A FUNCTIONAL ANALYSIS OF LIVER- AND INTESTINAL-
FATTY ACID BINDING PROTEINS IN THE INTESTINAL
ENTEROCYTE: STUDIES IN NULL MICE
by
ANGELA MARIE GAIDA
A dissertation submitted to the
Graduate School-New Brunswick
Rutgers, The State University of New Jersey
In partial fulfillment of the requirements
For the degree of
Doctor of Philosophy
Graduate Program in Nutritional Sciences
Written under the direction of
Dr. Judith Storch

And approved by

New Brunswick, New Jersey

May 2014



ABSTRACT OF THE DISSERTATION
A Functional Analysis of Liver- and Intestinal Fatty Acid Binding Proteins in the Intestinal
Enterocyte: Studies in Null Mice

By ANGELA MARIE GAJDA

Dissertation Director:

Dr. Judith Storch

The fatty acid binding protein (FABP) family consists of 14-15 kD cytoplasmic proteins, which are
abundantly expressed in various mammalian tissues. In the enterocyte, two FABPs are present:
Liver-type FABP (LFABP; FABP1), and Intestinal FABP (IFABP; FABP2). Previous studies in chow-
fed mice did not reveal marked differences between IFABP or LFABP null mice, thus we
hypothesized that feeding high-fat diets would provide a lipid overload to the intestine, perhaps
revealing phenotypic differences that would provide insight into the individual functions of
LFABP and IFABP. We directly compared IFABP'/', LFABP™", and WT mice fed low or high fat
diets. Changes in mucosal lipid metabolism were observed, with a decrease in FA incorporation
into triacylglycerol (TG) relative to phospholipid (PL) in IFABP™~ mice, and reduced
monoacylglycerol incorporation in TG relative to PL and reduced FA oxidation in LFABP™™ mice.
Striking changes in whole body phenotypes were found: LFABP™ mice fed a high-fat diet had
greater weight gain and fat mass relative to WT, while IFABP™~ mice remained lean. Respiratory
exchange ratios suggest that high-fat fed LFABP™™ mice preferentially oxidize lipids, while
IFABP™™ mice preferentially metabolize carbohydrate as a fuel source. IFABP” mice are healthy
with a lean phenotype, whereas LFABP” mice are obese but are otherwise metabolically

normal. To further elucidate the individual and overlapping functions of enterocyte FABPs, we



generated a novel strain of mice that were null for both IFABP and LFABP (DKO). The phenotype
of DKO mice fed a high-fat diet was integrated between LFABP”" and IFABP”" mice, with body
weights and composition in between the single knockout mice. DKO mice fed a high-fat diet
were similar to IFABP”" mice in primarily using carbohydrate for energy. It was also observed
that DKO mice were less active relative to WT mice. Importantly, there were no differences
between groups in fecal lipids, suggesting that LFABP and IFABP are not involved with bulk FA
uptake into the intestine. Overall, the results of these studies strongly suggest that IFABP and
LFABP have different functions in intestinal lipid metabolism, which result in downstream

alterations in whole body energy metabolism.
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Introduction

Lipids are a diverse group of hydrophobic molecules including fatty acids (FA), triglycerides (TG),
cholesterol, fat-soluble vitamins, ceremides, and phospholipids (PL), all of which can be
extracted by organic solvents (1). In particular, lipids provide an important source of energy in
the diet because they have a higher caloric density per gram relative to carbohydrates and
protein (2). The typical American consumes about 33% of calories as dietary lipids, mostly in
the form of TGs (3). Concerns about lipid intake have grown in response to the increasing
prevalence of obesity, hyperglycemia, hypertension, and high levels of blood lipids (triglycerides
and cholesterol). A combination of these risk factors is associated with the metabolic syndrome,
and Individuals having one of more of these risk factors have increased the chance for
development of cardiovascular disease, diabetes, or stroke (4-6). Hence, it is important to
understand how dietary lipids are processed in the human body in order to provide education

and interventions to improve human health.

The overall aim of the research in this dissertation is to understand the functions of Intestinal—
type (IFABP) and Liver-type fatty acid binding proteins (LFABP) in the intestinal enterocyte.
They are structurally similar and are part of same family of intracellular lipid binding proteins
(FABPs) that are known to have high affinity for binding to fatty acids. It is hypothesized that
these proteins are involved in uptake and trafficking of lipids in the intestinal enterocyte for
delivery into the circulation. LFABP and IFABP are highly expressed in the cytosol of the
intestinal enterocyte and are known to bind to fatty acids, but it is not clear why two similar
proteins are present in one cell type. In these studies, transgenic mice that do not express each

of these proteins were used to help elucidate the individual functions of IFABP and LFABP.



Previously, studies in our laboratory showed some changes resulting from ablation of these
proteins, but a robust phenotype was not observed during regular chow feeding (7). The
present work involves a high-fat diet-feeding regimen, thereby providing an overabundance of
lipid to the intestine in order to characterize the phenotypes resulting from ablation of these
proteins. Additionally, we have also developed a novel mouse strain in which both of these
proteins have been simultaneously ablated so that we are able to compare these animals to
each of the single IFABP and LFABP-null mice. The overall goal is to uncover the individual
functions of these proteins in intestinal lipid metabolism, and secondary effects on systemic

energy metabolism.

Dietary Triglycerides

Dietary triglycerides are the major source (>90%) of lipid in the human diet, of which
consumption by Western societies can range to over 100 g per day (8). TGs consist of three FAs
esterified to a glycerol molecule, which can be hydrolyzed by lipases to free fatty acids (FFA).
The majority of TGs consumed in the human diet are rich in long chain saturated or unsaturated
FA (LCFA), which contain 14 or more carbons. It is known that Americans and other Western
populations consume high amounts of saturated LCFA, such as palmitate (C16:0) and stearate
(C18:0) from animal-derived fat sources such as butter or lard (9). Consumption of high levels of
long chain saturated fatty acid has been linked to higher risk of cardiovascular disease (10). In
contrast, the Mediterranean diet is rich in unsaturated LCFA from plant oils and seems to
promote a healthy cardiovascular profile (11, 12). Among the most common unsaturated LCFAs
in the diet, linoleic acid (C18:2 n-6) and linolenic acid (C18:3 n-3) are present in plant oils and are

actually required in the mammalian diet because they are not synthesized endogenously (13,



14) . Medium-chain FAs (MCFAs) also make up a small amount of the human diet. These FA

consist of 8-12 carbon chains, with coconut oil being a major source (15).

Digestion of Triglycerides

The gastrointestinal tract (Gl) is made up of several organs in the body including the esophagus,
stomach, small intestine, and large intestine with the lumen of these organs being entirely
exposed to the outside environment. A primary responsibility of the Gl tract is for digestion and
absorption of nutrients in the body, including lipids. Digestion of TG begins in the stomach
where grinding and peristalsis in the stomach provides for emulsification of the lipids in the
bolus to form chyme (1). Hydrolysis of TG into DG and FA occurs by gastric lipase, an enzyme,
which is secreted by chief cells in the epithelium of the stomach, and unlike most peptides in the
body, is active at the low pH of the stomach (16). This lipase is largely responsible for hydrolysis
of TG to form sn-2,3-diacyglycerol (DG) and FA, which are transported past the pyloric sphincter

into the small intestine (1).

As the chyme travels into the small intestine, pancreatic lipase is secreted from the pancreas
into the intestinal lumen providing for further hydrolysis of diacylglycerols at the sn-3 position to
form into the primary endproducts of 2-monacylglycerol (2-MG) and FA in the lumen of the
small intestine (16). As the digesta travels through the intestinal lumen, the lipids are present in
a bulk fluid phase, which does not mix well with what is known as the “unstirred water layer”
which lies between the bulk fluid and the endothelial layer (16). Bile salts, synthesized in the
liver, are detergents that are secreted into the duodenum for emulsification of dietary lipids,

which then form micelles in the lumen (17). Micelles allow for movement of the lipids across



the unstirred water layer, allowing for monomeric uptake of lipids into intestinal cells, thereby
providing for efficient absorption (1). Any residual lipids enter the large intestine and are
exposed to the large microbiome and subsequently leave the body from the anus as a
constituent of feces. The absorption process for lipids is highly efficient, with greater than 95%

uptake of the dietary fat ingested (18).

