bile acids were unconjugated, whereas only
7% were conjugated (Figure 2H). The total amount of
ature C24 bile acids was similar in FATP5 knockout

nd wild-type mice (Figure 2H) and no masses corre-
ponding to C27 precursors were detected in either back-
round (not shown). The majority of bile acids in FATP5
eletion mice were unconjugated trihydroxylated bile
cids (65% of total, cholic acid 26%, and multiple
pecies migrating similar to �- and �-muricholic acid
9%, Figure 2C and G), whereas taurine-conjugated
rihydroxylated bile acids accounted for only 14% of bile
cids (taurocholic acid 4%, tauro-�-muricholic 4%, and
auro-�-muricholic 4%; Figure 2D). This reversal in the
bundance of unconjugated versus conjugated bile acid
pecies strongly supports a requirement for FATP5 in
ile acid conjugation.
The remaining conjugated bile acids in FATP5 deletion

able 1. Bile Acid Concentrations in FATP5 Knockout Mice

Bile Acids in �/� �/� P Value

iver (�mol/g) 0.70 � 0.06 0.73 � 0.01 NS
eces (�mol/g) 2.59 � 0.25 2.22 � 0.19 NS
allbladder (�mol/dL) 34.43 � 1.70 31.94 � 2.27 NS
erum (�mol/dL) 1.78 � 0.37 1.95 � 0.32 NS
rine (nmol/mg
creatinine) 30.93 � 1.31 33.65 � 1.55 NS

ile acid pool (�mol/g
tissue) 5.8 � 1.31 5.6 � 0.89 NS

OTE. Feces and liver were from mice on a high-fat diet for 11 and 20
eeks, respectively. Gallbladder bile, serum, urine, and tissues for
etermination of bile acid pool size were from 6-month-old mice on a
ormal diet. n 	 3– 5.
S, not significant.
ice could represent newly synthesized bile acids that have w
ot yet undergone deconjugation; alternatively, they could
e bile acids that were reconjugated by a bile acid-CoA
igase other than FATP5. To distinguish between these 2
ossibilities, we focused our analysis on dihydroxylated
aurine-conjugated bile acids (Figure 2B). Two bile acids in
his group, taurohyodeoxycholate and taurodeoxycholate
peak 1 and 3), cannot be produced by de novo synthesis but
re generated from primary bile acids in the small intestine.

third bile acid, taurochenodeoxycholate (peak 2), is pro-
uced by de novo bile acid synthesis. Interestingly, conju-
ated forms of the 2 secondary bile acids are completely
bsent in the bile of FATP5 knockout mice (Figure 2B),
uggesting an overall requirement for FATP5 in the gen-
ration of these bile acids. In contrast, the conjugated
rimary bile acid, taurochenodeoxycholate, is present in
imilar concentrations in FATP5 knockout and wild-type
nimals (Figure 2B). These data support the notion that de
ovo synthesis of bile acids in FATP5 deletion mice is
argely intact and that the increase in unconjugated bile
cids in FATP5 knockout mice is because of a defect in bile
cid reconjugation. Surprisingly, unconjugated secondary
ihydroxylated bile acids were not increased in FATP5
eletion mice (Figure 2A). It is possible that unconjugated
ile acids are rehydroxylated more readily than conjugated
ile acids or are taken up less efficiently by the liver.

Interestingly, FATP5 deletion mice had significant
mounts of conjugated (2%) and unconjugated (13%) tet-
ahydroxylated bile acids (Figure 2E and F). Tetrahydroxy-
ated (TetraOH) bile acids are not present in normal bile
ut are found in the bile of BSEP knockout mice15 and in
he urine of humans with cholestasis.20 The increase in
etrahydroxylated bile acids in FATP5 knockout mice may
llow these mice to more efficiently export unconjugated
ile acids, resulting in normal levels of intrahepatic bile
cids.

