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Abstract

Proximal intestinal enterocytes expresses both intestinal-fatty acid binding protein (IFABP;
FABP2) and liver-FABP (LFABP; FABP1). These FABPs are thought to be important in the

net uptake of dietary lipid from the intestinal lumen, however their specific and potentially

unique functions in the enterocyte remain incompletely understood. We previously showed
markedly divergent phenotypes in LFABP™~ vs. IFABP~/~ mice fed high-fat diets, with the former
becoming obese and the latter remaining lean relative to wild-type (WT) mice, supporting different
functional roles for each protein. Interestingly, neither mouse model displayed increased fecal

lipid concentration, raising the question of whether the presence of one FABP was sufficient to
compensate for absence of the other. Here, we generated an LFABP and IFABP double knockout
mouse (DKO) to determine whether simultaneous ablation would lead to fat malabsorption, and to
further interrogate the individual vs. overlapping functions of these proteins. Male WT, IFABP™/-,
LFABP~/~, and DKO mice were fed a low-fat (10 % kcal) or high-fat (45 % kcal) diet for 12
weeks. The body weights and fat mass of the DKO mice integrated those of the LFABP~/~ and
IFABP~~ single knockouts, supporting the notion that IFABP and LFABP have distinct functions
in intestinal lipid assimilation that result in downstream alterations in systemic energy metabolism.
Remarkably, no differences in fecal fat concentrations were found in the DKO compared to WT,
revealing that the FABPs are not required for net intestinal uptake of dietary lipid.

*This article is part of a Special Issue entitled Intestinal Lipid Metabolism in Health and Disease edited by Dr. Kimberly Buhman.
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1. Introduction

The enterocyte of the proximal small intestine is the major site of absorption of diet-derived
lipids, with an efficiency of >95 %. Hydrolysis of dietary triglyceride (TG) by lipases in
the intestinal lumen results in the release of fatty acids (FA) and monoacyglycerols (MG)
[1]. These hydrophobic molecules enter the absorptive enterocytes of the small intestine,
and soluble carrier proteins are believed to be necessary for their transport through the
hydrophilic environment of the cytosol to access various metabolic processes including
oxidation, reesterification, and storage [2]. In the intestinal enterocyte, two FABPs are
present: Liver FABP (LFABP; FABP1) and Intestinal FABP (IFABP; FABP2). LFABP was
initially discovered in the liver, but was soon found to be highly expressed in the intestine
also. IFABP is solely expressed in the small intestine, with intestinal expression levels
similar to LFABP in the mouse [3,4].

Although identified about 50 years ago, the individual functions of IFABP and LFABP are
not definitively understood, thus it remains unclear why the same cell type expresses two
structurally similar, evolutionarily related proteins. IFABP is typical of the FABP family in
that it has a single high affinity binding site for FA, whereas LFABP is unique in that it can
bind two FAs simultaneously; LFABP also binds two MGs, and several other hydrophobic
ligands [5,6]. LFABP binds unsaturated FA with somewhat greater affinity than IFABP [7,8].
Additionally, both IFABP and LFABP have been found to bind endocannabinoids (ECs)
[9,10]. Kinetics studies have shown that LFABP transfers FA to model membranes via an
aqueous diffusional mechanism, while IFABP interacts directly with membranes during FA
transfer [11-13]. Such differences in ligand binding affinities and transfer mechanisms have
led to the hypothesis that these intracellular proteins may have different functions in the
enterocyte.

Intestinal expression of LFABP does not increase in the absence of IFABP, and vice-versa
[14,15]; the absence of compensation provides further evidence, albeit indirect, that these
proteins have different functions. The hypothesis was critically examined by directly
comparing mice null for LFABP and mice null for IFABP. High-fat diet (HFD) feeding

of LFABP~/~ vs IFABP~~ mice revealed robust phenotypic differences. LFABP~/~ mice
became obese and hyperphagic; this was potentially due, at least in part, to higher mucosal
ECs levels which would promote higher food intake. By contrast, IFABP~/~ mice remained
lean, regardless of dietary fat amount or type [16]. The lower respiratory exchange ratios
(RER) in LFABP™~ mice relative to wild-type (WT) mice suggested that they preferentially
utilize lipids for energy whereas IFABP~~ mice have higher RERs, indicating preferential
oxidation of carbohydrates for energy [16]. Overall, the disparate phenotypes of the
LFABP~™~ and IFABP™~ mice in response to high-fat feeding strongly suggest that these
proteins play distinct roles in the intestine.
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Interestingly, and in keeping with prior reports, neither LFABP~/~ nor IFABP~/~ mice
showed evidence of overt lipid malabsorption on a HFD [16-18]. Nevertheless, despite the
normal fecal fat content in IFABP~/~ and LFABP~~ mice, we recently found that there are
alterations in the quantity of feces excreted in both strains. LFABP~/~ mice have lower fecal
output per day, normalized to the amount of food consumed [19], while IFABP~/~ mice have
an opposite phenotype and display a higher fecal amount/gram of food consumed relative to
WT mice [20].

Therefore, to further understand the unique and overlapping functions of these proteins in
the intestine, and to interrogate their role in dietary lipid uptake, we generated mice that do
not express either LFABP or IFABP. The results strongly support largely unique functional
roles for these two proteins, and, unexpectedly, also demonstrate that they are not essential
for the net intestinal uptake of dietary fat.