The Small Intestine

The small intestine is the major site of lipid absorption in the gastrointestinal tract. Starting
from the stomach, the intestine forms a long tube from the stomach to the cecum, with three
regions that include the duodenum, jejunum, and the ileum (1). The ileum ends at the cecum
where the digesta is fermented by the large microbiome present in the large intestine. The
majority of lipid absorption occurs in the jejunum with bile acid uptake primarily occurring in the

ileum (16).

The intestine consists of several layers of cells including the mucosa, submucosa, muscularis
propia, and the serosal layer (16, 19). The mucosal layer consists of the cells with the important
role of nutrient absorption, as well as functioning as nutrient sensors (the latter will be
discussed in a separate section below). The mucosa forms small folds, known as villi, which
increase the surface area of the intestine to 200 m? for enhanced absorption (16). The villi are
lined with epithelial cells, known as enterocytes, which are primarily involved with nutrient
uptake and absorption. These cells form a brush border (apical side of the cells), providing for
efficient absorption of nutrients (20). Goblet cells, also present in the villi, secrete glycoproteins

forming mucin that aid in reducing friction during transit of digesta through the intestine (21).



Between the villi, new epithelial cells are formed in the crypts (20). The cells are constantly
being replenished; as the cells age, they travel towards the top of the villi before being sloughed
off into the lumen (22, 23). Paneth cells also are located in the crypt region of the intestine and
are involved with secretion of antimicrobial agents such as lysozyme and phospholipase A2 (24).
These cells function to preserve a barrier between the exterior environment of the lumen and

the rest of the body (16).

On the basolateral side of the enterocytes, lymphatic capillaries (lacteals) in the submucosal
region absorb the chylomicrons formed in the enterocytes for subsequent delivery into the
general circulation. The muscularis propia forms a layer of muscle cells around the submucosa,
and is involved with peristalsis for movement of the digesta through the lumen, but also is
innervated by the Vagus nerve for control of peristalsis and communication with the hindbrain
for control of food intake (25). Finally, the mesothelial layer of cells forms the outer serosal

layer of the intestine, providing a protective layer around this organ (16).

FA and MG Uptake into the Enterocyte

In the intestinal lumen, two FAs and one 2-MG form the main products of hydrolysis of TG in the
intestinal lumen. Uptake of these lipids occurs via the apical membrane side of the intestinal
enterocyte, also called the brush border membrane (26). The mechanism of uptake of these
lipids is still not completely understood. It is known that lipids can cross the apical membrane
by diffusion, but it is thought that membrane transport proteins are also involved in transport
into the enterocyte because kinetic studies have shown that the uptake of FA is saturable (27).

FATP4 (Fatty Acid Transport Protein 4), FABPpm (Plasma membrane FABP), and CD36 (Cluster of



Differentiation 36) are enterocyte membrane proteins which are known to have affinity for

binding to FA and are thought to have a role in uptake (28, 29).

CD36 is a plasma membrane protein present in the proximal region of the small intestine and is
known bind to FA, lipoproteins, collagen, among others (30). Some studies show that upon
binding to a FA, this protein translocates into the cytosol where it is involved in a complex which
forms prechylomicron transport vesicles (PCTV) that bud from the endoplasmic reticulum (ER)
(31). The importance of CD36 in chylomicron formation was evident when CD36-null mice were
given a 6 hour lipid infusion resulting in increased TG in the intestine due to decreased transport
into the lymph (32). CD36 is likely involved with uptake of very long chain FA (>20 carbon) as it
was observed that CD367" mice had an increase in fecal fat, but not when administered LCFA
(12-20 carbon) (32, 33). Ultimately, total uptake of FA is not decreased in spite of ablation of
CD36; it was observed that FA absorption shifts towards the distal regions of the intestine in

CD36" mice (34).

Fatty acid transport protein 4 (FATP4) is also a membrane protein, and is found on the brush
border of the enterocytes as well as the endoplasmic reticulum (35, 36). This protein also
functions as an enzyme for conversion of FA into FA acyl CoAs (28). Due to its affinity for
binding FAs, it was thought this protein was involved with uptake. However, it was observed
that FATP4-null mice do not have steatorrhea or reduced uptake into the intestine, suggesting
that this protein does not likely play a large role in FA uptake (35). Plasma membrane fatty acid
binding protein (FABPpm), a 40 kD protein also has high affinity for FA and its expression is
increased in response to fasting and also endurance training, suggesting that it is may also be

involved in uptake of FA (37-39).



As found for FAs, 2-MGs are thought to be taken up into the enterocyte by a combination of
passive diffusion and active transport via a membrane lipid binding protein, as studies in Caco-2
cells revealed that MG uptake is saturable (27, 40). Interestingly, when excess FA, but not DG
was also added to the medium of Caco-2 cells, uptake of 2-MG was reduced, suggesting that
that the same transport protein(s) may be involved with uptake of FA and 2-MG into the

enterocyte (27, 41).

Intestinal Lipid Metabolism

When the FAs and 2-MG arrive into the intestinal enterocyte from the lumen, they undergo
further processing for various functions. Importantly, FA accretion in the cell is toxic (42, 43),
thus the cell has to process the FAs in order to prevent excess accumulation. The FAs are
activated by Long-chain fatty acid acyl CoA synthetase (ACSL) in an ATP-dependent reaction to
form FA acyl CoAs, with the primary isoform in the intestine known as ACSL5 (44). After
activation, the acyl CoAs are then incorporated into TGs. The TGs are primarily included as
constituents of chylomicrons, large ApoB48-containing lipoproteins that are secreted out of the
basolateral side of the enterocyte and into the lymph and eventually into the general circulation
(26). Indeed, FAs are also utilized for other functions in the cell (45). The FAs and 2-MGs can be
reincorporated into TGs and may be stored in lipid droplets. Fatty acyl CoAs can be
incorporated into membrane phospholipids, which form selective barriers around the cells as
well as cellular organelles. FAs can also be transported to the mitochondria or peroxisomes for
oxidation. Additionally, FAs can play a role in regulation of gene expression by serving as ligands

for RNA transcription factors (45).



In the intestinal enterocyte, TG synthesis occurs via 2 different pathways (Figure 1-1). The MGs
can be formed into DG, by acylation of one FA by Acyl-CoA:monoacylglycerol acyl transferase-2
(MGAT2) in the endoplasmic reticulum, the first reaction of what is known as the MGAT
pathway (46). An additional FA is acylated to the glycerol backbone to form TG by
diacylyglycerol acyl transferase (DGAT) in the endoplasmic reticulum (47). In the intestine, both
DGAT1 and DGAT2 isoforms are present, with the former present on the inside of the ER, and
the latter on the cytosolic side (29). The MGAT pathway is the predominant route (75%) for TG
formation in the intestinal enterocyte, unlike other tissues, due to the very high abundance of

MGs formed from dietary TGs in the intestinal lumen (48-50).

During times of limited MG availability, an alternative pathway for TG synthesis exists (51). The
so-called glycerol-3-phosphate acyl transferase (GPAT) pathway is present in all cell types,
including the intestinal enterocyte. The GPAT enzyme converts glycerol-3-phosphate to
lysophosphatidic acid by addition of a FA CoA. 1-acylglycerol-3-phosphate acyltransferase
(AGPAT) transfers a FA CoA to lysophosphatidic acid to form phosphatidic acid. Phosphatidic
acid can then be formed into DG by phosphatidic acid phosphatase, and subsequently, the DGAT
enzyme can acylate an FA to DG to form TG. In addition, DGs can be formed into phospholipids

(PL) (52).
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Figure 1-1. FA and MG uptake re-esterification in the intestinal enterocyte. Triglycerides are
hydrolyzed by lipases into FA and MG in the lumen of the small intestine. FAs and MGs cross the
brushborder membrane of the intestinal enterocyte. In the enterocyte, FAs are activated by
ACSL5 to form FA CoAs. In the intestine, TGs are primarily resynthesized via the MGAT pathway,
but the G3P pathway is an alternate route. FA; Fatty acid; FA CoA, Fatty acid acyl coenzyme A;
ACSL5 long-chain acyl-coenzyme A synthetase-5. GPAT, glycerol-3-phosphate acyltransferase;
AGPAT, 1-acylglycerol-3-phosphate acyltransferase.; PAPase, phosphatidic acid phosphatase,
MGAT, Acyl-CoA:monoacylglycerol acyl transferase-2; DGAT, diacylglycerol acyltransferase;
MAG, monoacylglycerol, BBM, brushborder membrane; BLM, basolateral membane. Figure
from Pan and Hussein (26). Adapted by permission from Elsevier: Biochimica et Biophysica Acta

© 2012.
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In addition to absorption, one of the major functions of the intestinal enterocyte is to shuttle
lipids out of the cell and into the circulation for uptake by other tissues. In the endoplasmic
reticulum (ER), TGs are transferred by microsomal triglyceride transport protein (MTP) to an
apolipoprotein, known as ApoB48; this step initiates the process of lipoprotein assembly (28).
MTP is intrinsic in this process as individuals with mutations of MTP have abetalipoproteinemia,
resulting in increased levels of TG in the intestinal enterocytes with low levels in the blood (53).
The TGs are packaged along with apolipoproteins, cholesterol, and fat soluble vitamins to form
prechylomicrons in the endoplasmic reticulum. The pre-chylomicrons are enclosed in vesicles
known as prechylomicron transport vesicles (PCTV). Budding of the PCTV from the ER to the
Golgi apparatus requires a complex of proteins including CD36, apoB48, and Liver fatty acid
binding protein (LFABP) (31, 54). The PCTV then fuse with the Golgi apparatus for final
processing of a chylomicron. Chylomicrons are too large to be secreted into capillaries; instead
they are secreted into the lymphatic system via the basolateral membrane of the enterocyte

and then are subsequently delivered to the general circulation (55).