In summary, our data show that bile acid reconjuga-
ion is a major function of FATP5, whereas de novo
ynthesis of bile acids appears to be intact. To verify the
ole of FATP5 in bile acid reconjugation, we measured
AL activity in microsomes from wild-type and knock-
ut livers by using 14C-cholic acid as a substrate. BAL
ctivity was significantly decreased in knockout com-
ared with wild-type microsomes (3.4 � 0.68 pmol/
in/mg vs. 37.7 � 19.5 pmol/min/mg), consistent with

ATP5 being the major bile acid–CoA ligase.

FATP5 Deletion Mice Have Normal Fat
Absorption

FATP5 deletion mice survived to adulthood at
endelian ratios, and their body weight and length

ere similar to controls at 8 weeks of age (data not
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hown), suggesting normal fat absorption during post-
atal development. To examine fat absorption during
dulthood, we determined fecal fat and caloric content
fter feeding a high-fat diet. FATP5 deletion mice
howed a subtle increase in the percentage of fat in the
eces (Figure 3A); however, the magnitude of this

igure 2. Bile acid composition
f gallbladder bile of male
ATP5 knockout (KO) and wild-
ype (WT) mice. (A–F) Ion chro-
atograms from mass spec-

roscopy coupled to liquid
hromatography analysis. Red
ndicates KO; blue indicates
T. Traces represent the aver-
ges of 3 individual mice; varia-
ion between mice was �15%.
umbers indicate the migration
f standards: 1, taurohyodeoxy-
holate; 2, taurochenodeoxy-
holate; 3, taurodeoxycholate;
, � and � muricholate; 5,
holate; 6, tauro-�-muricholate;
, tauro-�-muricholate; and 8,
aurocholate. Unconjugated di-
ydroxylated (DiOH, m/z 391,
), trihydroxylated (TriOH, m/z
07, C), and tetrahydroxylated

TetraOH, m/z 423, E) bile ac-
ds and taurine-conjugated dihy-
roxylated (DiOH, m/z 498, B),
rihydroxylated (TriOH, m/z
14, D), and tetrahydroxylated
TetraOH, m/z 530, F) bile acids
re shown. (G) The area under
he curve (AUC) of individual
eaks in A–F was added and
xpressed as % of total detect-
ble bile acids. (H) The sum of
ll detectable unconjugated and
onjugated bile acid peaks ex-
ressed as AUC. (A–G) n 	 3.
ncrease was very small (1.14-fold). Fecal caloric con- k
ent and fecal free fatty acids were not significantly
ltered in FATP5 deletion mice (Figure 3B and C).
he amount of cholesterol in the feces of wild-type
nd FATP5 knockout mice was also similar (10.04 �
.32 mg/g and 9.89 � 1.03 mg/g), and similar
mounts of stool were produced by wild-type and

nockout mice (data not shown). Thus, although
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ATP5 deletion mice show a very subtle increase in
ecal fat, their fat absorption appears to be largely
ormal even when high-fat feeding.

FATP5 Knockout Mice Are Resistant to
Diet-Induced Obesity Because of Decreased
Food Intake and Increased Energy
Expenditure on a High-Fat Diet

Although FATP5 deletion mice appeared indis-
inguishable from controls on a chow diet, we noticed
hat knockout mice appeared lighter on a high-fat diet.

e therefore placed knockout and wild-type mice on a
igh-fat diet for 13 weeks and monitored body weight
nd food intake weekly. At the end of the diet, glucose
learance, adiposity, and oxygen consumption were mea-
ured; animals were then sacrificed, and organ weights
nd plasma parameters were determined. Two separate
xperiments were performed, and results were similar in
oth studies. As can be seen in Figure 4A and Table 2,
ATP5 deletion mice gained significantly less weight on
high-fat diet compared with control mice (Figure 4A).
EXA (Figure 4B) and determination of fat pad weights

Table 2) showed that the difference in body weight
etween wild-type and FATP5 knockout mice was ac-
ompanied by a difference in adipose mass. Lean mass, as
ssessed by DEXA scanning, was unchanged between
ild-type and knockout mice on a high-fat diet (not

hown). Similar to our findings on a low fat-diet,4 we
bserved a trend toward increased liver weight in FATP5
eletion mice on a high-fat diet (Table 2). As might be
xpected from the decrease in body weight, FATP5
nockout mice on a high-fat diet also showed an im-
roved glucose tolerance profile (Figure 4C and D) and a
rend toward decreased plasma insulin (Table 2). Glu-
ose-tolerance profiles on a low-fat diet were similar
etween wild-type and FATP5 knockout mice (not
hown).

