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Fatty acid transport protein 4 is dispensable for intestinal

lipid absorption in mice®
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Susan M. Kennedy,* Jeffrey H. Miner,™" and Nicholas O. Davidson®**

Departments of Medicine,* Cell Biology and Physiology," Developmental Biology,® Washington University
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Abstract FA transport protein 4 (FATP4), one member
of a multigene family of FA transporters, was proposed
as a major FA transporter in intestinal lipid absorption.
Due to the fact that Fatp4 /~ mice die because of a perinatal
skin defect, we rescued the skin phenotype using an
FATP4 transgene driven by a keratinocyte-specific promoter
(Fatp4_/ B ;Ivl-Fatp4tg/+ mice) to elucidate the role of intesti-
nal FATP4 in dietary lipid absorption. Fatp4 /~ ;Ivl-Fatp4®™
mice and wild-type littermates displayed indistinguishable
food consumption, growth, and weight gain on either low
or high fat (Western) diets, with no differences in intestinal
triglyceride (TG) absorption or fecal fat losses. Cholesterol
absorption and intestinal TG absorption kinetics were indis-
tinguishable between the genotypes, although Western diet
fed Fatp4 /"~ ;Il-Fatp4’¥ " mice showed a significant increase
in enterocyte TG and FA content. There was no compensa-
tory upregulation of other FATP family members or any
other FA or cholesterol transporters in Fatp4 / ;lvl-Fatp4's'*
mice. Furthermore, although serum cholesterol levels were
lower in Fatp4 /~ ;Ivl-Fatp4'¥* mice, there was no difference
in hepatic VLDL secretion in-vivo or in hepatic lipid content
on either a chow or Western diet.ill Taken together, our stud-
ies find no evidence for a physiological role of intestinal
FATP4 in dietary lipid absorption in mice.—Shim, J., C. L.
Moulson, E. P. Newberry, M-H. Lin, Y. Xie, S. M. Kennedy,
J. H. Miner, and N. O. Davidson. Fatty acid transport pro-
tein 4 is dispensable for intestinal lipid absorption in mice.
J- Lipid Res. 2009. 50: 491-500.
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A major fraction of the daily caloric intake in Western
societies comes from dietary lipid, whose absorption by
the small intestine is normally extremely efficient (>95%)
and virtually independent of the amount of fat consumed
(1). In view of the rampant epidemic of obesity and the
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abundance of dietary fat in the average diet, considerable
attention has focused on targets that might limit intestinal
lipid absorption as a means of reducing caloric intake.
However, our understanding of the molecular mechanisms
of intestinal fat absorption is remarkably incomplete,
despite many years of investigation. It remains unclear,
for example, the extent to which intestinal uptake of
dietary long-chain FA occurs via diffusional or protein-
mediated mechanisms, since both have been proposed
(as reviewed in Ref. 2). As regards protein-mediated FA
transport by the mammalian intestine, the identity of the
protein(s) responsible has been intensively investigated
over the years. Among these candidates, CD36, FABP-pm,
and Caveolinl (3—-6) have been proposed as potential in-
testinal FA transporters. Recent evidence suggests a role
for CD36 in very long chain FA (VLCFA) uptake (7) and
in regulating regional transport kinetics (i.e., proximal
jejunum) of FA (8) and cholesterol (9). However, to date,
none of these candidates has been proven indispensable
for physiological intestinal FA transport in vivo.

Several years ago, Hirsch, Stahl, and Lodish (10) identi-
fied and characterized a family of FA transport proteins
(FATPs), each with a tissue specific pattern of expression
and a range of possible functions in regard to long-chain
FA transport (as reviewed in Ref. 6). One such gene,
FATP4 (FA transport protein 4, Slc27a4) is ~60% homolo-
gous to the founding member of the family, FATPI, and
is abundantly expressed in the small intestine (11), and
at lower levels in brain, kidney, liver, and skin (6, 12). Ear-
lier studies suggested that FATP4 is the major FATP ex-
pressed in the intestine, with protein expression localized
to the apical and microvillus border of enterocytes (11). In
addition, FATP4 knockdown in isolated enterocytes pro-
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duced a corresponding, dose-dependent decrease in the
uptake of radiolabeled long-chain FA (11). Based on these
and other findings, it was proposed that FATP4 was the
long sought intestinal FA transport protein.