In addition to being incorporated into TG, intestinal FAs may also play a role in modulating gene
expression by serving as ligands for peroxisome proliferator-activated receptors (PPARs). PPARs
are a class of nuclear hormone receptors that regulate many genes involved with glucose and
lipid metabolism (56). These cytoplasmic proteins are activated by ligands, which cause them to
enter the nucleus where they form a heterodimer with Retinoid X receptor (RXR) and bind to
PPAR response elements on the DNA promoter sequence, resulting in expression of their target
genes (56). In particular, PPARa is highly expressed in the intestinal enterocytes and liver

hepatocytes, and is associated with upregulation of genes involved with fatty acid oxidation (57).
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Additionally, FA can be stored as triglycerides in lipid droplets, which serve as cellular reservoirs
for lipid mobilization in the enterocyte and other tissues during times of increased demand,
such as fasting. Storing FA as TG also protects the cells from an overabundance of unbound FA,
which is cytotoxic (42, 43). Indeed, lipid droplets are formed in intestinal enterocytes
immediately following a high dietary lipid load, which decrease in concentration with increased
fasting time (58). During fasting, stored TGs can be hydrolyzed by adipose tissue triglyceride
lipase (ATGL). ATGL hydrolyzes a TG to a diacylglycerol and a free fatty acid. The importance of
this protein in lipid mobilization from lipid droplets of intestinal enterocytes is highlighted by a
recent study in which intestinal specific ablation of ATGL resulted in excess TG accumulation in
the enterocytes (59). After DGs are formed, hormone sensitive lipase (HSL) hydrolyzes DGs into
an MG and a FFA. The final step involves monoacylglycerol lipase (MGL) to yield a FFA and
glycerol. The intestine is not traditionally thought of as a lipid storage organ, but rather as one
that takes up, processes, and exports lipids. However, recent reports using Coherent anti-Stokes
Raman scattering (CARS) imaging have demonstrated that high-fat fed mice have greater

numbers of lipid droplets containing stored TGs in the enterocytes relative to lean mice (58, 60).

While dietary lipids enter the enterocyte from the apical (luminal) side of the enterocyte,
endogenous lipids from the bloodstream are also delivered to the cell via the basolateral side of
the enterocyte (Figure 1-2). Interestingly, the site of entry into the enterocyte influences the
metabolic fate of the lipids. Tracer studies using radiolabelled lipids have revealed that FA
delivered from the apical side of the enterocyte are trafficked towards TG synthesis while
bloodstream derived FA are more likely to be incorporated into PL or oxidized (61-64). This is
the case for MG as well (62). Hence, the ratio of triglycerides to phospholipids is much lower for

bloodstream-derived lipids relative to delivery via the apical side. These observations have led
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to the idea of compartmentation of lipid metabolism in the enterocyte as two separate pools of

FA and MG for utilization by the cell (Figure 1-2).

It is worth noting that in addition to LCFAs, medium chain fatty acids (MCFA) are also consumed
in the human diet. Uptake of MCFAs differs from LCFA in that MCFAs do not require carriers
into the enterocyte and are more soluble than LCFAs in the hydrophilic cytosol. Interestingly,
MCFA are metabolized so that that they are not included in chylomicrons, but rather directly
enter the liver via the portal vein and therefore do not first enter the general circulation (65).

Diets containing MCFA are not as obesogenic as those containing LCFA (66—68).
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Figure 1-2
Enterocyte
G Cytoplasm el S
lumen

I
MG,
A —> ) MG, FA

Figure 1-2. Lipid metabolism in the enterocyte. In the enterocyte, fatty acids (FA) and
monoacylglycerol (MG) enter the cell from the apical (luminal) side. Lumenal lipids are primarily
incorporated into TG via the MGAT pathway and then packaged into chylomicrons for delivery
into the lymphatic system. Alternatively, FA and MG can enter the basolateral side from the
circulation. FA delivered from the apical side of the enterocyte are trafficked towards TG
synthesis while bloodstream derived FA are more likely to be incorporated into PL or oxidized.
Gl, gastrointestinal tract; MG, monoacylglycerol; FA, Fatty acid, SER, smooth endoplasmic
reticulum; 2-MG, 2-monoacylglycerol, RER, rough endoplasmic reticulum. Graphic by Porter, et
al. (69). Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Drug Discovery

© 2007.
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Lipid Sensing in the Intestine

The small intestine is well known for being the major site of lipid absorption in the Gl tract, but
in addition to this important role, the intestinal cells also have an endocrine function involving
sensing of nutrients. Throughout the intestine, endocrine cells are present which are involved
with secretion of important gut hormones in response to nutrient availability. In particular, L
cells secrete incretins such as Glucagon-like peptide 1 (GLP-1), a gut hormone that is released
from the L cells in response to nutrients present in the small intestine (70). GLP-1 promotes
insulin secretion from the beta cells of the pancreas, resulting in clearance of glucose from the
blood and into the tissues (25). GLP-1 is also an inhibitor of glucagon (secreted from the alpha
cells of the pancreas); therefore it is an important hormone for maintenance of glucose
homeostasis (25, 71). Peptide tyrosine tyrosine (PYY) is another peptide hormone released by L
cells in the distal intestine (72). It is secreted in response to a meal and slows gut motility,

thereby assisting with efficiency of lipid uptake after a meal (73, 74).

Intestinal | cells are also present in the duodenum of the small intestine and secrete a peptide
hormone known as cholecystokinin (CCK). Release of CCK from I cells is stimulated by lipids
entering the small intestine (75). It acts by stimulating secretion of enzymes from the pancreas,
which include proteinases and pancreatic lipase for digestion of nutrients as well as release of
bile acids from the gall bladder that are necessary for emulsification of lipids in the lumen of the
small intestine (18). Lipid delivery into the gut prompts release of CCK and serotonin release
and results in binding to their respective receptors, CCK1 and 5-HT3, which localize to the vagal
efferent nerve cells (76, 77). Activation of these receptors results in a negative feedback of food

intake (78). Additionally, the presence of lipids in the small intestine attenuates secretion of
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ghrelin, a hormone produced by the stomach that increases in response to fasting, and

therefore promotes food intake (79).

In addition to gut peptides, there has been increasing interest in lipids themselves as being
important in the regulation of food intake. N-acetylphosphatidylethanolamines (NAPEs) are a
group of lipids synthesized in the intestine and secreted into the plasma that have been shown
to cause inhibition of food intake in response to dietary lipid (80). The N-acylethanolamines
(NAEs) are formed by the hydrolysis of NAPEs by N-acylphosphatidylethanolamine-
phophospholipase D and have also been shown to regulate food intake (81). Anandamide
(arachidinoylethanolamide, AEA) was the first endocannabinoid identified in the NAE family of
lipid signaling molecules. AEA was initially discovered in pig brain and found to have similar
properties as A°-tetrahydrocannabinoid, the active ingredient in cannabis, hence “ananda”,
(bliss in Sanskrit), was used for the name of this lipid (82). AEA is involved with regulation of
food intake as an agonist of cannabinoid receptors 1 and 2 (CB; and CB,) on the plasma
membrane. Similarly to A°-tetrahydrocannabinoid, increased concentrations of this lipid result

in an acute increase in food consumption (83, 84).