2. Experimental procedures

2.1. Animals and diets

LFABP~~ mice and IFABP~'~ mice, and WT C57BL/6 J controls, were used as previously
described [15,16,20,21]. LFABP and IFABP-double knockouts (DKO) were generated by
breeding LFABP™~ and IFABP~~ mice, of which offspring were identified by DNA
genotyping, immunoblotting and gPCR to verify simultaneous ablation of the two proteins
in the intestine and LFABP in the liver (Fig. 1). The DKO mice were phenotypically normal
and did not display any overt differences in breeding or litter sizes.

Mice were maintained on a 12-hour light/dark cycle and allowed ad libitum access to
standard rodent chow (Purina Laboratory Rodent Diet 5015). At 2 months of age, male

WT, IFABP~/~, LFABP™~, and DKO mice were housed 23 per cage and fed one of the
following diets for 12 weeks: a low fat diet (LFD) containing 10 kcal% fat or a 45 kcal%

fat diet with high saturated fat (HSF) diet. Product numbers are D10080401 and D10080402
respectively (Research Diets, Inc., New Brunswick, NJ) and the compositions have been
reported previously [16].

Body weights (BW) were measured weekly. At the end of the experiment, the mice were
fasted for 16 h and anesthetized with ketamine/xylazine/acepromazine (80:100:150 mg/kg,
intraperitoneally, respectively), prior to collection of blood and tissues. Rutgers University
Animal Care and Use Committee approved all animal experiments.

2.2. Genotyping and immunoblotting to verify absence of IFABP and LFABP in DKO mice

Genotyping was performed as described previously [15]. Briefly, a 0.5 cm tail biopsy is
incubated overnight at 37 °C in lysis buffer (0.3 M sodium acetate, 10 mM Tris-HCI pH
7.9, 1 mM EDTA, 1 % SDS, 0.2 mg/mL proteinase K). The following morning, the crude
tail lysate is cooled on ice and the precipitate is pelleted by centrifugation in a pre-cooled
microfuge at maximum speed. 100 pL of the clear supernatant is heated for 15 min at 95 °C
to obtain a heat-inactivated cleared tail lysate.
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LFABP genotyping was performed as described by Martin et al. [22]. PCR was

performed with primers to amplify 123 base pairs of exon 2 of the WT allele
(5"-CAAGGGGGTGTCAGAAATCGTGC and 5'-CCAGTCATGGTCTCCAGTTCGCA),
or primers to amplify 227 base pairs of a sequence specific to the

knockout (neomycin resistance marker: 5'-AAGAGCTTGGCGGCGAATGGand 5'-
TGGCCATTTGTGGCTGTGCTC), 10x PCR buffer (SIGMA-buffer for REDTaq), dNTPs,
REDTagpolymerase (Sigma-Aldrich), and the heat-inactivated cleared tail lysate in a final
volume of 25 pL. For IFABP genotyping, PCR was performed with primers to amply 804
base pairs of the WT allele (5'-TGTACACCACCATGGTTTGC-3"), or 208 base pairs of
the KO sequence (5'-TGTGGAATGTGTGTGCGAGG-3") as described by Vassileva et al.
[23]. The primers were added to SYBR Green SuperMix (Bio-Rad) for a 20 uL reaction. 10
pL of the PCR reaction product was loaded directly onto a 2 % agarose gel and separated
electrophoretically.

Western blotting of mucosa and liver was performed as described previously [15] to confirm
ablation of IFABP and LFABP in intestinal mucosa and of LFABP in the liver. Results
shown in Fig. 1 confirm the absence of both LFABP and IFABP.

2.3. Body composition, energy expenditure, and activity

Fat mass (FM) and lean body mass (LBM) measurements were taken by MRI (Echo Medical
Systems, LLC., Houston, TX) as described previously [16]. Energy expenditure and activity
were assessed using the Oxymax system (Columbus Instruments, Columbus, OH). Mice
were placed individually in an indirect calorimetry chamber for a total of 48 h, which
includes a 24-h period for adaptation prior to measurements [16].

2.4. Food intake and meal pattern analysis

Food consumption was measured using a BioDAQ food intake monitoring system (Research
Diets, Inc., New Brunswick, NJ) with 16 cages. Eight-week-old male mice were individually
housed in standard caging with continuous access to the HFD. Food intake measurements
are recorded once per second. When the mouse is eating, the weight of the food hopper

is unsteady. This is the start of a “bout”. The bout ends when the mouse stops eating and
moves away from the food hopper. A “meal” is made up of a series of bouts within a
determined time period and meal amounts. If the food hopper is not disturbed for a period,
then the meal has ended and is counted. We defined the inter-meal interval as 10 min and

a minimum meal amount of 0.02 g, as previously described [24]. The BioDAQ software
(version 2.3.07) allows for measurements of cumulative intake, meal grams, number of
meals, and the percent of time in meals.

2.5. Preparation of tissues and plasma

At sacrifice, blood was drawn and glucose (Accu-chek, Hoffmann-La Roche) and TG levels
(Cardiochek, Polymer Technology Systems, Inc.) were measured. Plasma was extracted after
centrifugation for 6 min at 4000 rpm and stored at =80 °C. Livers and inguinal, perirenal,
and epididymal fat pads were removed, immediately placed on dry ice, and subsequently
stored at —80 °C for further analysis. The intestine from stomach to cecum was removed and
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measured lengthwise, rinsed with 60 mL ice-cold 0.1 M NaCl, opened longitudinally and
mucosa scraped with a glass microscope slide into tared tubes in dry ice.