Because the caloric content of the feces of FATP5
eletion mice was not altered even on a high-fat diet
Figure 3C), nutrient malabsorption cannot account for
he lack of body weight gain on the high-fat diet.

igure 3. Lack of overt fat malabsorption in FATP5 deletion mice. (A)
tool lipid content and (B) free fatty acid content of feces collected

rom mice after 11 weeks on the high-fat diet. (C) Caloric content of
eces of mice after 5 days on a high-fat diet. *P � 0.05.
nalysis of food intake shows that FATP5 knockout W
ice consumed significantly fewer calories on the high-
at but not the low-fat diet (Figure 5A and Table 2).
aloric calculations show that this difference in food

ntake is sufficient to account for all of the difference in
ody weight gain. Thus, a major reason why FATP5
nockout mice are leaner on a high-fat diet is their
ailure to consume additional calories.

We also examined energy expenditure in FATP5 de-
etion mice fed a high-fat diet by monitoring O2 con-
umption and CO2 generation in a metabolic chamber
Figure 5B and C). O2 consumption (Figure 5B) and CO2

roduction (not shown) of FATP5 deletion mice was
ignificantly higher compared with the wild-type con-
rols in the fed state but not in the fasted state, suggest-
ng an increase in diet-induced thermogenesis. This in-
reased thermogenesis is not because of a selective
ncrease in fatty acid oxidation because the RER was not
ltered in FATP5 knockout mice during either the fasted
r the fed state (Figure 5C). Activity in FATP5 knockout
ice was similar to controls and showed normal circa-

ian rhythmicity (Figure 5D). We also observed an in-
rease in body temperature, which was significant under
ed conditions (Figure 5E), consistent with increased
nergy expenditure in FATP5 deletion mice. Interest-
ngly, this increase in body temperature was observed in
ice fed a low-fat diet, suggesting that, unlike the

igure 4. FATP5 deletion mice are protected from diet-induced obe-
ity and insulin resistance. (A) Body weights of knockout (KO) and
ild-type (WT) mice fed a low-fat (LF) or high-fat (HF) diet (n 	 6).
ifferences between WT HF and KO HF or WT LF were significant (P �
.05) at all time points between 4 and 13 weeks. (B) Body composi-
ion and (C) glucose tolerance test of KO and WT mice after (B) 17 and
C) 13 weeks on the high-fat diet (n 	 12–14). (D) Area under the
urve for the glucose excursion shown in C. *P � 0.05, KO HF versus

T HF. #P � 0.05, WT HF versus WT LF.



d
b
s
i
a

u
a
F
t
p
i
l
d

T
w
W
o
z
t
z
2
w
T
c
i
s
i
b
k
s

T

B
F
E
R
L
L
L
L
B
P
P
P
P
P
P
P

N
a

b r lipid

F
e
k
(
i
f
c
e
w
(
i
o
(
o
0
�

April 2006 FATP5 KNOCKOUT MICE AND BILE ACID CONJUGATION DEFECT 1265
ecreased food intake, increased thermogenesis may not
e dependent on the high-fat diet. In summary, our data
uggest that FATP5 deletion mice are resistant to diet-
nduced obesity due to both a decrease in food intake and
n increase in energy expenditure.