Another member of this family includes oleoylethanolamide (OEA) which is derived from oleic
acid (C18:1). OEA has the opposite effect of AEA, in that it promotes satiety and is increased in
response to lipid infusions, but not carbohydrates or protein (85). However, unlike AEA, OEA is
not a ligand for CB receptors, but does function as a ligand activator for PPARa (86). Intact vagal
fibers are required for OEA- driven processes, hence capsacin administration, resulting in
desensitization of vagal nerve fibers, attenuates the satiety effect of OEA administration (86).

Along these lines, PPARa-null mice are not responsive to OEA infusion, and therefore do not
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suppress their food intake (87). CD36 (discussed in a previous section) is another protein
hypothesized to be involved with lipid signaling pathways as demonstrated by studies in CD36-
null mice. These mice have been reported to have reduced OEA in the intestine and attenuated

food intake suppression relative to WT in response to a lipid infusion (85, 88).

Palmitoylethanolamide (PEA) is another NAE that is derived from palmitic acid (C16:0). Like
OEA, it also functions as a ligand activator for PPARa (89). The functions of PEA are proposed to
be quite different from the satiety effects shown upon OEA administration, as PEA is known for

its analgesic and anti-inflammatory effects (87, 90, 91).

Fatty acid amide hydrolase (FAAH), a highly expressed enzyme in the intestine, is responsible for
hydrolysis of the NAEs to a fatty acid and an ethanolamine as part of a regulatory process (92).
Hence, FAAH inactivates both AEA, which promotes hyperphagia, and OEA, which is opposite
and increases satiety. Thus, these dual effects raise the question: which of these lipids has a
more powerful effect on energy balance? Indeed, ablation of FAAH results in increased food
intake and adiposity, suggesting that the effects of increases in AEA have a more robust effect
compared to OEA in regulation of food intake (93). Additional studies have revealed that FAAH

inhibition also can provide analgesia due to increased concentrations of PEA (94, 95).

2-arachidinoylglycerol (2-AG) is a 2-MG containing arachidonic acid (C20:4) esterified to a
glycerol, and is present in high concentrations in the intestine as well as the brain. Intestinal
concentrations of 2-AG increase in response to dietary lipids, but not carbohydrates or proteins
(96). 2-AG is similar to AEA in that it is an agonist for the CB, receptor and promotes food

intake, but it is present at much higher quantities than AEA (97, 98). Also, 2-AG is not hydrolyzed
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by FAAH, but rather by MGL, which is responsible for hydrolysis of other MGs as well (99).
These data further support a role of intestinal lipids in the control of food intake, and in systemic

energy metabolism in response to nutrient availability.

Alterations in Intestinal Lipid metabolism Affect Whole Body Energy Balance in Null mice

Recent studies in which genetically modified mice have been generated have provided new
evidence regarding the link between intestinal lipid metabolism and whole body energy
homeostasis. MGAT2 and MGAT3 are expressed in the ER of the intestinal enterocyte, but the
latter form is present in humans and not mice (100). MGAT?2 is primarily found in the intestine,
with minimal (<1/100 of intestinal) expression in other tissues (50). DGAT1 and DGAT2 enzymes
are expressed in various tissues, but are markedly highly expressed in the intestine where they
are actively involved with TG synthesis (101, 102). Studies of mice null for DGAT1 revealed that
these mice are resistant to diet-induced obesity and have increased TG stores in the intestines
due to blunted chylomicron transport out of the cell (103). Ablation of DGAT2 results in a more
severe phenotype; the mouse pups die within days after birth due to insufficiency of lipids
resulting in epidermal defects arising from water loss (103—106). Additionally, mice null for
MGAT2 are also lean in response to high-fat feeding and have reduced TG in the circulation
following an oral bolus of lipids. Interestingly, MGAT2” mice seem to have an increase in
energy expenditure relative to WT, suggesting that they are increasing lipid oxidation instead of

storing TG (50).

Studies using MGL-null mice revealed surprising findings; it was previously thought that in the

case of MGL ablation, elevations of 2-AG (2-arachidonoylglycerol) would occur, thereby resulting
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in an increase in food intake and adiposity. However, the opposite was found; mice which have
whole body ablation of MGL are lean relative to WT mice (107). Moreover, in mice which
overexpress MGL in the intestine, 2-AG levels were low, as expected, but the animals were
hyperphagic with a lower metabolic rate and greater adiposity (108). Therefore, the actions of
2-AG in the intestine will need to be studied further in order to fully understand the functions of
this lipid in regulation of energy intake. Based on these observations, the present studies
examine not only the effects of enterocyte FABP ablation on the intestine, but also on whole

body homeostasis.

Fatty Acid Binding Proteins

The fatty acid binding protein (FABP) family comprises of 14-15 kD size intracellular proteins
which were initially discovered in the 1970s (109, 110). Presently, there are 9 known FABPs and
cellular retinoid binding proteins (CRBP), of which are highly abundant (1-5%) in the cytosol of
most tissues, with some FABPs present in more than one tissue (45, 111-114). The names for
the proteins came from the tissue in which they were initially identified, but since some proteins
are expressed in multiple tissues, a newer nomenclature was introduced in which each FABP has
a number (113). The FABPs have high affinity for binding to long chain (>14 C) fatty acids (FA) in
the hydrophilic cytoplasm of the cell. While these proteins have been studied for over 40 years,
it remains uncertain why they are so highly expressed, and why there are so many FABPs; their

specific functions are still being elucidated.

The FABPs have a highly conserved tertiary structure, consisting of 2 antiparallel B-helix sheets

IM

with 5 strands forming a forming a “clam shell” in which the ligands are bound. In the barrel,
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positively charged amino acids interact with the carboxylate groups of the FA (115). Despite the
tertiary structural similarities between these proteins, they only have about 20-70% amino acid
homology (116, 117), suggesting functional differences. The sheets are connected with a helix-
turn-helix motif, which has been shown to be important for the mechanism of ligand transfer

(118, 119).

Recently, the FABPs were identified as carriers of anandamide (arachidinoylethanolamide, (AEA)
(83, 84). As noted above, AEA is a member of the n-acyl ethanolamine (NAE) family of lipid
signaling molecules involved with regulation of food intake as an agonist of CB; and CB,
receptors on the plasma membrane. It has been hypothesized that the FABPs are involved with
transport of NAEs to the ER where they are hydrolyzed by fatty acid amide hydrolase (FAAH),
which is a critical step in the regulation of these lipids. Since the NAEs are known to play
important roles in ingestive behavior, these observations raise the possibility that the FABPs

may play an important role in regulation of food intake.

FABPs in the Intestinal Enterocyte

The intestine is responsible for processing of dietary lipids of which >95% are absorbed; hence
these cells are able to uptake and process large quantities of dietary fat and it is though that the
presence of lipid binding proteins is critical for this capacity. In the intestinal enterocyte, two
FABPs are present, largely in the absorptive intestinal villi, but not in crypt cells (120, 121).
Liver-type FABP (LFABP; FABP1) was the first protein identified in the FABP family. As the name
suggests, it was initially discovered in the liver, but was later found in the intestine and also to a

lesser extent in the kidney (111). Intestinal FABP (IFABP; FABP2) is also present in the enterocyte
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and is solely expressed in this tissue (111). Although these proteins have only about 29% amino
acid sequence homology, their tertiary structures are quite similar. Humans express more LFABP
than IFABP in the intestine (122, 123), however mice have similar levels of both of these
proteins in this tissue (122-124). Expression of these proteins occurs as early as 13 weeks of

gestation (122).

In addition to LFABP and IFABP, the lleal lipid or Bile acid binding protein (ILBP or BABP; FABP6)
is present in the distal region of the small intestine and is known for having high affinity for
binding bile acids. ILBP can bind FA, but at lower affinity than for bile acids (125-129).
Moreover, expression of ILBP is increased in response to presence of bile acids (130-132). The
gene for this protein has a Farnesoid X receptor response element for binding to the Farnesoid x
receptor (FXR) transcription factor, of which bile acids serve as ligand activators. Mice null for
ILBP have increased excretion of bile acids and did not have any changes in protein expression of

LFABP in the intestine (133).