FATP4 /~ mice have been generated by several groups
and die either embryonically (13) or perinatally with thick-
ened, malformed skin that restricts the ability of the
animals to breathe and suckle and is ineffective as a barrier
to prevent dehydration (12, 14). The perinatal lethality
appears to be due exclusively to absence of FATP4 in skin,
as knockout mice can be rescued by transgenic expression
of FATP4 from a keratinocyte specific promoter, yielding
mice (Fatp47/ B ;Ivl—Fatp4’g/ * mice) that are viable and have
only a mild skin/hair phenotype (15). Because Fatp4 /'~ ;
Tvl-Fatp4"?" mice lacking FATP4 in the intestine suckle nor-
mally and develop to adulthood, it was unclear to what ex-
tent the presence of FATP4 in the intestine is required for
normal fat absorption. Further complicating our under-
standing of the role of FATP4 was the observation that its
localization was confined to the endoplasmic reticulum in
fibroblasts and COS cells (16, 17) and not to the plasma
membrane as originally proposed (11). In addition, Lobo
et al. (18) demonstrated no change in basal or insulin-
stimulated FA influx in 3T3-L1 adipocytes following knock-
down of FATP4. Collectively, these studies suggest that the
physiological role of FATP4 remains open to question. The
transgenic rescue of the perinatal lethality in Fatp4 /™ ;Iul-
Fatp4®"* mice afforded us the opportunity to clarify the role
of FATP4 in FA uptake and metabolism in the intestine and
liver using this line. Our findings cast doubt on the sugges-
tion that FATP4 is required for intestinal lipid absorption.

MATERIALS AND METHODS

Materials

Anti-FATP4 antiserum was generated as described (19). Anti-
heat shock protein 40 antiserum was obtained from Stressgen
Biotechnology (Ann Arbor, MI) and anti-a-tubulin antiserum
was from Santa Cruz Biotechnology (sc 5286; Santa Cruz, CA).
Anti-Collagen IV monoclonal antibody, the generous gift of
Yoshifumi Ninomiya and Yoshikazu Sado, was used as described
(20). Biochemical assays for measurement of triglyceride (TG),
total cholesterol, free cholesterol, and free FA levels in serum
and tissue were performed using kits obtained from Wako Chemi-
cal USA (Richmond, VA).

Animals

Fatp4™’~ ;Ivl-Fatp4"¢" mice were generated as described and
maintained on a mixed 129/B6/CBA strain background (15).
Both Fatp4"’~ ;Fl-Fatp4?" and Faip4*/~ or Fatpd™/* mice (without
the Jvl-Fatp4 transgene) were used as control mice, with no differ-
ence in phenotype observed between these genotypes. Unless
otherwise indicated, studies were performed on male and female
mice, and the data were pooled. For dietary studies, mice were
started on a Western diet (Adjusted Calories diet, TD 88137,
Harlan Tecklad) at 8—10 weeks of age and weighed weekly. In ad-
dition, female C57BL/6] mice (Jackson Laboratories) were fed
high-saturated fat or high-cholesterol diet to investigate diet-
induced changes in FATP4 gene expression (21, 22). Mice were
housed in a full barrier facility with a 14/10-h light/dark cycle.
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All animal protocols were approved by the Washington University
Animal Studies Committee and conformed to criteria outlined
in the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Dietary lipid absorption studies

For fat balance assays, mice were placed in metabolic cages
2 days prior to the start of the experiment. Food intake was mea-
sured, and feces were collected every 2 days for 8 days. No differ-
ence in food consumption was observed between the genotypes.
Fecal lipid content was determined gravimetrically following
Folch extraction as described (21, 22). Lipid mass was normalized
to food consumption and dietary fat content for determination of
percent fat absorption. For dietary fat absorption studies on mice
fed a Western diet, mice were fed the diet for 11 weeks prior to
analysis. For sucrose polybehenate (SPB) studies, mice were fed
the Western diet for 11 weeks and then switched to a low (5%) fat
diet containing olestra/SPB and essential nutrients. The ratio of
fecal FAs vs. SPB (a nonabsorbable fat marker) was determined
using gas chromatography as described (23).

Determination of intestinal FA absorption in vivo

For long-chain FA gavage experiments, chow-fed female mice
were fasted overnight and intravenously injected with 500 mg/kg
Tyloxapol (T0307, Sigma-Aldrich, St. Louis, MO) to block serum
lipase activity and allow serum lipid accumulation to be moni-
tored. After 30 min, mice were gavaged with 500 pl of a mixture
containing 4 parts Intralipid® 20% IV Fat Emulsion (~50% linoleic
acid (C18:2); Baxter, Deerfield, IL), 1 part corn oil, and 10 pCi
[H]triolein (American Radiolabeled Chemicals, St Louis, MO).
Blood samples were collected at time zero (prior to Tyloxapol in-
jection) and every h after gavage for 4 h. Mice were sacrificed after
the final bleed, and serum radioactivity and TG content were de-
termined. The intestine was divided into three equal segments
and the intestinal mucosa scraped and frozen in liquid nitrogen
for later analysis. For VLCFA absorption experiments, 10—
12-month-old male mice were fasted overnight and gavaged with
200 pl of Menhaden fish oil (Sigma-Aldrich) containing 1.5uCi
["*CJlignoceric acid (American Radiolabeled Chemicals) in the
absence of Tyloxapol. Menhaden oil contains C22:6 (~18%),
C22:5 (~2%), and C20:5 (~14%). Blood samples were collected
at time zero (prior to gavage) and at 1, 3, and 5 h after gavage. At
sacrifice, the stomach and intestine were flushed, and the intes-
tine was divided into three equal segments and scraped. Hepatic
and intestinal lipid content was measured as described (22).
Radioactivity remaining in the intestinal lumen or mucosa was de-
termined by scintillation counting.