Gene Expression Changes in the Livers of
FATP5 Deletion Mice

As a first step toward investigating the molec-
lar changes associated with FATP5 deletion, we ex-
mined gene expression in the livers of high-fat–fed
ATP5 knockout and wild-type control mice by using
ranscriptional profiling on Affymetrix chips. The ex-
ression of 78 and 55 genes, respectively, was signif-
cantly (P � 0.05 by a Student t test) and strongly (at
east 2-fold difference in mean expression) up- and
own-regulated between the 2 groups (Supplementary

able 2. Organ Weights and Biochemical Parameters on a H

Genotype Diet �/� High Fat

ody weight (g) 38.0 � 1.1a

ood intake (kcal/13 weeks) 1114 � 33a

pididymal fat (g) 2.00 � 0.16a

etroperitoneal fat (g) 0.72 � 0.09a

iver (g) 1.54 � 0.11
iver lipid (% w/w) 14.57 � 0.47a

iver cholesterol (mg/g) 14.96 � 1.63
iver glycogen (mg/g) 11.82 � 1.74
lood glucose (mg/dL) 121.2 � 9.1
lasma insulin (ng/mL) 1.19 � 0.21
lasma triglyceride (mg/dL) 158.9 � 15.6
lasma free fatty acids (mmol/L) 1.38 � 0.08
lasma glycerol (mg/dL) 46.99 � 0.83
lasma cholesterol (mg/dL) 304.9 � 30.9
lasma-OH-butyrate (mg/dL) 6.86 � 1.34
lasma leptin (ng/mL) 28.21 � 4.13a

OTE. Body weight and food intake: fed mice, 13 weeks on the diet.
P � 0.05 knockout versus wild-type mice (high-fat diet).
P � 0.05 high-fat versus low-fat fed wild-type mice. n 	 5–6 for live

igure 5. Food intake and en-
rgy expenditure of FATP5
nockout (KO) and wild-type
WT) mice. (A) Cumulative food
ntake on a low-fat (LF) or high-
at (HF) diet (n 	 6). (B) Oxygen
onsumption and (C) respiratory
xchange ratio (RER) after 18
eeks on a high-fat diet (n 	 4).

D) Basic movements of fed an-
mals during the inactive (day)
r active (night) period (n 	 6).
E) Rectal temperature of mice
n a chow diet (n 	 5). *P �
.05, KO HF versus WT HF. #P

0.05, WT HF versus WT LF.
able 1; see supplemental material online at http://
ww.pamf.org/research/stahl/resources/gastro2692).
e noticed an up-regulation (either significantly or

nly as a trend) of many cholesterol biosynthetic en-
ymes as well as a significant up-regulation of choles-
erol-7 �-hydroxylase (Cyp7a1), the rate-limiting en-
yme in bile acid biosynthesis (Supplementary Table
; see supplemental material online at http://
ww.pamf.org/research/stahl/resources/gastro2692).
aqman real-time reverse-transcription polymerase
hain reaction confirmed an up-regulation of Cyp7a1
n FATP5 deletion mice (Table 3). Expression of the
mall heterodimer partner SHP, which mediates the
nhibition of Cyp7A1 expression in response to high
ile acid concentrations,21,22 was decreased in FATP5
nockout mice, although this regulation did not reach
tatistical significance (Table 3). These data raise the

t Diet

�/� High Fat �/� Low Fat

43.2 � 1.6 38.4 � 0.9b

1216 � 29 ND
2.69 � 0.31 2.34 � 0.20
1.10 � 0.13 0.68 � 0.07b

1.32 � 0.09 1.32 � 0.06
16.55 � 0.47 16.05 � 0.37
14.94 � 1.49 ND
11.23 � 1.3 10.67 � 1.18
113.3 � 9.6 92.1 � 8.4
2.06 � 0.4 1.50 � 0.29
201 � 25 180.4 � 14.2
1.65 � 0.10 1.68 � 0.10

58.25 � 0.96 51.24 � 0.50
279.5 � 22.9 200.5 � 21.3b

9.38 � 1.11 9.67 � 1.20
51.73 � 8.79 28.77 � 4.07b

ther data: fasted mice, 20 weeks on the diet.