LFABP

LFABP is a highly abundant intracellular protein in the intestinal enterocyte (Figure 1-3). This
protein is present throughout the intestine, but it is most highly expressed in the duodenum and
jejunum (134). Invitro studies have shown that LFABP binds FA with high affinity, with K4
values in the nanomolar range (135, 136). This protein is also unique among the FABPs in that it
has two FA binding sites, therefore it can bind up to two FA, and also other lipid species
including lysophospholipids, monoacylglycerols (MG), fatty acid acyl CoAs, and prostaglandins

(137-140). LFABP is also unusual in that, unlike most proteins in the FABP family, it transfers FA
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to membranes via a diffusional mechanism rather than by a direct interaction with membranes
(141, 142), LFABP is also proposed to play an important role in trafficking of lipids out of the
enterocyte, in that it is involved with budding of prechylomicron transport vesicles (PCTVs) from
the endoplasmic reticulum. These PCTVs form chylomicrons that leave the enterocyte and enter
the lymph which are subsequently delivered into the general circulation for lipid delivery to

other tissues (31, 54).

The promoter region of the DNA sequence for LFABP has a peroxisome proliferator receptor
element (PPRE) and thus its expression is regulated by peroxisome proliferator activated
receptor transcription factors (PPARs) (143). In particular, PPARa is present in the liver and
intestine and when bound to ligands such as LCFA and fibrates, will promote transcription of
genes involved with oxidation of lipids (144). Indeed, administration of PPARa agonists such as
bezafibrate and clofibrate results in increased transcription of LFABP mRNA in the intestine and
liver of mice (124, 145-147). Interestingly, several studies have investigated a role for LFABP in
the regulation of genes involved with lipid metabolism, by delivery of FA to transcription factors.
It has been demonstrated that LFABP interacts with PPARa, and has more recently with HNF4a,
a steroid hormone receptor known to promote transcription of genes involved with
inflammation in the liver and intestine (148-151). Furthermore, this putative role of LFABP is
further supported by evidence that oxidation of FA is reduced in the absence of LFABP in
hepatocytes (149, 152). LFABP expression is also regulated by increased dietary intake of lipids,
as high-fat feeding provides an excess of fatty acids to intestine and liver while also increasing
expression of LFABP in these tissues (109, 145, 147, 153-155). Female rats express higher levels
of LFABP in hepatocytes than males, suggesting that gender also influences expression of the

protein (124, 156).
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Polymorphism of LFABP

There have been no reported cases of deletion of the LFABP gene in humans, however a human
polymorphism has been described in several recent reports (157-160). A substitution of alanine
for threonine position 94 (T94A) of LFABP has been identified as a polymorphism in humans that
is associated with increased plasma TG and FFA levels (158, 161). Chang liver cells transfected
with this variant form of LFABP had reduced uptake of FA, but additional accumulation of
cholesterol compared to cells transfected with the wild-type protein (162). Interestingly, human
subjects which carry the A94 allele of LFABP had a blunted response in plasma TG levels relative
to carriers of the T94 allele when they were treated with fenofibrate (an activator of PPARal),
therefore it is thought that the mutant form of LFABP is insufficient for delivery of fibrates to
PPARa (158). Indeed, human hepatocytes that express the A94 form of LFABP show reduced
expression of PPARa regulated genes in response to fenofibrate than the WT form (163),
therefore providing further evidence that LFABP is involved with PPARa-mediated lipid

metabolic pathways.
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Figure 1-3

Figure 1-3. Structures of liver fatty acid binding protein (LFABP). A: The holo-LFABP solution
structures are indicated in blue with the crystal structure shown with a thick red line; B: The
lowest-energy apo- (red) and holo (blue) -LFABP structures. C: The ribbon diagram of the
lowest-energy solution structure for apo-LFABP. Reprinted with permission from He et al (164).

© 2007 American Chemical Society.
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IFABP

Unlike LFABP, IFABP is solely expressed in intestinal enterocytes of mammals. While IFABP is

present throughout the small intestine; its highest expression is in the jejunum (125). IFABP is
found widely distributed throughout the cytosol of the enterocyte during the fed state, but is

localized towards the apical side of the cell in the fasted state (120). IFABP has not been found
to be involved with formation of chylomicrons (31, 54), hence IFABP has been proposed to be
involved with uptake of FA from the lumen of the intestine and trafficking within the intestinal
enterocyte to organelles. It is also thought that both FABPs may serve as a cytosolic reservoir

for FA for various cellular functions, while also preventing accumulation of unesterified FA (114).

Several differences between LFABP and IFABP have been identified. For example, IFABP is
typical among the members of the FABP family in that it has a single site where the ligand is
bound. It has high affinity for binding saturated and unsaturated FA, but seems to have a
slightly lower affinity for binding unsaturated FA relative to LFABP (135, 136, 165). Unlike LFABP,
IFABP is similar to other proteins in the FABP family in that it transfers FA via a collisional
mechanism with membranes with the alpha helix domain of the protein being necessary for this
mechanism of FA delivery (118, 119, 142, 166). This portal region of the protein contains several
positively charged residues that interact with negatively charged phospholipid head groups on
membranes (167). Fluorescence resonance energy transfer assays using a helix-less variant of
IFABP, an engineered protein in which the alpha helices of IFABP are replaced with those of
LFABP have shown reduced transfer rates and a diffusional mechanism of FA transfer. Hence,
the alpha-helices of IFABP are required for direct interaction with membranes and for transfer

of the ligands via collisional interaction (119, 142, 166—168).



26

Expression of IFABP in the intestine is influenced by PYY (peptide tyrosine tyrosine), a hormone
which is released by intestinal cells in response to lipids in the gut (73). In mice, expression of
IFABP in the intestine does not increase in response to ablation of LFABP and vice-versa (7, 169).
Unlike LFABP, expression of IFABP is not regulated by PPARs, thus providing further evidence

that these proteins may have different functions.

Polymorphism of IFABP

Deletion of the IFABP gene has not been detected in humans. However, a polymorphism of
IFABP had been identified, in which threonine is substituted for alanine at amino acid 54 (A54T)
(170). This amino acid substitution (frequency in the population of ~0.29) results in an increase
in affinity for FA relative to the alanine-containing protein (141, 170). Individuals with the
threonine-containing protein variant were found to have higher rates of insulin resistance and
plasma triglycerides in several populations, including Pima Indians, a population with a high
prevalence of diabetes (170-174). Additionally, diabetic subjects with the threonine allele have
increased plasma triglycerides in response to an oral fat load (172). In vitro studies using Caco-2
cells showed increased secretion rates of radiolabelled FA into the media from cells transfected
with the Thr54 variant relative to cells expressing the predominant Ala54 form of IFABP (175).
Levy and coworkers used jejunal explants with the threonine-containing variant and compared
with the WT alanine form of IFABP (176). They observed that when the tissues were incubated
with radiolabeled FA, cells containing the Thr-form of IFABP had an increase in TG synthesis in
the cells and also secretion of TG into the media, relative to the cells containing the Ala54 allele.

It was also observed that chylomicron levels in the media were also markedly higher compared
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to the cells with the Ala-form (176), consistent with the hyperlipemia observed in human studies

(172).
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Figure 1-4

Figure 1-4. NMR-derived structure of intestinal fatty acid binding protein (IFABP). A. The flat

ribbon structure of IFABP with the location of the polymorphism A54T indicated. B. The solvent
surface structure is shown with the positive charged residues indicated in blue, negative charges
in red, and neutral residues are shown in white. Adapted from Storch and McDermott (177).

Reprinted with permission from the American Society for Biochemistry and Molecular Biology.
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LFABP and IFABP in Intestinal Lipid Metabolism

It is unusual that one cell type expresses proteins with identical functions; therefore it is
generally believed that LFABP and IFABP have different roles in intestinal lipid metabolism. In
the intestine, dietary lipids from the lumen enter the enterocyte from the apical side of the
enterocyte, while endogenous lipids present in the bloodstream are delivered to the basolateral
side (69). The entry site into the enterocyte seems to impact the metabolic fate of the FAs.
Indeed, FAs delivered from the apical side of the enterocyte are trafficked towards TG synthesis
chylomicron formation. In contrast, FAs from the bloodstream are more likely to be formed into
mucosal phospholipids (PL) or oxidized (61-63). Therefore, the roles of LFABP and IFABP in the
delivery of FA from the apical or basolateral sites into the enterocyte have been examined.
Alpers et al (120) used an intestinal explant system in which FA were administered either on the
apical or basolateral side of the enterocyte to study the roles of IFABP and LFABP in binding of
FA. It was observed that LFABP bound more FA than IFABP, regardless of entry site.
Interestingly, IFABP bound more FA after apical administration than basolateral administration,
suggesting that this protein is more involved with transport of dietary derived FA, rather than
from the bloodstream (120). Using immunohistochemistry, they also found that both FABPs are
localized on the apical side of the enterocytes of fasted rats, but these proteins were located
throughout the cytoplasm in the fed state (120). Intestinal L-cell fibroblasts transfected with
IFABP or LFABP had increased incorporation of *[H]-oleic acid uptake into TGs relative to control
cells. However, cells containing LFABP had increased incorporation into PL, while IFABP
expressing cells had increased recovery of the radiolabel in neutral lipids (178). In summary,
the evidence of differences in regulation, ligand binding specificities, and ligand transfer

mechanisms suggest that IFABP and LFABP have different roles in the enterocyte, but overall,
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these functions are not clearly understood. Therefore, in vivo studies using mice null for IFABP
and LFABP have been conducted in order to directly compare the consequences of deleting each

of these proteins so as to further elucidate their functions.