2.6. Plasma analyses

At time of sacrifice, plasma was collected and stored at =80 °C for further analyses as noted
above. ELISA kits were used to measure plasma leptin, adiponectin, and insulin (Millipore).
Plasma total cholesterol, TG, and FA levels were also analyzed (Wako Diagnostics, Inc.).
Beta-hydroxybutyrate (BHB) levels were measured using Cardiochek (Polymer Technology
Systems, Inc. Zionsville, IN). Adiponectin and leptin indices [25] were calculated as

the plasma adiponectin or leptin levels divided by the total FM determined by MRI.
Homeostatic Model Assessment (HOMA-IR) was determined using fasting glucose (mg/dl)
x fasting insulin (LU/mL)/405 [26].

2.7. Oral glucose and insulin tolerance tests

During week 11 of high-fat feeding, mice were fasted for 6 h in preparation for an oral
glucose tolerance test (OGTT). Time 0 blood was taken from conscious mice via the tail
vein using 10 pL of whole blood with an Accu-Chek instrument (Roche Diagnostics, Inc.
Basel, Switzerland). Immediately after the blood was taken for #= 0, the mice were orally
gavaged with 2 g/kg BW of glucose. Blood was taken at #= 30, 60, 90, and 120 min.

For insulin tolerance tests (ITT), mice were fasted for 6 h. Blood was taken at time 0 and
injections of 0.75 U of insulin were given intraperitoneally. Blood was taken at t = 30, 60,
90, and 120 min.

2.8. Oral fat tolerance tests

After 3 months of high-fat feeding, mice were fasted for 24 h in preparation for an oral fat
tolerance test (OFTT). Time 0 blood was taken from conscious mice via the tail vein and
then an intraperitoneal injection of Tyloxapol (500 mg/kg BW) was administered to prevent
lipoprotein TG uptake via inhibition of lipoprotein lipase. After 30 min, an orogastric gavage
of 300 L of olive oil was given. Blood was taken at =1, 2, 3, and 4 h. Blood TG

levels were measured using 15 pL of whole blood with a Cardiochek instrument (Polymer
Technology Systems, Inc. Zionsville, IN).

2.9. Fecal lipid content

Feces were collected from the cages after 4 weeks of feeding during the 12 week period

and then dried overnight at 60 °C and weighed. 0.5 g (dry weight) was dissolved in water
overnight and lipid extracted using the Folch method [27]. The extracted lipids in 2:1
chloroform:methanol were placed in pre-weighed glass tubes and dried down completely
under a nitrogen stream. Tubes were weighed again to determine recovered lipid. The weight
of the extract was divided by original weight of the feces to determine percent of lipid in the
feces.

2.10. |Intestinal lipid uptake localization

Mice were fasted for 5.5 h and orally gavaged with 8uCi [3H] TG in 300 pL olive oil. After
1.5 h, mice were anesthetized with ketamine/xylazine/acepromazine (80:100:150 mg/kg,
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intraperitoneally, respectively). The intestines were removed from the stomach to the cecum
and cut into 2 cm sections from the proximal to the distal end and placed into individual
vials. The vials were digested overnight in 750 uL 1 M NaOH at 65 °C. The radioactivity
was measured in a scintillation counter the next day after 125 uL HCI was added, to
determine the location of lipid uptake along the proximal to distal axis of the small intestine.

Intestinal transit time

Intestinal transit time measurements were performed between week 11 and 12 of the HF
feeding period. Prior to the start of the experiment, mice were individually caged. After
2 h of acclimation, mice were gavaged with 250 uL of 6 % carmine red and 0.5 %
methylcellulose (Sigma-Aldrich, St. Louis, MO) in PBS. After the oral gavage, the cages
were checked every 10 min and the time of appearance of the first red fecal pellet was
recorded [28,29].

2.12. Quantitative RT-PCR for mRNA expression analysis

The protocol for mRNA acquisition and analysis was adapted from Chon et al. [30]. Briefly,
tissues were homogenized in 4 M guanidiniumthiocyanate, 25 mM sodium citrate, 0.1 M
B-mercaptoethanol using several strokes of a Polytron. Total RNA was further purified by
phenol extraction and the RNeasy cleanup kit (Qiagen, Valencia, CA) along with DNase
treatment to minimize genomic DNA contamination. Reverse transcription was performed
using 1 ug of RNA, random primers, an RNase inhibitor, and reverse transcriptase
(Promega Madison, WI) in a total volume of 25 pL. Primer sequences were obtained

from Primer Bank (Harvard Medical School QPCR primer data base). The efficiency of
PCR amplifications was analyzed for all primers to confirm similar amplification efficiency.
Real time PCR reactions were performed in triplicate using an Applied Biosystems 7300
instrument. Each reaction contained 80 ng cDNA, 250 nM of each primer, and 12.5 uL of
SYBR Green Master Mix (Applied Biosystems, Foster City, CA) in a total volume of 25
UL. Relative quantification of mMRNA expression was calculated using the comparative Ct
method normalized to B-actin.

2.13. Statistical analysis

Data are presented as mean + SD unless otherwise indicated. Statistical comparisons for
body weights were made by two-way repeated measures ANOVA (genotype x time). Other
comparisons were either made by one-way ANOVA followed by Tukey’s post hoc test, or by
Student’s #test vs WT, as indicated. Results were considered significant at p < 0.05.

3. Results

3.1.