, cholesterol, and glycogen, n 	 11–14 for all other measurements.
igh-Fa

All o

http://www.pamf.org/research/stahl/resources/gastro2692
http://www.pamf.org/research/stahl/resources/gastro2692
http://www.pamf.org/research/stahl/resources/gastro2692
http://www.pamf.org/research/stahl/resources/gastro2692
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ossibility that the altered bile acid composition in
ATP5 deletion mice results in a feedback regulation
f bile acid biosynthesis, which in turn may increase
xpression of cholesterol biosynthesic enzymes. How-
ver, it is important to note that the observed gene
xpression changes are not sufficient to result in mea-
urable increases in bile acid pool size or fecal bile acid
ontent (Table 1). We also examined the expression of
he bile acid transporters BSEP and the Na-
aurocholate cotransporter NTCP. Both BSEP and
TCP expression were up-regulated in FATP5 dele-

ion mice (Table 3), possibly to allow increased trans-
ort of the remaining conjugated bile acids. As might
e expected from the demonstrated role of FATP5 in
ipid metabolism,4 several genes involved in fatty acid
ynthesis and uptake were also up-regulated (Supple-
entary Table 2). In summary, the observed alter-

tions in gene expression are consistent with a role for
ATP5 in lipid and bile acid metabolism.

Discussion

To date, the function of FATP5 in bile acid
etabolism has been studied only in vitro. Here we show

or the first time that FATP5 deletion mice have a
pecific defect in bile acid conjugation in vivo. These
ndings are consistent with a requirement for FATP5 in
ile acid reconjugation and recycling but not in de novo
ynthesis of bile acids. Our in vivo data agree well with
recently proposed model that suggests that FATP5 is

he major enzyme responsible for bile acid reactivation
nd recycling, whereas another enzyme, possibly FATP2,
s responsible for activating bile acid precursors during
e novo synthesis.7 We found a severe conjugation defect
n FATP5 knockout mice: in contrast to wild-type mice,
here 95% of bile acids in bile are conjugated, only 17%
f biliary bile acids are conjugated in FATP5 deletion
ice. This is consistent with a requirement for FATP5

able 3. Gene Regulation in the Liver of FATP5 KO Mice on
a High-Fat Diet

Gene Name �/� �/� P Value

holesterol-7�-hydroxylase
(Cyp7a1) 19.8 � 4.7 4.8 � 1.8 .04

mall heterodimer partner
(Shp) 13.7 � 3.8 18.9 � 2.9 .34

a-taurocholate
cotransporter (Ntcp) 8.3 � 1.8 2.8 � 0.9 .05

ile salt export pump
(Bsep) 8.5 � 1.7 4.1 � 0.2 .06

OTE. mRNA expression in the liver of fasted animals (n 	 3) after 20
eeks on the high-fat diet analyzed by Taqman Q-PCR. All values are

elative expression.
uring most, if not all, reconjugation during the entero- s
epatic recirculation. Although FATP5 can activate
HCA-CoA in vitro,7 we did not find any evidence of
efective conjugation during de novo synthesis in
ATP5 knockout mice. The levels of mature C24 bile
cids in the bile of FATP5 knockout and wild-type mice
ere similar, and no C27 bile acid precursors were de-

ectable in the bile of FATP5 knockout mice. Conju-
ated primary, but not secondary, bile acids were de-
ected in FATP5 deletion mice, showing that the
emaining conjugation events in FATP5 knockout mice
ccur primarily during de novo bile acid synthesis. In-
erestingly, FATP2, a candidate for the THCA/DHCA-
oA ligase, is not up-regulated in FATP5 knockout
ice.4 Thus, compensation by FATP2 cannot mask a

equirement for FATP5 in de novo synthesis.
Given the severity of the bile acid conjugation defect,

e were surprised to observe no intrahepatic cholestasis
nd only minor effects on fat absorption in FATP5
eletion mice. Humans that are unable to conjugate bile
cids because of a mutation in BAT show hypercholone-
ia and fat malabsorption,13 which has been attributed