LFABP” Mice

Two independent laboratories have generated individual lines of LFABP-null (whole body) mice
on the C57BL/6 background (179, 180). Martin and coworkers (Bert Binas and Friedhelm
Schroeder lab) published their first report on the LFABP” mouse in 2003 in which there was
complete deletion of all 4 exons of the LFABP gene along with the promoter region. These mice
were backcrossed 6 times to the C57BL/6N mouse strain (180). Newberry and coworkers
(Nicholas Davidson laboratory) also published a report in 2003 in which green fluorescent
protein was “knocked in” to exons 1 and 2 of the LFABP gene. These mice had a mixed

SV129/C57Bl6J background (179).

LFABP”" mice have been shown by both laboratories to have defects in hepatic FA oxidation,
uptake, and VLDL secretion (152, 179, 181, 182). However, differences in body weight between
the two lines have been reported. Martin and coworkers (Bert Binas and Friedhelm Schroeder
laboratory) observed that male and female LFABP” mice were prone to obesity with increases in
fat mass relative to WT mice (183, 184). Interestingly, when the LFABP” mice were pair-fed a
high-fat diet (45 kcal% lard) to ensure equal caloric intakes, females gained more weight relative
to WT, but not males (182). Ad libitum feeding studies by the same laboratory showed that a
diet containing 25 kcal% fat promoted increases in fat mass of female LFABP” mice without

apparent changes in food intake (185). In addition to changes in body weight, they also
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observed a reduction in ketone production, which suggests a perturbation in lipid oxidation.
Interestingly, despite an obese phenotype, both high-fat fed male and female LFABP” mice had

lower liver weights as a percentage of body weight (182).

These body weight data are in contrast to observations by Newberry and coworkers in the
Davidson laboratory. Newberry and coworkers did not observe a profound change in whole
body phenotype in LFABP” mice fed chow up to 14 weeks of age. However, they observed that
the livers of 48-hour fasted KO mice had much lower deposition of TG relative to the WT,
suggesting a defect in uptake of fatty acids in this tissue. VLDL secretion and ketone production
rates were also lower in the knockouts (179, 181, 186), indicating that transport of lipids out of
the liver and into the circulation is also affected by the absence of LFABP. Additionally, high-fat
fed LFABP” mice had elevated TG content in proximal intestinal mucosa, but not in distal
sections, suggesting impaired trafficking out of the enterocytes (181). In several studies, female
mice were fed diets containing high amounts of medium chain FA with C8 and C10 (as coconut
oil) and it was observed that LFABP”" mice were resistant to obesity and hepatic steatosis (181,
187, 188). LFABP ablation resulted in lower lipid secretion rates from the intestine following an
oral fat tolerance test with tyloxypol administration to inhibit lipoprotein clearance (181). In
addition, these mice did not have any changes in fecal fat, suggesting that there are no changes
in lipid uptake into the intestinal enterocytes (181, 186). This group has also observed that their
female mice are resistant to obesity and hepatic steatosis when a Western diet containing 41
kcal% butter fat, a source which is rich in long chain FA (181, 186). However, they observed no
differences in body weights between the knockout mice and WT when female mice were fed
diets containing high levels of polyunsaturated FA (41 kcal% safflower oil) or containing high

levels of trans fat with fructose (187, 189). They also measured IFABP mRNA and found that
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there was no difference in IFABP levels in the intestinal enterocytes of LFABP” mice relative WT,
suggesting that there is no compensatory upregulation (179). The differences in results
between groups can be attributed to background strain differences (C57B6J versus C57BL6N), as
well as the methods of gene ablation (210). Additionally, it is possible that environmental

effects from differences in the animal facilities could affect the susceptibility to obesity (211).

IFABP”- Mice

One line of IFABP” mice has been generated, which were backcrossed for 6 generations onto
the C57BL/6J background by Vassileva and coworkers (190). Male mice fed diets with 35 kcal%
fat as coconut oil and 1.25% cholesterol had an increase in body weight relative to wild-type
mice (WT), and also developed fatty livers. Interestingly, female mice gained less weight than
WT and did not exhibit any changes in hepatic lipid accumulation (190). Agellon and coworkers
also reported that 30-40 week old IFABP” male mice fed 41 kcal% fat diets containing beef
tallow or safflower oil for 14 days had higher body weights relative to WT. There were no
differences in plasma TG for male or female IFABP” mice relative to WT mice, but IFABP”" male
mice had greater liver TG accumulation (191). Lipid malabsorption was not observed in IFABP-
null mice, suggesting that like LFABP, that this protein is not required for bulk FA uptake into the
enterocytes (190). Since these proteins are so abundant, it was hypothesized that each would
compensate for the other, but it was found that LFABP expression was not increased in the

intestinal mucosa of IFABP” mice (191).

Direct Comparison Between LFABP”" and IFABP” mice
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Studies using both LFABP and IFABP-null mice simultaneously have been conducted to further
investigate the individual functions of these proteins. Lagakos and coworkers used LFABP null
mice which were initially generated by Martin et al. (180). These mice, which had been
backcrossed for another 6 generations onto the C57BL/6N strain, were backcrossed another 6
generations onto the C57BL/6J strain (7). IFABP” mice were derived from those used originally
by Vassileva et al. without further backcrossing (190). No evidence of compensatory
upregulation of IFABP was found in intestinal mucosa in response to ablation of LFABP, and vice
versa (7). No differences in body weight were observed in chow-fed IFABP-null or LFABP-null
male mice relative to WT mice (7). However, in response to a 48 hour fast, IFABP” mice lost
more fat mass compared to WT mice. Intraduodenal administration of [**C] FA in IFABP” mice
showed an increase in recovery of radiolabel in PL in the mucosa relative to WT, resulting in a
decrease in the TG/PL ratio. This suggests that IFABP directs FA towards synthesis of TG and

away from PL.

In the same studies, it was observed that LFABP”" mice lost less fat-free mass than WT in
response to a 48 hour fast (7). It was also determined that delivery of [*H]monoolein via the
duodenum resulted in increases in [3H] recovery in mucosal PL, MG, and DG, while recovery of
[*H] in TG was decreased in LFABP” mice relative to WT, suggesting that LFABP is involved in
the transport of MG away from PL synthesis and toward TG synthesis. Also, LFABP ablation
resulted in a reduction in mucosal oxidation of radiolabeled oleate. These results suggest that
LFABP is involved with trafficking FA towards oxidative pathways and trafficking of MG towards

TG, rather than PL (7).

Summary
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The intestinal enterocytes serve the important function of dietary lipid uptake from the
intestinal lumen. In particular, MGs and FAs, resulting from hydrolysis of TG, make up the
highest quantities of lipids trafficked into the enterocytes. LFABP and IFABP are both highly
abundant proteins that have high affinities for binding FAs, and are proposed to be involved
with trafficking lipids in the intestinal enterocytes. In vitro studies have revealed that these
proteins have differences in ligand binding, specificities, affinities and mechanisms of delivery of
FA to membranes. Recently, it has been found that LFABP may be involved in the regulation of
genes involved with intestinal lipid metabolism by association with PPARaq, but this does not
appear to be the case for IFABP, further suggesting that these proteins have different functions
in intestinal lipid metabolism. Furthermore, in vivo studies that directly compared IFABP and
LFABP null mice have shown that these mice have modest divergences in intestinal and whole
body phenotypes, in response to low-fat chow diet feeding. To date, however, it is still not
known why two structurally similar proteins are present in the same cell type. Therefore, it is of
great interest to determine if a high-fat challenge to the enterocyte will reveal more profound
changes in intestinal lipid metabolism, and perhaps result in more substantial changes in the

whole body phenotypes of these mice. Therefore, the aims of this thesis project are:

Specific Aims

SPECIFIC AIM 1: To compare the effects of 3 months of low versus high-fat LCFA feeding on

whole body metabolism and energy homeostasis in IFABP”" and LFABP”" mice.