Effects of simultaneous ablation of LFABP and IFABP on BW and body composition

In agreement with our previous findings [16,20], IFABP~/~ mice fed the LFD had similar
BW relative to WT over the 12-week study, but HFD feeding resulted in lower BW and net
weight gain relative to WT (p<0.05) (Fig. 2A, B, and C). Baseline FM of IFABP~~ mice
was similar to WT, but LBM was slightly lower (p < 0.05) (Fig. 2D). IFABP~~ mice have
similar body compositions relative to WT when fed LFD, but have reduced FM and a higher
LBM relative to WT when fed HFD (p < 0.05) (Fig. 2E, F).
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In contrast, LFABP~~ mice had similar BW relative to WT on LFD, but higher BWs and
net weight gain after 12 weeks of HFD feeding (p <0.05) (Fig. 2A, B, C) as observed
previously [16]. The baseline body compositions of LFABP~/~ mice were not different from
WT, however, LFABP™~ mice had greater adiposity (p < 0.05) compared to WT when fed
LFD and HFD, without changes in LBM (Fig. 2D, E), as observed previously [16].

Our previous results demonstrated that the IFABP™~ and LFABP~/~ mice have opposite
phenotypes in response to high-fat feeding, hence we were interested in the effects of
simultaneous ablation of both enterocyte FABPs in response to the same dietary regimen
[16]. We found that the whole-body phenotype of the DKO mice was intermediate between
the LFABP~/~ and IFABP~/~ mice, and thus more similar to WT. Indeed, the DKO mice had
similar BWs to WT when fed either the LFD or HFD during the 3 months of feeding (Fig.
2A, B). DKO mice also had similar net BW gain to the WT mice (Fig. 2C). Baseline FM
and FM on LFD of DKO mice were higher than WT (p < 0.05), however the FM and LBM
weights of DKO mice were similar to WT for the endpoint measurements (Fig. 2D, E, F).
Overall, the effects of simultaneous ablation of IFABP and LFABP appeared to integrate the
effects of the single gene ablations, and there was no predominant effect of ablation of either
of the enterocyte FABPs in the absence of the other.

LFABP~~ and IFABP~~ mice have altered food intake

We measured meal patterns of mice fed the HFD using BioDag instrumentation (Fig. 3), and
observed that IFABP™~ mice ate less food than WT throughout the study (Fig. 3A). This

is in agreement with our previous results, obtained using crude pellet weighing [16]. The
present results also reveal that IFABP~/~ mice eat fewer meals during the night compared to
WT mice (p< 0.05) (Fig. 3C), and eat less food per day, particularly at night when the mice
are active (p < 0.05) (Fig. 3D). In contrast to these results for the IFABP~/~ mice, LFABP™/~
mice tended to have greater cumulative food intake on the HFD relative to WT (p = 0.07)
(Fig. 3A), particularly during the light period where they spent more time eating (p < 0.05),
ate more meals (p < 0.05), and consumed more food (p < 0.05) (Fig. 3B-D).

Interestingly, and in keeping with many other analyses, we found that food intake of DKO
mice was intermediate between the IFABP~~ and LFABP~/~ mice. Food intake of DKO
mice tended to be lower than LFABP~/~, while higher than IFABP, and as such, were not
different from WT. We did not find any differences in cumulative food intake, meal size,
meal number, or time in meals for the DKO mice compared to the WT mice (Fig. 3A-D).

3.3. Ablation of IFABP and/or LFABP results in differences in markers of whole body
energy metabolism

As previously found [16], fasting blood glucose, leptin, adiponectin levels, and fat pad
weights of IFABP~/~ mice were lower relative to WT mice when fed HFD (p < 0.05),

but there were no changes in insulin, cholesterol, TG, or non-esterified fatty acid (NEFA),
or plasma BHB (Table 1). Since we found much lower FM in IFABP™~ mice, leptin and
adiponectin indices were used to normalize for adiposity; it was found that leptin levels per
g FM of IFABP~~ mice were lower than WT, but adiponectin was not different. Total livers
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weights of IFABP~/~ mice were similar to WT and were also not different when normalized
for BW.

LFABP~~ mice did not display differences in fasting blood glucose, insulin, cholesterol,
TG, or adiponectin levels on HFD relative to WT mice (Table 1), in keeping with previous
findings [16]. No changes were found in blood BHB levels relative to WT. Plasma

NEFAs were higher in LEABP~'~ mice when fed HFD and LFD (p < 0.05), possibly
reflecting an increased rate of lipolysis during the fasted state. LFABP~/~ mice on HFD
had markedly higher leptin levels, which correspond to their increased adiposity compared
to WT (p< 0.05) (Fig. 2E). Leptin levels expressed per g FM were higher than WT,

while adiponectin levels were significantly lower when normalized for FM. As suggested by
MRI measurements of FM (Fig. 2E), LFABP~/~ mice had larger epididymal, perirenal, and
inguinal fat pads when fed HFD (p < 0.05). Liver weights of LFABP~~ mice were lower
than WT mice when expressed per g BW (p < 0.05).

DKO mice had blood glucose, insulin, cholesterol, TG, leptin, and adiponectin
concentrations that were similar to WT mice fed LFD and HFD (Table 1). Like the
LFABP~'~ mice, plasma NEFA were higher in DKO mice when fed HFD (p < 0.05), and
liver weights were lower than WT mice when expressed per g BW (p < 0.05). Blood BHB
levels were lower for DKO mice relative to WT. Epididymal and perirenal fat pads were
similar in mass to WT, although inguinal fat pads were larger (p < 0.05). Overall, metabolic
markers for DKO mice were, in general, integrated between LFABP~/~ and IFABP~/~ mice,
in that the phenotype did not appear to be more strongly influenced by ablation of one gene
versus the other.