o an inability of the bile salt export pump BSEP to
ransport unconjugated bile acids.14 In contrast to the
uman mutation, however, significant amounts of con-
ugated bile acids remain in the FATP5 deletion mice,
ossibly accounting for the milder phenotype. Mutations
n BAT, but not FATP5, would also be expected to result
n hepatic accumulation of bile acid–CoA derivatives,
hich may be poor substrates for export and could

nterfere with the export of mature bile acids. A recent
tudy showed transport of cholic acid by rat BSEP,23

uggesting that at least in rodents some BSEP-mediated
ransport of unconjugated bile acids can occur. In addi-
ion, significant amounts of BSEP-independent bile acid
ransport occurs in rodents,15 and unconjugated bile
cids have been shown to enter cells without a bile acid
ransporter.24 Our observation that unconjugated bile
cids can be secreted efficiently into bile is consistent
ith previous studies that showed significant amounts of
nconjugated bile acids in the bile of mice with liver-
pecific deletion of HNF4� (H4LivKO mice)25 or mice
hat have been fed cholic acid.26 FATP5 deletion mice
lso have increased expression of BSEP and show in-
reased levels of tetrahydroxylated bile acids in the bile,
mechanisms that may allow for more efficient export of
ile acids. It is likely that a combination of the above
actors contribute to the apparently normal bile acid
ecretion in FATP5 deletion mice. The absence of a
epatic bile acid export defect together with the normal
ile acid pool size likely explain the lack of fat malab-

orption observed in FATP5 knockout mice.
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April 2006 FATP5 KNOCKOUT MICE AND BILE ACID CONJUGATION DEFECT 1267
It is interesting to compare FATP5 deletion mice to
4LivKO mice.25,27,28 These mice have increased levels of

nconjugated bile acids because of decreased expression of
oth FATP5 and BAT. Unlike FATP5 deletion mice, how-
ver, H4LivKO mice have increased serum bile acid con-
entrations and show increased levels of glycine-conjugated
ile acids. Comparison of the gene expression changes in
4LivKO mice27,28 with FATP5 deletion mice (Supple-
ental Tables 1 and 2) shows numerous differences that
ay explain the divergences between the 2 models. In

articular, although H4LivKO mice have decreased expres-
ion of the bile acid transporters NTCP and OATP1,
ATP5 deletion mice have increased NTCP mRNA levels
Table 3) and no change in OATP1 levels (profiling dataset,
ata not shown), possibly explaining the absence of hyper-
holonemia in FATP5 deletion mice. The increase in gly-
ine-conjugated bile acids in H4LivKO mice has been
uggested to be because of up-regulation of a novel BAT
omolog (GeneBank accession number NM_145368; Gene
D 209186). Interestingly, this gene is down-regulated in
ATP5 deletion mice (Supplementary Table 1), consistent
ith the lack of appearance of glycine-conjugated bile acids.

t is likely that the involvement of HNF4� in the regula-
ion of numerous bile acid metabolic enzymes results in a
ore complex and severe phenotype compared with dele-

ion of FATP5 alone.
The most pronounced phenotype of FATP5 knockout
ice at the whole-body level is their poor weight gain
hen placed on a high-fat diet. This is not caused by fat
alabsorption because the caloric content of stool is

imilar in wild-type and FATP5 deletion mice even on a
igh-fat diet. Furthermore, even though we observe a
ubtle increase in fecal fat, caloric calculations show that
his increase can account for no more than 5% of the
bserved difference in body weight. The failure of
ATP5 deletion mice, compared with the wild-type
ittermates, to gain weight on a high-fat diet, however,
an be fully explained by their inability to increase
aloric intake like the wild-type animals on this diet. An
nteresting question is whether this altered food intake is
aused by the alteration in bile acid metabolism as
escribed in this study, the altered lipid metabolism
emonstrated by Doege et al4, or a combination thereof.
lterations in hepatic lipid metabolism have been shown

o affect food intake through vagal afferent fibers29;
owever, in these studies, a decrease in fatty acid oxida-
ion led to an increase in food intake. Similar to what was
bserved on a low-fat diet,4 we find decreased intrahe-
atic lipids and a trend toward decreased ketone bodies
n FATP5 deletion mice on a high-fat diet, suggesting
ecreased fatty acid oxidation. An alternative hypothesis