Analysis of serum and tissue

Serum, intestine, and hepatic lipid levels were examined in
mice fed a chow diet or fed a Western diet for 11 weeks. Lipids
were extracted from liver and intestinal tissue segments as de-
scribed (22). Protein concentration was determined by D¢, Protein
Assay (Bio-Rad, Hercules, CA). A portion of the organic phase was
dried and resuspended in 1% Triton X-100 for enzymatic determi-
nation of tissue lipid content. Western blotting and immunohisto-
chemical staining of intestinal extracts or tissues for FATP4 was
conducted as detailed (15).

Cholesterol absorption

Cholesterol absorption was measured using the fecal dual-
isotope method (24, 25). Mice were gavaged with 150 wl of corn
oil containing 1 pCi [**C]cholesterol (PerkinElmer, Waltham,
MA) and 2 wCi of [*HJsitostanol (American Radiolabeled Chemi-
cals) and individually housed in metabolic cages. Feces were
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collected for 2 days following gavage and extracted using
chloroform:methanol as described (24). The "C to *H ratio for
each sample was determined and corrected to the dosing mix-
ture ratio, with percent cholesterol absorption calculated as de-
scribed (25).

Ezetimibe treatment

Ezetimibe, which inhibits intestinal cholesterol uptake through
inhibition of NpclL1 (26), was the kind gift of Schering-Plough
Research Institute. Baseline fat balance and cholesterol absorption
studies were performed 1 week prior to the start of ezetimibe feed-
ing. Mice were fed a chow diet containing ezetimibe (0.05 mg/g)
ad libitum for 3 weeks prior to sacrifice. Fat and cholesterol ab-
sorption studies on ezetimibe-fed mice were started ~1 week prior
to sacrifice.

RNA Isolation and real-time quantitative PCR

Total RNA was extracted and treated with DNase I (DNA-free,
Ambion). Two micrograms of total RNA was reverse transcribed
with random hexamers using Superscript II Reverse Transcriptase
(Invitrogen, Carlsbad, CA). Real-time quantitative PCR was per-
formed using SYBR green PCR Master Mix (Applied Biosystems,
Foster City, CA) on an ABI Prism 7000 Sequence Detection System
(Applied Biosystems). Individual mRNAs were quantified and
normalized to 185 mRNA; relative mRNA expression levels were
calculated as fold change compared with control mice. Primer se-
quences are listed in supplementary Table I.

Determination of VLDL secretion in vivo

Mice fed either chow or Western diet (9 weeks) were fasted
4 h, then intravenously injected with 20 mg Tyloxapol in 100 wl
phosphate buffered saline. Blood was collected from mice prior
to Tyloxapol injection and every 30 min following injection up
to 120 min. Serum TG content at each time point was deter-
mined enzymatically.

Statistical analysis

Statistical significance was determined with an unpaired, two-
tailed Students t-test. Data are expressed as the mean * SEM un-
less otherwise noted.

RESULTS

Expression of FATP4 in the small intestine of control and
Fatp47/ B ;Ivl—Fatp4tg/ * mice

Faz‘]ﬂf/f;Ivl—Faz,‘[a‘I‘g/+ mice are viable and fertile, with
FATP4 expression restricted to keratinocytes within the
granular layer of the epidermis (15). FATP4 was detected
in enterocytes from control (Fig. 1A, E), but not I*‘atp47/ N
Ivl—Fat[J4‘g/+ mice (Fig. 1B, E). No change was observed in
intestinal morphology or villus architecture in Fatp4 /" ;
Tol-Fatp4"”* mice, as suggested by immunostaining with
anti-collagen IVantiserum (Fig. 1C, D) (as well as measure-
ment of villus height/crypt depth and intestine length;
data not shown). FATP4 protein abundance was compara-
ble in control Fatp4™/ ™ mice proximally to distally across
the small intestine, although the duodenum (section 1) dis-
played lower FATP4 expression (Fig. 1F). These data confirm
that Fatp47/ 7;Ivl—Fatl/b4‘g/ * mice express neither endogenous
nor transgenic FATP4 mRNA (15) or protein in the small
intestine and suggest that there is no gradient of FATP4

Fatpd-/-;Ivl-Fatpdtg/+

COMrol

N SN

Collager V.