Our laboratory was the first to directly compare both IFABP” and LFABP” mice fed chow diets
(7). Body weight differences were not observed in either chow-fed knockout strain relative to
WT. However, following a fast, LFABP” animals lost less fat free mass, while IFABP”" animals
lost more fat mass relative to WT mice, suggesting differences in whole body energy utilization
during fasting. In the present study, we presented a high fat diet challenge to observe the
whole body metabolic response of LFABP” and IFABP” mice relative to WT. Hence, we fed

semipurified diets containing 10 or 45 kcal% fat. We also used diets containing high levels of
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either saturated or unsaturated LCFA because it has been shown that LFABP has a higher affinity

for long chain unsaturated relative to saturated fatty acids relative to IFABP (136). We
hypothesized that more distinct whole body phenotypic changes would occur in IFABP” and
LFABP”" mice, resulting from the lipid overload to the intestinal enterocytes. We hoped to
uncover differences between IFABP”" and LFABP” mice, which would suggest that these
proteins have different functions in the intestinal enterocyte. The experiments that addressed

this objective are described in Chapter 2.

SPECIFIC AIM 2: To compare the effects of low- and high-fat feeding on intestinal lipid

metabolism and lipoprotein secretion in LFABP”" and IFABP”" mice.

In our previous work (7), intraduodenal administration of [**C] fatty acid (FA) in IFABP”" mice
promoted an increase in recovery of radiolabeled phospholipids (PL) in the intestinal mucosa
relative to WT, resulting in a decrease in the triacylglycerol:phospholipid (TG/PL) ratio. This

suggests that IFABP directs FA towards synthesis of TG and away from PL. In LFABP” mice,

delivery of [*H]Jmonoolein via the duodenum resulted in increases in [*H] recovery in mucosal PL,

monoacylglycerols (MG), and diacylglycerols (DG), while recovery in TG was decreased relative
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to WT. This suggests that LFABP is involved with transport of MG away from PL synthesis and
toward TG synthesis. LFABP” mice also had reduced oxidation of [C] FA to CO, and water
soluble metabolites relative to WT, thus we believe that intestinal LFABP is involved in
trafficking of FA towards oxidative pathways, as it has been previously found in liver. In this
study, the three genotypes of mice were fed diets containing low or high levels of LCFA to
determine if further changes in lipid metabolism in the enterocyte would be unmasked with

high-fat feeding. The experiments that addressed this objective are described in Chapter 2.

SPECIFIC AIM 3. To determine the effect of simultaneous ablation of LFABP and IFABP on whole

body energy homeostasis

We have crossed our IFABP” and LFABP” mice to create a novel double knockout mouse model
(DKO), which does not express either protein. In this study, we compare WT and DKO and the
single LFABP and IFABP-nulls fed diets containing low-fat or high saturated fatty acid levels, to
determine the effects on the whole body energy metabolism of mice which do not express
either of these proteins in the intestine (or in the liver). Since the enterocytes do not contain
either of the FABPs that they normally express in high amounts, we anticipate that more striking
changes will be found in these DKO mice relative to the single knockout mice, allowing us to
further elucidate the individual and overlapping functions of these proteins. In vitro studies
have suggested that IFABP and LFABP are involved with uptake of FA into the enterocytes, but
we and others have not seen any evidence of malabsorption in the single knockout mice, though
it is possible that one protein is still available for uptake in the absence of the other. Therefore,

we hypothesize that there may be some dietary lipid malabsorption in mice which have



simultaneous ablation of these proteins. The experiments that addressed this objective are

described in Chapter 3.
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Chapter 2

Direct Comparison of Mice Null for Liver or
Intestinal Fatty Acid-binding Proteins Reveals
Highly Divergent Phenotypic Responses to High

Fat Feeding

Angela M. Gajda, Yin Xiu Zhou, Susan K. Fried, Luis B. Agellon, Sarala Kodukula,

Walter Fortson, Khamoshi Patel, and Judith Storch.

Journal of Biological Chemistry (2013) 288, 30330-30344
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Abstract

The enterocyte expresses two fatty acid-binding proteins (FABP), intestinal FABP (IFABP; FABP2)
and liver FABP (LFABP; FABP1). LFABP is also expressed in liver. Despite ligand transport and
binding differences, it has remained uncertain whether these intestinally coexpressed proteins,
which both bind long chain fatty acids (FA), are functionally distinct. Here, we directly compared
IFABP™~ and LFABP™~ mice fed high fat diets containing long chain saturated or unsaturated
fatty acids, reasoning that providing an abundance of dietary lipid would reveal unique
functional properties. The results showed that mucosal lipid metabolism was indeed
differentially modified, with significant decreases in FA incorporation into triacylglycerol (TG)
relative to phospholipid (PL) in IFABP™™ mice, whereas LFABP”™ mice had reduced
monoacylglycerol incorporation in TG relative to PL, as well as reduced FA oxidation.
Interestingly, striking differences were found in whole body energy homeostasis; LFABP™ mice
fed high fat diets became obese relative to WT, whereas IFABP™~ mice displayed an opposite,
lean phenotype. Fuel utilization followed adiposity, with LFABP™" mice preferentially utilizing
lipids, and IFABP™™ mice preferentially metabolizing carbohydrate for energy production.
Changes in body weight and fat may arise, in part, from altered food intake; mucosal levels of
the endocannabinoids 2-arachidonoylglycerol and arachidonoylethanolamine were elevated in
LFABP ™, perhaps contributing to increased energy intake. This direct comparison provides
evidence that LFABP and IFABP have distinct roles in intestinal lipid metabolism; differential
intracellular functions in intestine and in liver, for LFABP™~ mice, result in divergent downstream

effects at the systemic level.
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Introduction

The small intestine is the primary site of dietary lipid absorption, and the quantity of dietary
triacylglycerol (TG), which is absorbed following its luminal hydrolysis to fatty acid (FA) and
monoacylglycerol (MG), is high in Western diets, ranging to over 100 g per day (8). Soluble
carrier proteins are thought to be required for the intracellular trafficking of hydrophobic lipid
species within the hydrophilic cytoplasmic environment. The fatty acid binding protein (FABP)
family is composed of >10 distinct ~15 kD cytosolic proteins. Initially discovered in the 1970s
(110, 192), these proteins are highly expressed in various tissues, with some tissues containing
more than one FABP. Interestingly, the proximal intestinal absorptive cell expresses two FABPs:
Liver FABP (LFABP; FABP1), which is also highly expressed in liver and to some extent in kidney,
and Intestinal FABP (IFABP; FABP2), which is solely expressed in the small intestine (122, 193).
Both have been suggested by in vitro studies to be involved in FA uptake from the intestinal

lumen, as well as the bloodstream, into the intestinal enterocyte (120, 194).

Although the individual functions of LFABP and IFABP in the intestine have not been elucidated,
several lines of evidence indirectly suggest that they may function differentially within the same
cell type. For example, although all of the FABPs have a highly conserved tertiary structure
containing a 10 strand B-barrel within which the ligands are bound, IFABP is typical of the FABP
family in that it has a single high affinity binding site for FA, whereas LFABP can bind two FA as
well as other lipids including lysophospholipids, prostaglandins, and MG (137, 138) In vitro FA
transfer mechanisms are also different, with LFABP transferring FA to membranes via an
aqueous diffusional mechanism, while FA transfer from IFABP occurs during direct protein-

membrane collisional interactions (119, 142, 166). Finally, while both IFABP and LFABP bind
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saturated fatty acids with similar affinity, LFABP binds unsaturated FA with a 5 to 10 fold greater
affinity than IFABP (136). Thus, it is hypothesized that differences in the ligand binding and
transfer properties of IFABP and LFABP may give rise to individual, if not entirely disparate, roles

in lipid trafficking in the enterocyte.

In this study, we directly compare LFABP” and IFABP” male mice, both on the C57BL/6
background, to gain further insight into functional similarities and differences between the two
enterocyte proteins. Two laboratories have generated independent lines of LFABP”" mice on the
C57BL/6 background (179, 180). Both lines of mice have been shown to have defects in hepatic
FA oxidation, uptake, and VLDL secretion (152, 179, 181, 182). LFABP” mice from one line have
been observed to gain more weight relative to WT mice when fed chow or high-fat diets (182,
184, 185), while female mice from the other line were shown to gain less weight following chow
or high saturated fat feeding (181, 195, 196). One line of IFABP”" mice has been generated and it
was found that male, but not female, mice gained more weight and exhibited
hypertriglyceridemia and hyperinsulinemia in response to high-fat high-cholesterol feeding,

relative to wild type mice (190, 191).