3.4. IFABP™~ mice have improved glucose metabolism during high-fat feeding

HFD-fed IFABP™~ mice displayed lower blood glucose levels at the 60, 90, and 120 min
timepoints (p < 0.05), and a smaller area under the curve (Fig. 4) (v < 0.05), suggesting
improved glucose tolerance relative to the other groups. Interestingly, despite their markedly
increased adiposity, high-fat fed LFABP~/~ mice were not different from WT mice (Fig. 4B).
Glucose levels of DKO mice throughout the 2-hour time period were similar to LFABP~/~
and WT mice (Fig. 4A, B).

Insulin tolerance tests were also performed on 6 h fasted mice fed HFD (Fig. 4C). In keeping
with the findings from the OGTT, we observed that IFABP~/~ mice had lower blood glucose
following the insulin injections at #= 30, 60, and 90 min (Fig. 4C and D). Interestingly,
DKO mice tended to follow IFABP~/~, with lower blood glucose levels at t = 30 and 90 min,
suggesting that they have somewhat improved insulin tolerance (Fig. 4C and D).

3.5. Ablation of IFABP and/or LFABP results in altered metabolic fuel source utilization
and energy expenditure

We had previously observed differences in metabolic fuel source utilization between
IFABP~/~ and LFABP™~ mice [16]; hence we performed similar experiments using DKO
mice fed LFD and HFD. In agreement with our previous results, IFABP™~ mice fed LFD
were not different for VO, consumption and VVCO, expiration, but they had higher VO,
and VCO, than WT when fed HFD (Fig. 5A, B). LFABP™~ mice were opposite in that
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they had lower VO, and VCO, during LFD and HFD feeding. As reported previously [16],
the ratios of VCO,/VO, for RER for IFABP~~ mice were higher than WT, suggesting that
IFABP~/~ have a preference for oxidation of carbohydrates as a fuel source (o< 0.05) (Fig.
5C). LFABP™~ mice, on the other hand, displayed lower RER on LFD and HFD compared
to WT (p< 0.05) (Fig. 5A, B, C). The latter measurements are similar to our previous results
which indicate that these mice preferentially oxidize lipids for energy [16]. No differences
were noted for energy expenditure of IFABP~/~ or LFABP~/~ mice (Fig. 5D).

As noted above, our indirect calorimetry data have shown that the single knockout mice
have divergent responses to high-fat feeding. In contrast to the phenotypes observed in the
single KO mice, the DKO mice had lower VO, and VCO, levels relative to WT when fed
the LFD (p < 0.05), but were similar during HFD feeding (Fig. 5A, B). The DKO mice

had similar RER to WT mice when fed the LFD, but HFD feeding resulting in higher RER
(Fig. 5C). This result suggests that the DKO mice are more similar to IFABP™~ mice and
preferentially utilize carbohydrates as a fuel source and are dissimilar to the LFABP™~ mice
which primarily metabolize lipid for energy. Like the two single knockouts, no differences
were noted in energy expenditure in the DKO mice relative to WT (Fig. 5D).

3.6. LFABP ablation results in changes in spontaneous activity

3.7.

We measured spontaneous activity of mice in the indirect calorimetry chambers when the
lights are off (when the mice are most active), and when the lights are on (mice are least
active) (Fig. 6), and did not observe any changes in activity for IFABP~~ mice relative to
WT. LFABP™~ mice, on the other hand, and in keeping with our previous results [16], had
increased 24 h X activity compared to WT mice after both LFD and HFD feeding (p < 0.05)
(Fig. 6A, B), displaying higher ambulatory activity compared to WT during both dark and
light photoperiods (Fig. 6C, D).

In contrast to LFABP~/~ and IFABP~/~ mice, the DKO mice tended to have somewhat lower
spontaneous activity counts relative to WT for all measurements (Fig. 6A-F), which reached
statistical significance for 24 h X activity and X ambulatory activity during HFD feeding

(p < 0.05). This result was surprising given that we observed that the LFABP~~ mice had
increased activity, while there were no changes observed for the IFABP~/~ mice.

DKO mice show no alteration in fecal fat levels or intestinal FA uptake

In agreement with ours and others’ previous results, no apparent changes in fat absorption,
as indicated by fecal fat levels, were seen for either of the single knockout mice (Fig. 7A)
[15-17]. Of great interest, DKO mice fed either LFD or even the HFD also showed no
difference in fecal fat%, which likely indicates that there is no malabsorption of dietary
lipid. These surprising results suggest that IFABP and LFABP are not required for the bulk
uptake of dietary lipid by the intestine. Additionally, there was no changes in 3H-labeled FA
uptake along the proximal to distal axis of the small intestine of IFABP~~, LFABP~~ and
DKO mice challenged with the 45 % Kcal HFD when compared to their WT control mice
(Fig. 7B).
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3.8. DKO mice do not exhibit alterations in chylomicron secretion rates

As we found previously [16], IFABP~/~ mice displayed more rapid rates of TG secretion,
while LFABP~/~ were similar to WT mice. The DKO mice also exhibited no differences in
TG secretion rates following an oral fat bolus, compared to WT (Fig. 7C and D).

3.9. Effects of IFABP and LFABP ablation on intestinal motility and fecal fat

Previously, we found that IFABP~/~ mice had shorter intestinal transit time compared to

the WT control mice [19,20], whereas the LFABP~/~ mice showed an opposite phenotype
with a longer intestinal transit time [19]. We observed a non-significant reduction in the
intestinal transit time in the DKO mice, with results similar to those found in IFABP~/~
mice, indicating increased intestinal motility (Fig. 8A). Additionally, we found that the DKO
mice displayed no difference in daily fecal output compared to the WT control mice (Fig.
8B).