€—rATP4
(— o-Tubulin

Fig. 1. Expression of FA transport protein 4 (FATP4) in control
and Fatp4_/_;lvl-Fatp4‘g/+ intestine. FATP4 immunofluorescence
in the small intestine of adult control mice (A) and Fatp47/ Il
Fatpéﬂg/+ mice (B). Immunofluorescent localization of collagen IV
shows comparable appearance of villi in both control (C) and
Fatp‘f/f;Ivl—Falp4’<¥/+ sections (D). E: One hundred micrograms
of scraped mucosal proteins from control and Fatp4 '~ ;Ivi-
Fatp4'¥* mice were separated by SDS-PAGE and Western-blotted
for FATP4 (top) and Hsp40 as a loading control (bottom). F: Con-
trol small intestine was divided into six sections. Scraped mucosal
proteins from four mice were pooled, separated by SDS-PAGE, and
Western-blotted for FATP4. The Western blot was stripped and
probed again for a-tubulin.

expression in the intestine of wild-type mice. Furthermore,
there was no change in FATP4 mRNA or protein expression
in the intestine of wild-type mice fed a range of fat and/or
cholesterol supplemented diets (including Western, high
cholesterol, or high saturated fat), compared with mice
fed a low-fat, low-cholesterol, chow diet (data not shown).

Intestinal fat absorption and weight gain are not altered in
Fatp4—/~ ;Ivl-Fatp4'¢+ mice

Because of the predicted role of FATP4 in intestinal FA
trafficking we examined whether the absorption of dietary
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fat was altered in Fatp4 '~ ;Fol-Fatp4®" mice. Surprisingly,
there was no difference in fecal fat content (expressed as
percent of fecal weight) in chow fed Fat;b47/ 7,'[1}[—}“6115[74&/ *
mice compared with control mice (6.12% = 0.30, control;
5.64% = 0.16, Fatp4 /"~ ;Ivl-Fapp4®*, n = 6-7). To exam-
ine fat absorption more closely, fat balance studies were
conducted using the nonabsorbable lipid marker SPB. As
shown in Fig. 2A, ~98% of dietary fat was absorbed in
Fatp4™ '~ ;RolFatp4®* mice fed alow (5%) fat, SPB-containing
diet. Dietary fat absorption was also examined gravimetrically
in mice fed a high-fat Western diet for 11 weeks. Again we
observed ~98% absorption of dietary fat (Fig. 2A). More-
over, fecal TG, cholesterol, and FFA concentration per mg
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Fig. 2. Intestinal lipid absorption in control and Fat[)47/7;1vl—
Fatp4’g/+ mice fed a Western diet. A: Dietary fat absorption in mice
fed a low-fat, sucrose polybehenate (SPB)-containing diet (left panel)
or a high-fat, Western diet (right panel). n = 6-7 mice/genotype for
SPB diet and n = 10-11 mice/genotype for Western diet studies. Body
weight (B) and weight gain (C) were measured in control (n = 14,
black squares) and Fazp47/ 7;Ivl—Fatp4‘g/ * (n =16, open circles) mice
fed a Western diet for 10-12 weeks. Data were recorded weekly. The
trend toward decreased body weight and weight gain in Western
diet-fed Fatp4™’~ ;Tvl-Fatp4'®’* mice was primarily due to female
mice (n = 8 females in control group, 9 in Fazp4_/_;lvl—Fat[)4’g/+
group), though the differences still did not reach statistical signifi-
cance. Separate graphs for male and female mice are shown in sup-
plementary Figure I. Data are shown as mean * SE.
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stool were no different between the genotypes (data not
shown). There was no significant difference in body weight
or weight gain between control and Fatp47/ 7;Ivl—Fatp4tg/ *
mice fed either a chow (data not shown) or a high-fat
Western diet (Fig. 2B, C), although there was a trend to-
ward decreased weight gain in Western diet-fed Fatp4 /"~ ;
Ivl-Fatp4'®’" mice. This trend was observed primarily in
female Fatp47/7;Ivl—lf’az,‘lfi74‘g/Jr mice, although the data
reached statistical significance only at one time point (see
supplementary Fig. I for gender-specific weight data). By
contrast, body weight and weight gain were virtually super-
imposable in male Fatp47/ 7;Ivl-Fatp4tg/ * and control mice
fed a Western diet (see supplementary Fig. I). Overall,
these data suggest that there is no disruption of dietary
FA absorption in Fatp4~ '~ ;Ful-Fatp#¢’" mice.

Subtle alterations in intestinal lipid content in
Fatp4™/~ ;lvl-Fatp4'¥ " mice

Intestinal lipid content was examined in Fatp4 /"~ ;Ivl-
Fatp4'¥" mice fed a chow or Western diet to investigate
possible alterations in intracellular lipid trafficking. We ob-
served no difference between the genotypes in TG, choles-
terol, or FFA content of scraped mucosa obtained from
mice fed a chow diet (Fig. 3A), but Fatp47/ 7;Ivl-Fatp4tg/ *
mice fed a Western diet demonstrated increased intestinal
TG and FFA content compared with controls (Fig. 3B).
These data suggest that there may be a subtle alteration
in FA trafficking in Fatp4 /™ ;Tvl-Fatp4®’* mice, resulting
in accumulation of excess lipid in the proximal intestine
of these mice.