s that the redistribution of fatty acids from the liver to r
dipose tissue and muscle in FATP5 knockout mice4

esults in secondary metabolic changes that contribute to
he decreased food intake. Leptin levels, when adjusted
or adipose mass, are not altered in FATP5 deletion mice
Table 2), suggesting that FATP5 deletion does not
ause dysregulation of leptin secretion. It is important to
ote that the decrease in food intake in FATP5 deletion
ice is only observed on a high-fat diet, suggesting that

igh-fat diet-specific alterations are responsible for this
ffect. A small increase in fecal fat was observed in
ATP5 deletion mice. Because both bile acids30 and fatty
cids31 can modulate secretion of the intestinal satiety
eptide Glp-1, it is possible that the altered bile acid
omposition combined with the small increase in fecal fat
etectable on a high-fat diet affects the levels of intesti-
al neuropeptides. Finally, although the role of bile acids
n regulating food intake is poorly understood, bile acid
eeding has been shown to decrease food intake in rodents
pecifically on a high-fat diet.32 Clearly, additional stud-
es are required to determine the mechanism underlying
he alterations in food intake in FATP5 deletion mice.

A second alteration in whole-body metabolism in
ATP5 deletion mice is increased energy expenditure. Un-
ike the alterations in food intake, increased energy expen-
iture is observed even on a low-fat diet as evidenced by the
ncrease in body temperature of FATP5 deletion mice fed a
ormal chow diet. This increase in energy expenditure is
ot because of a selective increase in fatty acid oxidation
ecause we did not observe a change in the respiratory
uotient under either fasting or fed conditions. Interest-
ngly, increased energy expenditure is detectable primarily
nder fed conditions. One hypothesis is that this increase is
ecause of the redistribution of dietary fatty acids into
eripheral organs other than the liver.4 It will be interesting
o assess whether FATP5 deletion mice have increased
rown adipose tissue thermogenesis because of increased
atty acid availability to this tissue.

Although studies on a low-fat diet show increased serum
lucose and insulin levels in FATP5 deletion mice,4 in our
igh-fat diet studies, we observed no change in serum
lucose levels and a trend toward decreased serum insulin
evels in FATP5 knockout mice on a high-fat diet. Further-
ore, glucose clearance was improved in high-fat–fed

ATP5 knockout mice, consistent with improved insulin
ensitivity. We currently do not understand the reason for
he apparent differences in glucose homeostasis between
ow- and high-fat diet. However, because the insulin resis-
ance observed when high-fat feeding is driven by the
ncrease in caloric intake, a decrease in food intake would be
xpected to abolish the development of diet-induced insulin

esistance. It is possible that the magnitude of this effect
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1268 HUBBARD ET AL GASTROENTEROLOGY Vol. 130, No. 4
ay mask any underlying defects in glucose homeostasis in
ATP5 deletion mice.

In conclusion, together with the accompanying paper by
oege et al4, we have shown that FATP5 is a protein with
ultiple activities in vivo. Our data show that FATP5 is

ndeed the major bile acid–CoA ligase in vivo. Interest-
ngly, decreased bile acid conjugation in these mice did not
esult in overt cholestasis or fat malabsorption, showing that
nconjugated bile acids can mediate largely normal fat
bsorption at least in mice. Unexpectedly, we found that
ATP5 deletion mice fail to gain weight on a high-fat diet
ecause of a combination of decreased food intake and
ncreased energy expenditure. Future studies will be re-
uired to determine whether the changes in body-weight
omeostasis in FATP5 deletion mice reflect the role of
ATP5 in bile acid conjugation or lipid metabolism or a
ombination of both. However, it is clear that FATP5
eletion mice represent an interesting new model to exam-
ne both the role of bile acid conjugation in normal phys-
ology and to dissect the contributions of bile acid and lipid
etabolism to body-weight regulation.
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