3.10. Effects of IFABP and LFABP ablation on expression of intestinal lipid binding
proteins and lipid metabolic enzymes

We measured expression of genes involved in lipid metabolism and trafficking in the
intestines of mice fed the HFD (Fig. 9). As found previously, we observed no compensation
for IFABP or LFABP in the absence of the other protein in the single knockout mice [15].

In these single knockout as well as the DKO, there were also no changes in the very low
mucosal levels of expression of the adipose (AFABP; FABP4), heart (HFABP; FABP3), or
keratinocyte (KFABP; FABP5) FABPs (Fig. 9A). Indeed in the IFABP null, LFABP null,
and DKO mice, we also found no changes in intestinal expression of Ileal lipid binding
protein (ILBP; FABP6) (Fig. 9A), an FABP that is expressed in the distal region of the small
intestine and is known for having higher affinity for bile acids than FA [31-33]. We also

did not observe changes in expression of CD36, acyl CoA synthetase 5 (ACSLJ5), fatty acid
transport protein 4 (FATP4), monoacylglycerol acyltransferase 2 (MGAT2), diacylglycerol
acyl transferase 1 (DGAT1), monoacylglycerol lipase (MGL), micro-somal transport protein
(MTP), or sterol carrier protein (SCP2). An increase in DGAT?2 and scavenger receptor

class B type 1 (SRB1) expression and a decrease in acyl-CoA binding protein 1 (ACBP1)
expression were found in the LFABP~/~ mice, in keeping with our prior results [16]. DGAT2
expression was elevated in the DKO mice, and ACBP1 was decreased in the DKO mice (Fig.
9B). No changes in the expression of TNF-alpha or IL-6 were found in any of the KO mice
compared to the WT controls (Fig. 9C).

4. Discussion

Numerous differences in in vivo properties have suggested that LFABP and IFABP have
distinct functions in the intestine [5-7,11-13]. To investigate their functional properties
further, in the present studies we generated an LFABP/IFABP double knockout mouse.
We found that DKO mice fed a HFD display BWs and composition that are in between
those of LFABP~~ and IFABP~/~ mice, which are opposite to each other [16]. The fact
that we did not see a dominant effect in the DKO phenotype of either LFABP or IFABP,
strongly supports the hypothesis that these proteins have different functions. The absence
of compensatory upregulation of IFABP in intestinal mucosa in response to ablation of
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LFABP, and vice versa [15,34], also suggests separable functions for these two proteins.
Here, we also demonstrate that expression levels of other members of the FABP family were
unchanged.

Lipid assimilation by the intestine is highly efficient, and it has long been assumed that the
enterocyte FABPs play a role in net lipid uptake because they are abundantly expressed with
maximal expression in the proximal intestine where lipid uptake is highest. Further, both
enterocyte FABPs bind not only long chain FAs and MGs but also ECs, which play a role in
food intake and intestinal motility [9,10] Expression of LFABP is also increased in response
to high-fat feeding [35]. It was somewhat surprising, therefore, that LFABP~~ or IFABP™/~
mice fed HFDs exhibit no signs of lipid malabsorption [16,17,23,36]. It was hypothesized
that perhaps the presence of the other FABP was sufficient to accommodate even high levels
of dietary fat ingestion. We tested this hypothesis directly by high-fat feeding of the DKO
mice, expressing neither proximal intestinal FABP. Importantly, we found that DKO mice
also do not show any change in fecal fat level relative to WT mice; weight gain in response
to high-fat feeding was also similar to WT. Hence, we conclude that LFABP and IFABP

do not, in fact, have an essential role in the net uptake of lipids into the intestine. This
unexpected finding indicates that the high correlation between LFABP and IFABP levels and
lipid absorption may be unrelated to bulk lipid processing; we propose, alternatively, that the
intestinal FABP levels correlate with lipid assimilation because they function as sensors of
dietary lipid.

Interestingly, despite the fact that there was no change in fecal fat per weight of feces,

we found that IFABP~/~ mice have a shorter intestinal transit time, indicative of faster gut
motility. Indeed the IFABP null mice excrete more feces than WT mice [19,20], suggesting
that there is less time available for nutrients to be absorbed, which may explain, in part,

the leaner BW of IFABP~/~ mice. The intestinal motility in LFABP~/~ mice is opposite

that of the IFABP~/~ mice, with longer intestinal transit times and reduced fecal mass [19],
indicative of slower gut motility which allows more time for nutrient absorption and might
explain, in part, the heavier BW in LFABP~/~ mice. Alterations in intestinal motility and
food intake patterns may be attributed to differences in mucosal EC concentrations, and
indeed LFABP™~ mice have a higher mucosal EC levels while IFABP™~ mice show a trend
towards lower levels [16]. The relationship between gut motility and ECs levels is well
established; higher concentrations of anandamide and 2-arachidonoylglycerol are associated
with slower gut motility and greater food intake [37,38]. Intestinal transit time for the DKO
mice was not significantly different than for WT mice, and the DKO mice did not have
higher fecal output than the WT mice. In addition to lower EC concentrations, the faster
intestinal motility in IFABP~~ mice may also be due to their short villi phenotype, allowing
less hindrance of food passage [20]. Future studies will determine whether the DKO mice
have intestinal morphology similar to the WT mice, as would be expected.

While we find that IFABP and LFABP are not limiting for lipid uptake by the intestine,

it remains possible that these or other FABPSs serve a regulatory role in FA uptake in

other cell types. For example, uptake of radiolabeled FA into L-cell fibroblasts is increased
when LFABP is overexpressed relative to controls [39]. Additionally, studies using primary
hepatocytes of LFABP~~ mice have shown that FA uptake into liver is reduced relative to
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WT [34,40], and hepatic uptake of FA is reduced in LFABP~/~ mice relative to WT after

48 h of fasting, suggesting impairment of trafficking into liver [34]. We also found that
functional reduction of AFABP in cultured adipocytes decreased FA uptake [41]. Thus, there
is a growing understanding that each member of the FABP family has unique and potentially
tissue-specific functions [42-45].