No alteration in kinetics of intestinal FA uptake and
secretion in Fatp4 /~ ;lol-Fatp4® " mice

Previous studies in CD36 /" mice demonstrated no
gross abnormalities in overall intestinal fat absorption,
but rather showed a defect in the rate at which dietary
FAs are transported into the lymph and plasma compart-
ments (3). To examine whether the kinetics of intestinal
FA absorption were altered in Fatp47/ 7;Ivl-Fatp4‘g/ * mice,
animals were first challenged with an acute lipid bolus
containing [*H]triolein in 0.5ml intralipid/ corn oil, which
contains primarily long-chain unsaturated FA (i.e., C18:2).
Serum radioactivity (Fig. 4A) and TG mass (Fig. 4B) in-
creased with a similar time course in both genotypes, indi-
cating that there is no alteration in the rate of intestinal FA
uptake and secretion of long-chain FAs in Fatp4 /™ ;Ivl-
Fatp4'¢’" mice. We also found that serum radioactivity
was predominantly (~85%) distributed into TG in both
genotypes, implying that uptake of dietary FA and resyn-
thesis into TG following ingestion of [*H] triolein was
not impaired in Fatp47/ 7;Ivl-Fatp4tg/ * mice. Moreover, no
differences in mucosal TG content in proximal, middle, or
distal intestinal segments were observed between the geno-
types 4 h after the lipid bolus (Fig. 4C), suggesting that
there is no residual accumulation of lipid in Fatp47/ vl
Fatp4‘g/ * mice, analogous to that previously observed in
similar studies with CD36~ /" mice (9).

Because previous studies have implicated a role for FATP4
in uptake and acylation of VLCFAs (17, 27), specifically
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Fig. 3. Intestinal lipid content in chow and Western dietfed control and Falp47/ 7;1'vl-Falp4tg/ * mice. Intracellular triglyceride (TG), cho-
lesterol, and free FA content of scraped mucosa from mice fed a chow (A) (control, n = 6 and Fat[)47/ 7;1vl—f<‘at[74’g/ *.n = 5-6) or Western
diet (B) (control, n = 5-6 and Fatp4_/ _;Ivl—Fatp4'g/ * n = 5-7) were measured. Mice were fasted for 4 h prior to sacrifice. * P < 0.05. Data

are shown as mean * SE.

C24:0, Faz‘p‘l_/_;Ivl—Falf;b‘ltg/+ mice were also challenged
with a lipid bolus containing ["*C]lignoceric acid (C24:0)
in Menhaden fish oil, which is enriched in eicosapentaenoic
acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6).
Mice were sacrificed after 5 h, and intestinal lipid mass and
radioactivity were measured. We observed no difference in
the mass of TG contained within enterocytes from each sec-
tion of the small intestine (Fig. 4D), with a slight decrease
in FFA content in the proximal intestine of Fatp47/7;]vl—
Fatp4"¢* mice (Fig. 4E). However, there was no difference
between the genotypes in the amount of [*C]lignoceric
acid remaining in the intestinal lumen 5 h after gavage
(30.2 = 2.5%, control; 29.0 * 1.6%, Fatp47/7,'lvl—Fatp4tg/+,
expressed as percent of total radioactivity administered)
and no difference in the amount of radioactivity present
in each of the intestinal segments (Fig. 4F), indicating that
there is no defect in [14C]1ign0ceric acid absorption in
Fatp47/ 7;Ivl—Fatp4'Zg/ * mice. Finally, we observed similar in-
creases in serum TG and FFA levels in both genotypes (data
not shown). Taken together, these data strongly suggest that
there is no kinetic defect in intestinal absorption or secretion
of VLCFA, including C24:0, in Fatp4~ /™ ;Iul-Fatp4"?  mice.

No defect in intestinal cholesterol absorption in
Fatp4™"~ ;Ivl-Fatp4¥ " mice

We observed that total serum cholesterol levels were re-
duced in Fatp4_/ _;Ivl—Fatp4tg/ * mice fed either a chow or
Western diet (Table 1), with no difference in serum TG
levels between the genotypes. Decreased serum cholesterol
appears to correlate with a change in cholesterol ester lev-
els, due to the fact that no difference in free cholesterol
was observed between the genotypes (Table 1). In order
to investigate the reason for the reduced serum cholesterol,
we examined whether intestinal cholesterol absorption was
altered in Fatp4 /"~ ;lul-Fatp#®" mice. As shown in Fig. 5A,
cholesterol absorption was similar in Fatp4 /"~ ;Ivl-Fatp4'™*
and control mice, and was almost completely eliminated
in both genotypes when mice were fed an ezetimibe-
containing diet for 3 weeks. In addition, we observed no dif-
ferences in the expression of a range of cholesterol or FA
transporter mRNAs in proximal small intestinal mucosa
from either genotype (Fig. 5B), suggesting in particular that

there is no compensatory induction of FATP1, FATP2,
FATP3, FATP5, CD36, or Caveolinl expression in the proxi-
mal intestine of Fatp4 /"~ ;Ivl-Fatp4¢" mice.