Lipids can enter the enterocyte via passive diffusion, though membrane transport proteins
may also be involved because uptake is, in part, a saturable process [46]. We considered
whether other proteins could be functioning to transport FA in the intestine in the dual
absence of LFABP and IFABP. FATP4 and CD36 are enterocyte membrane proteins
proposed to have a role in FA uptake [47,48], however, no changes in their expression
were found in the LFABP™~, IFABP™~, or DKO mice. Since LFABP and IFABP are
both expressed in the proximal small intestine, we investigated the possibility that net
absorption of dietary lipid does not change owing to compensatory absorption in the distal
small intestine. However, we found no differences in the localization of fat uptake into
the intestine, nor where there changes in expression of other enterocyte proteins that can
bind or acylate FA such as SCP, or ACSL5, although the latter showed a small decrease in
expression in the DKO mice. On the contrary, there was a reduction in the expression of
ACBP in both LFABP~/~ and DKO mice.

A fundamental finding of these studies is that LFABP and IFABP are not required for
efficient uptake of dietary lipid by the intestine. Given their simultaneous expression and
high abundance, other roles in intestinal lipid assimilation must be considered. For example,
by maintaining low intracellular unbound FA concentrations, they may act to prevent the
cytotoxicity reported for high cellular long chain FA levels [49,50]. It is also possible that
by regulating unbound concentrations of FAs, MGs, and other lipids inside the cell, the

two enterocyte FABPs are acting as lipid sensors. In particular, binding of ECs by both
enterocyte FABPs has been described [9,10], and both IFABP and LFABP null mice display
altered MG and anandamide metabolism [16]. Thus, the enterocyte FABPs may be involved
in signal transduction pathways secondary to regulation of FA and EC levels. Moreover,
LFABP has been reported to traffic FA to PPARa, an important regulator of genes involved
in lipid oxidation that is present in both the intestine and liver [51-54]. Recent studies have
shown that ablation of LFABP results in attenuation of PPARa localization in the nucleus,
thereby inhibiting its functionality [40,52]. We and others have shown that LFABP~/~ mice
have reduced intestinal and hepatic oxidation of FA relative to WT, hence LFABP appears
to be involved in targeting FA towards oxidative pathways [15,16,40,55]. Therefore, LFABP
may be acting as a nutrient sensor in response to high levels of FA, potentially playing

a role in trafficking FA towards oxidative pathways via protein-protein interactions with
PPARa. The hypothesis that IFABP and LFABP are involved in nutrient sensing in the
intestine in response to feeding status is also supported by previous work using intestinal
explants, which showed that both IFABP and LFABP are localized on the apical side of

the enterocyte of fasted rats, but became localized throughout the cytoplasm in the fed state
[56], suggesting that localization of these proteins is influenced by the availability of dietary
FA.
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We found several parameters where the DKO did not appear to integrate the observations in
the single KO mice. Firstly, the DKO mice were found to have a higher RER in response
to high-fat feeding relative to WT and are thus more similar to IFABP™~ mice, with a
preference for carbohydrate oxidation. We speculate that fuel selection reflects fat stores,
as the IFABP~/~ mice have reduced adiposity, while LFABP~~ mice have greater amounts
of adipose tissue lipids available for oxidation. The DKO mice do not have altered fat
stores relative to WT but nevertheless appear to preferentially oxidize carbohydrate for
energy. The DKO mice were also not intermediate between the two single FABP nulls
with regard to physical activity. LFABP~~ mice have increased spontaneous activity and
increased endurance while IFABP nulls are similar to WT [16,21], however we observed
apparently lower spontaneous activity in the DKO mice. We recently found that LFABP~/~
mice have improved endurance exercise capabilities secondary to increased intramuscular
TG and glycogen stores and increased FA oxidation [21], thus we will investigate whether
the DKO mice have altered stamina during an exercise test, and whether the decreased
activity observed in DKO is accompanied by changes in muscle substrate availability and
metabolism.

Using the pellet weighing method, we previously showed that LFABP~/~ mice consume
more calories, whereas IFABP~~ mice consume fewer calories than WT during high
saturated fat feeding [16]. Here, we conducted in-depth meal pattern analysis using BioDag
instrumentation. We confirmed that IFABP™~ mice are consuming less total food, and now
show that they consume fewer meals relative to WT mice, which correlates with their
resistance to diet-induced obesity. The major effect on food intake occurred during the

dark period, when mice are normally awake and eating. Interestingly, we found that the
LFABP~~ mice eat more food than WT specifically when the lights are on, consuming
double the amount of food during this photoperiod. The DKO mice, again, have a phenotype
that is in between the IFABP™~ and LFABP~/~ mice with food intakes that are more similar
to WT. Mice are nocturnal and are more active during the dark cycle; hence, these data
suggest that the LFABP~/~ mice in particular may have alterations in circadian activity.
Indeed, WT mice fed HFDs have been shown to have altered eating patterns shifting their
food intake to the light photoperiod [57], which may contribute to their increased adiposity.
Additionally, several transcription factors involved in the regulation of circadian genes have
been identified in intestine, and the expression of genes for many proteins involved in
intestinal lipid metabolism display diurnal variation, including IFABP and LFABP [57,58].
Additional studies will investigate alterations in expression of enterocyte clock genes, which
may help elucidate the mechanisms underlying the apparent changes in circadian rhythms
observed in the LFABP~/~ mice.