Hepeatic lipid content and VLDL secretion are unchanged
in Fatp4—/~;lulFatp4'¥’" mice

As an alternative explanation for reduced serum choles-
terol levels in Fat[)47/7;Ivl—Fatp4tg/+ mice, we examined
whether hepatic lipid content or VLDL production were
altered in chow and Western diet fed Fatp4 /™ ;Tvl-Fatp4¢"*
mice. Hepatic TG secretion rates were similar in both chow
and Western diet fed mice of both genotypes (Fig. 6A, C),
although there was a trend to lower TG secretion rates in
Fatp4™"~ ;Iul-Fatp4®"* mice fed Western diet. In addition,
we observed no difference in hepatic TG, cholesterol, or
FFA content between control and Fatp47k;[vl—Fatjﬂt‘g’/+
mice fed either a chow diet or Western diet (Fig. 6B, D)
and no compensatory changes in mRNA expression of
other FATPs or in a panel of lipid metabolism-related genes
(detailed in Fig. 5), including apoB and microsomal TG
transfer protein (data not shown). These data demonstrate
that hepatic lipid content and VLDL production are not
significantly different in Fatp4 /™ ;Fol-Fatp4¢’* mice fed
either a low-fat chow diet or high-fat Western diet. Thus,
we conclude that the absence of FATP4 in liver does not
dramatically alter hepatic lipid metabolism.

DISCUSSION

The mechanisms and pathways by which long-chain FA
are absorbed across the brush border of the mammalian
small intestine have yet to be completely resolved. Experi-
mental evidence using a variety of models (including iso-
lated loops, pooled enterocytes, and even purified apical
membrane vesicles) has supported the concepts of both
diffusional and saturable components of intestinal FA up-
take (4, 28-31), although there are inherent reservations
with some of the underlying assumptions for these kinetic
models, as recently summarized by Nassir et al. (8). That
said, in view of the importance and efficiency of intestinal
FA uptake, it seems reasonable to predict that a high affinity

FATP4 is dispensable for intestinal lipid absorption 495

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2008/10/09/M800400-JLR20

0.DC1.htmi
erum Radioactivit;
10000 S o Y
— Control
8000 1 —o— Fatps-/-;Ivil-Fapdrg/+
g ip pdtg
=
8
=
-]
g
g
Hours
B Serum Triglyceride
5000
LCFA — —— Control
Uptake % 4000 | —©— Fatpd-/-;Iv-Fatpdtg/+
&
<
3
=
=
=
Hours
C %0 Mucosal Triglyceride
M Control
O Fatp4-/-;Ivi-Fatpdig/+
£ 300 A
°
=
of) -
£ 200
&)
[
@ 100 1
O .

Proximal Middle Distal

D 600 Mucosal Triglyceride
H Control
= 500 1 OFatp4-/-; Ivl-Fatp4tg/+
5
S 400
o
2 300 4
2 200 -
E
]00 -ﬁ
0 T T
Proximal Middle Distal
E 2 Mucosal FFA
M Control VLCFA
=} [ Fatpd-/-;Ivl-Fatpdtg/+
£ 400 A [pa=/= Ip41g:
e ¢ p<0.05 Uptake
& 300
E
= 200 4 4
[£H
£ 100
=
0+ T T
Proximal Middle Distal
F Mucosal Radioactivity
2000
W Control
= 1600 { O Fatpd-/-;Ivl-Fatpdig/+
£ 1200
g
g 800
5
400 4
0 1 T T
Proximal Middle Distal

Fig. 4. Intestinal lipid trafficking in control and Fatp4~ '~ ;Ful-Faip4'?’" mice. A—C: Control (n = 3, black squares) and Fatp4 '~ ;Fol-Fatp4¢’*
(n = 4, open circles) mice were fasted overnight, injected intravenously with Tyloxapol to block serum lipase activity, then gavaged with a
long-chain FA lipid bolus containing [*H]triolein. Serum radioactivity (A) and TG (B) were measured every h for 4 h following the gavage.
Following the last time point, animals were sacrificed, and intestinal TG content of each third of the intestine was determined (C). D-F:
Control (n = 5, black bars) and Fatp4 '~ ;Iul-Faip4'¢" (n = 6, gray bars) mice were fasted overnight, then gavaged with a VLCFA bolus
containing [14C]lignoceric acid in Menhaden oil. Intracellular TG (D) and FFA (E) content of each third of the intestine 5 h after bolus was
determined and normalized to protein concentration. Cellular radioactivity (F) was determined by scintillation counting and normalized to

protein content. ¥ P < (.05. Data are shown as mean * SE.

apical FA transport protein(s) would be expressed in
mammalian enterocytes and by corollary, that its genetic
deletion might interfere with FA uptake. The current
studies detail our findings in regard to a physiological
role for one such candidate intestinal FA transport pro-
tein, FATP4.

FATP4 was identified several years ago as the predomi-
nant FATP in the small intestine, an abundant, apically lo-
calized FA transport protein whose knockdown in isolated
enterocytes resulted in decreased uptake of long-chain FA
(11). These findings, coupled with studies in heterozygous
Fatp4*/~ mice (13) in which there was reduced long-chain

TABLE 1. Serum lipid levels in wild-type and Fatp4™ /"~ ;Fol-Fatp4'’" mice

Chow Diet Control Fat[ﬂf/ - ;Ivl—Fat[)4’5'/ * P value
Triglyceride (mg/dl) 131 = 8 (24) 119 = 11 (16) NS
Total Cholesterol (mg/dl) 121 = 5 (29) 95 £ 6 (22) <0.008
Free Cholesterol (mg/dl) 18 £ 0.6 (5) 16 £ 1.3 (6) NS

Western Diet Control Fat[%f/ h ;Ivl—l“at[)4‘«“/ * Pvalue
Triglyceride (mg/dl) 118 £ 4 (11) 125 = 7 (11) NS
Cholesterol (mg/dl) 165 *= 39(10) 86 = 1 (10) <0.0002

NS = not significant. Data is expressed as mean * SE, with the number of animals indicated in the paren-

theses. Serum was collected following at least a 4 h fast.
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Fig. 5. Cholesterol absorption and relative mRNA expression of genes involved in lipid metabolism in con-
trol and Fatp4~/~ ;Ful-Fatp4®" mice. A: Cholesterol absorption in control and Fatp4~/~ ;Tul-Faip4'¢’* was mea-
sured using a fecal dual isotope assay on mice fed a chow diet (control n = 13, Fatp4_/ _;Ivl-Fat[)4‘g/ *'n=10)
and on mice fed a chow diet containing ezetimibe to block cholesterol absorption (control n = 7, Faip4 '~ ;
Ivl—Fatp4‘g/ *'n = 6). B: Relative mRNA levels of genes involved in lipid metabolism in scraped mucosa from
proximal small intestine (control n = 5-6, Fatp4 /'~ ;Iul-Faip4'?" n = 5-6) were measured using real-time
quantitative PCR. Relative expression is expressed as fold change normalized to enterocytes from control

mice. * P < 0.007. Data are shown as mean * SE.

FA uptake, led to the prediction that FATP4 was directly
involved in dietary FA uptake and utilization (6). However,
the studies presented in this manuscript are at odds with
those previous findings and thus do not support this pre-
diction. Fatp4 /" ;lvl-Fatp4®’* mice express FATP4 only in
the skin, with no detectable expression of FATP4 mRNA or
protein in the liver or intestine. Despite this, Fat[)47/ vl
Fatp4"¢* mice absorb ~98% of dietary fat, both on a low-
fat chow diet and on a high-fat, high-cholesterol Western
diet, and manifest similar weight gain and growth on both
diets. Following gavage of a long-chain FA lipid bolus,
Fat[)‘f/f;Ivl—Fat[ﬂ'lg/+ mice display no differences in the
rate of appearance of either TG mass or radioactivity (pre-
dominantly as [*’H]TG) in serum compared with controls
(Fig. 4A—C). Similarly, Fatp4~ /" ;Tvl-Fatp4'¢’" mice dis-
played no defect in intestinal uptake and trafficking of a
lipid bolus containing VLCFA (Fig. 4D-F). The most
straightforward interpretation of these data is that there
is no obvious defect in the ability of FATP4-deficient entero-
cytes, at least in the whole animal, to absorb dietary long-
chain FA, direct these FA for resynthesis into complex lipid
including TG, and to assemble and secrete TG-rich lipo-
protein particles into the serum. Some elements of these
conclusions, however, merit further discussion.

As noted above, we and others reported the phenotype
of FATP4 null mice, which included perinatal lethality re-
sulting from a severe skin defect, characterized by altered
VLCFA composition (primarily =C26) in epidermal cer-
amides, which in turn led to defective formation of the cor-
nified envelope that forms the skin barrier (12, 14, 15, 32).
This phenotype was rescued by FATP4 expression in the
suprabasal keratinocytes within stratified squamous epithe-
lium and hair follicles and required an intact acyl-CoA
synthetase domain within the FATP4 transgene (15). Other
studies using fibroblasts isolated from Fatp4 ~/~ mice dem-
onstrated a significant decrease in the levels of C20 and
C22 FA compared with FA from Fatp4*’" fibroblasts
(17). An important conclusion stemming from these as
well as other studies is that FATP4 may play a specific role
in the metabolism of VLCFA, specifically =C22. However,
we did not observe a marked difference in intestinal lipid
content or radioactivity in Fatp4 '~ ;Tol-Fatp4®" mice follow-
ing administration of a lipid bolus containing [ *C]lignoceric
acid (C24:0), as well as C20:5 and C22:6 FA, suggesting no
defect in intestinal absorption, processing, or secretion of
these FA. Nevertheless, it remains formally possible that loss
of FATP4 function in the small intestine may target the
absorption of select, VLCFAs (specifically =C26), rather
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Fig. 6. Hepatic lipid secretion in control and Fatp4 /"~ ;lvl-Faip4® mice. A, C: Control (n = 3, black squares) and Fatp4 /™ ;Fol-Fatp4¢’*
(n = 4, open circles) female mice fed a chow diet (A) and a Western diet (C) were fasted for 4 h and intravenously injected with Tyloxapol.
Blood was taken from mice every 30 min for 120 min. Serum TG was measured at each time point. Time zero blood samples were taken
prior to Tyloxapol injections. B, D: Hepatic TG, cholesterol, and free FA content in livers of mice fed a chow (B, n = 5) or Western diet (D,