In summary, the present studies demonstrate that simultaneous ablation of IFABP and
LFABP results largely in an integration of the single knockout phenotypes, indicating that
they are not functionally redundant and that one protein is not dominant over the other.
Importantly, and contrary to long-held assumptions in the field, the results herein suggest
that neither IFABP nor LFABP is critically required for net FA assimilation by the intestine.
Rather, they appear to function as sensors of dietary fat, serving to signal the presence

of lipid via as-yet largely unknown mechanisms, and thereby regulate whole body energy
homeostasis.
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Verification of genotype by Immunoblotting. Representative images of Western blotting. A.
Probing for LFABP in intestine: Lane 1, purified LFABP (pLF); Lane 2, purified IFABP
(pIF); Lane 3, WT; Lane 4, IFABP™'~; Lane 5, LFABP™~; Lane 6, DKO. B. Probing for
IFABP in intestine: Lane 1, pLF; Lane 2, pIF; Lane 3, WT; Lane 4, IFABP™'~; Lane 5 and
Lane 6, DKO. C. Probing for LFABP in liver: Lane 1, pLF; Lane 2, pIF; Lane 3, WT; Lane
4, IFABP~/=; Lane 5, LFABP~'~; Lane 6, DKO. D. Probing for IFABP in liver: Lane 1, pLF;
Lane 2, pIF; Lane 3, WT; Lane 4, IFABP~~; Lane 5, LFABP~/~; Lane 6, DKO. E. Intestinal
expression of LFABP and IFABP in WT, IFABP~/~, LFABP~~ and DKO mice. 7= 7-8 mice
for each group.
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Body weights on HFD (= 27-30); C. Body weight gain (r7=19-29); D. Baseline body
composition (7= 31-39); E. Fat mass (1= 16-28); F. Lean body mass (16-28). For figs.
A-B, data are mean + SD, analyzed using two way ANOVA using repeated measures with
post hoc Tukey’s test (genotype x time). For figs. C—F, data are mean * SD, analyzed using
one way ANOVA with a Tukey’s post hoc test. Results with different letters within diet
treatment are significantly different (p < 0.05).
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LFABP~/~ (a), and DKO (4p) mice of mice fed a low-fat (LFD) or high saturated fat (HFD)
diet. A. OGTT for LFD-fed mice; B. OGTT for HFD-fed mice; C. ITT for HFD-fed mice;
D. % suppression in blood glucose over time. AUC, area under the curve. Data are mean +
SD, analyzed using Student’s #test. *p < 0.05 for IFABP™~ vs WT. *p < 0.05 for LFABP™/~
vs WT. #p < 0.05 for DKO vs WT. 7= 6-9 for all groups.
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Ingirect calorimetry for WT, IFABP~/~, LFABP~/~, and DKO mice fed a low-fat (LFD) or
high saturated fat (HFD) diet. A. VO5; B. VCOy; C. Respiratory Exchange Ratio; D. Energy
expenditure. Data presented as mean + SD, analyzed using one-way ANOVA with Tukey’s
post hoc test. 7= 16-18/group. Results with different letters within a dietary treatment are
significantly different (p < 0.05).
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Fig. 6.
24-Hour activity of WT, IFABP~~, LFABP™'~, and DKO mice fed low-fat (LFD) or a high

saturated fat (HFD) diet. A. X Activity on LFD; B. X Activity on HFD; C. X ambulatory
activity on LFD; D. X ambulatory activity on HFD; E. Z total activity on LFD; F. Z total
activity on HFD. Data are mean + SD, analyzed using one-way ANOVA with Tukey’s post
hoc test. n = 16-18/group. Results with different letters within a dietary treatment for the
same time period are significantly different (p < 0.05).
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Intestinal lipid uptake and secretion for WT (@), IFABP~/~ (M), LFABP™~ (v), and DKO
(@) mice after 12 weeks on a low-fat (LFD) or high saturated fat (HFD) diet. A. Fecal lipid
% for LFD or HFD-fed mice (n= 3-10); B. Intestinal lipid uptake of HFD-fed mice; C. Oral
fat tolerance test for LFD-fed mice (7= 6-11); D. Oral fat tolerance test for HFD-fed mice
(n=8-12); Data are given as mean = SD in A; mean + SEM in B, C and D, analyzed using
Student’s #test *p < 0.05 for IFABP™~ vs WT at the same timepoint.
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The intestinal transit time in WT, IFABP™~, LFABP~/~, and DKO mice after 12 weeks on

a high saturated fat diet. A. Intestinal transit time (n = 6-10); B. Fecal output (n = 6-10).
For fig. A, data are mean + SD, analyzed using one-way ANOVA with Tukey’s post hoc test.
Results with different letters are significantly different (p < 0.05). For fig. B, data are given
as mean + SD, analyzed using Student’s #test. n = 6-10.
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Relative quantification of mMRNA expression of intestinal lipid transport genes for WT,
IFABP~~, LFABP~~ and DKO mice after 12 weeks on a high saturated fat (HFD) diet.

A. mRNA expression of different FABPs relative to intestinal LFABP in WT mice (n=
4-8); B. Relative expression of intestinal lipid transport genes; C. Relative expression of
inflammatory cytokines in the intestine. Data are given as mean = SD in A and mean = SEM
in B and C, and are analyzed using Student’s #test. Results with different letters vs the same
WT are significantly different (p < 0.05). *p < 0.05 vs WT.
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