n = 9-10) were measured. Data are shown as mean * SE.

than absorption of 16—18 carbon FA more typically found
in dietary fat.

Similar approaches to those used in the current study
have been employed to elicit a functional role for the FA
transport protein CD36, and the conclusions from these
studies bear comparison to our findings. Studies by Drover
et al. (3) demonstrated subtle defects in intestinal chylo-
micron secretion from CD36 /" mice as manifested by
intestinal lipid accumulation following an oral lipid bolus.
Further study however revealed no defect in intestinal FA
absorption in CD36 7~ mice using SPB determination on
fecal samples (analogous to that used in the current
study), but rather demonstrated that the rate of transport
into lymph and serum of TG and cholesterol was reduced
in CD36 /" mice (9). More recent studies refined these
conclusions by demonstrating a role for CD36 in FA and
cholesterol uptake in the proximal but not distal intestine,
suggesting that there is a region-specific function for CD36
in the transport and secretion of intestinal chylomicrons
(8), while yet other studies demonstrated that CD36 ™/~
mice are protected against diet induced obesity (33).
These studies collectively imply a robust role for CD36 in
the regulation of intestinal lipid transport. In regard to the
role of FATP4, our findings reveal several striking depar-
tures from the phenotypes described above in CD36 7/~
mice. Specifically, we find no evidence for intestinal lipid
accumulation following a fat bolus, no evidence for de-

498 Journal of Lipid Research Volume 50, 2009

layed appearance of radiolabel or TG mass in the serum,
and no evidence for protection against Western diet-
induced obesity. The slight, albeit statistically significant
increase in mucosal TG and free FA content in Western
diet-fed Fatp4™ '~ ;Ivl-Fatp4®* mice (Fig. 3B) suggests that
there may be a subtle effect on intestinal lipid accumula-
tion and transport, but it is difficult to assign a physiologi-
cal interpretation to these findings given the magnitude of
the differences. Further study is required to determine
whether there are differences (i.e., in chain length or de-
gree of saturation) in the intestinal lipid species that accu-
mulate in Western diet-fed Fatp4 '~ ;Ivl-Fatp4'¢’* mice
compared with controls.

The finding that Fatp4~ '~ ;Ilvl-Fatp4®’" mice manifest
lower plasma total cholesterol levels on a chow and a
high-fat Western diet is unexplained, though the differ-
ences appear to be due to altered levels of esterified cho-
lesterol, because free cholesterol levels were unchanged
(Table 1). We examined the possibility that Fatp47/7;]vl-
Fatp4‘g/ * mice might exhibit reduced cholesterol absorp-
tion (analogous to some of the findings alluded to above
in CD36~/~ mice), but this was not the case. Our findings
demonstrate that Fatp4 '~ ;Tul-Fatp4®’" mice exhibit no de-
fect in intestinal cholesterol absorption as compared with
littermate controls, with no compensatory change in the
expression of other cholesterol transporters. We also ex-
amined the possibility that hepatic TG secretion was
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reduced in Fatp4 /'~ ;Ful-Fatp4’* mice, but yet again we
found no differences from control mice. It is worth noting |,
that targeted deletion of Falp5 revealed a dramatic liver
phenotype with reduced steatosis and decreased TG secre-
tion following high-fat feeding (34), while knockdown of
FATP5 successfully reversed diet-induced steatosis in mice 18.
(35). These findings, taken in conjunction with the skin
phenotype in Fatp4 =/ mice, suggest that there are non-
redundant functions for FATP family members despite 14
overlapping expression patterns.

In conclusion, our findings demonstrate that intestinal
lipid transport is preserved in Fatp47/ 7;Ivl-Fatp4tg/ * mice.
These mice exhibit no protection against high-fat diet in- 15.
duced weight gain and display grossly similar transport
characteristics for intestinal TG and cholesterol. Although
the evidence does not permit us to conclude that there is 16.
no role for FATP4 in intestinal or hepatic lipid metabolism,
the findings suggest that FATP4 is dispensable for intestinal
lipid transport. il 17
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friend and colleague, Casey L. Moulson. 19
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