We recently reported the first direct comparison of mice null for LFABP and IFABP (7). We
observed no body weight differences in chow-fed mice of either knock-out line relative to WT.
Subtle phenotypic differences were noted, however. Intraduodenal administration of [**C] FA in
IFABP” mice showed an increase in recovery of mucosal radiolabel in PL relative to WT, resulting
in a decrease in the TG/PL ratio. As this was not accompanied by changes in gene expression of
lipid synthesis enzymes, it suggests that IFABP directs FA towards synthesis of TG. It was also

found that in LFABP”" mice, relative to WT, duodenal delivery of [*H] monoolein resulted in
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increased [*H] recovery in mucosal PL, MG, and DG, whereas recovery of [°H] in TG was
decreased, suggesting that LFABP is involved in the transport of MG away from PL synthesis and
toward TG synthesis. We also found significantly decreased intestinal mucosal oxidation of [**C]

FA in the LFABP” mice, similar to what has been reported in the LFABP™ liver (7, 149, 152).

The objective of the current study was to test the hypothesis that challenging the LFABP” and
IFABP” mice with high-fat diets would reveal more profound effects of FABP ablation. We
reasoned that a chow diet would not necessarily exceed the capacity of the abundant
intracellular FABPs, but that high fat feeding could potentially provoke greater phenotypic
changes, and perhaps exacerbate and reveal further differences between the two FABPs. The
type of dietary lipid is also an important factor as IFABP and LFABP have different binding
affinities for saturated and unsaturated fatty acids (136). Thus, we compared a low fat
semipurified (10% kcal) diet to two high fat (45% kcal) diets, one containing high long-chain
saturated (HFS) and the other high monounsaturated (HFU) long chain FA (LCFA), to further
elucidate the individual functions of LFABP and IFABP in the intestinal enterocyte, and in whole

body energy homeostasis.

Experimental Procedures

Animals and Diets

LFABP”" mice on a C57BL/6N background were generously provided by Binas and coworkers
(180). As described previously, the mice were additionally back-crossed with C57BL/6J mice
from The Jackson Laboratory (Bar Harbor, ME) for six generations to create congenic LFABP mice

(7). IFABP”" mice used in the present studies are a substrain bred by intercrossing of the original
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IFABP” mice (190), and are also on a C57BL/6J background. Wild type C57BL/6J mice from The
Jackson Laboratory were used as controls. 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 LFABP”, IFABP’/', and WT (C57BL/6J) mice (3x3 factorial design) were
housed 2-3 per cage and fed one of the following diets for 12 weeks: a low fat diet (LFD)
containing 10 kcal% fat, a 45 kcal% fat diet with high saturated fat (HFS) , or a 45 kcal% fat diet with
mostly unsaturated fat (HFU) . Product numbers are D10080401, D10080402, and D10080403,
respectively (Research Diets, Inc., New Brunswick, NJ) and are detailed in Table 2-1; the fatty acid
compositions (provided by the manufacturer) are listed in Table 2-2. The three diets used were
isocaloric, balanced so that only the carbohydrate and fat sources were modified between low
and high-fat treatments. The level of fat, 45% by calories, is commonly used to promote obesity
in rodents without lowering carbohydrates to levels which would promote ketogenesis.
Nevertheless, differences obtained between low fat and high fat feeding may be due, as well, to

reciprocal differences in carbohydrate content (Table 2-1).
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Table 2-1
LFD HFS HFU
Grams  Kcal grams kcal grams Kcal

Casein 200 800 200 800 200 800
L-Cystine 3 12 3 12 3 12
Corn starch 315 1260 72.8 291 72.8 291
Maltodextrin 35 140 100 400 100 400
Sucrose 350 1400 172.8 691 172.8 691
Cellulose 50 0 50 0 50 0
Soybean Ol 10 90 10 90 10 90
Lard 8.5 77 0 0 0 0
Cocoa Butter 26.5 239 192.5 1733 0 0
High Oleic Safflower Oil 0 0 0 0 192.5 1733
Mineral Mix, S10026 10 0 10 0 10 0
Dicalcium Phosphate 13 0 13 0 13 0
Calcium Carbonate 5.5 0 5.5 0 5.5 0
Potassium Citrate, 1H20 16.5 0 16.5 0 16.5 0
Vitamin mix, V10001 10 40 10 40 10 40
Choline Bitartrate 2 0 2 0 2 0
FD&C Yellow Dye #5 0.05 0 0 0 0.025 0
FD&C Red Dye #40 0 0 0.05 0 0 0
FD&C Blue Dye #1 0 0 0 0 0.025 0
Total 1055.05 4057 858.15 4057 858.15 4057

Table 2-1. Diet compositions of low-fat (LFD), high saturated fat (HFS) or high unsaturated fat

(HFU) diets.
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Table 2-2
LFD HFS HFU

grams/4057 kcal

Ci6 8.2 499 111
Ci6:1 0.1 04 0.0
C18 9.3 64.3 3.7
C18:1 17.7 65.2 152.6
C18:2 7.3 10.7 32.7
C18:3 0.8 1.0 0.8
%

Saturated fatty acids 40.8 60.0 7.8
Monounsaturated fatty acids 40.9 33.9 75.6
Polyunsaturated fatty acids 18.1 6.1 16.5

Table 2-2. Fatty acid compositions of low-fat (LFD), high saturated fat (HFS) and high-

unsaturated fat (HFU) diets (as provided by the manufacturer).
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Body weights were measured weekly. The food pellets were weighed each week to determine weekly
food intakes for each cage. Grams per week was divided by the number of animals per cage and then
divided by 7 days to determine the daily food intake; independent measures were taken as the number
of cages. Daily caloric intake was determined using the caloric densities of 3.9 kcal/g for the LFD or 4.7
kcal/g for HFS and HFU (Research Diets, Inc.). At the end of the experiment, the mice were fasted
for 24 hours and anesthetized with ketamine/xylazine/acepromazine (80:100:150mg/kg,
intraperitoneally, respectively), prior to collection of blood and tissues. Rutgers University

Animal Care and Use Committee approved all animal experiments.

Body Composition

Fat mass and fat-free mass measurements were taken by MRI (Echo Medical Systems, LLC.,
Houston, TX) 2-3 days prior to starting the feeding protocol and 2-3 days prior to sacrifice. The
instrument was calibrated each time according to the manufacturer’s instructions. Two

measurements for fat and fat-free mass were taken for each mouse and averaged.

Energy Expenditure and Activity

Energy expenditure and activity were assessed using the Oxymax system (Columbus Instruments,
Columbus, OH). Mice were placed in an indirect calorimetry chamber for a total of 48 h, which
includes a 24-h period for adaptation prior to measurements. VO, and VCO, (VCO,/VCO,) were
used to determine the respiratory exchange ratio (RER) as an estimation of the Respiratory
Quotient. Energy expenditure was assessed using the gas exchange measurements as

follows: (3.815 + 1.232 x RER) x VO, (197, 198). Energy expenditure (EE) data were analyzed
using the multiple regression model (least squares, JMP 10.0) that statistically adjusts for the

differences in fat free mass (LBM) among genotypes (199). The number of IR-beam breaks in a
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plane was recorded as spontaneous activity. The number of X axis IR beam breaks during the
24-h period (X Total), successive X-axis IR beam breaks (X ambulatory), and number of vertical IR

beam breaks (Z total) were counted over the 24-h period.

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 and immediately placed on dry ice, and subsequently stored
at -80°C for further analysis. The intestine from stomach to cecum was removed and measured
lengthwise, rinsed with 60 mL ice-cold 0.1M NaCl, opened longitudinally and mucosa scraped
with a glass microscope slide into tared tubes in dry ice. Mucosal samples were subsequently
diluted with 10 X volume of PBS pH 7.4 per gram wet weight, and homogenized using 20 strokes
with a Potter-Elvejhem homogenizer on ice. Protein concentration was determined (200), and
lipid extraction performed on samples containing 1 mg protein/mL using the Folch procedure
(62, 201). Lipids were extracted twice with 10 mL chloroform/methanol (2:1) and the aqueous
phase non-lipid fractions discarded. The organic lipid layer was dried under a nitrogen stream

and resuspended in chloroform/methanol (2:1) for further analysis.

LC/MS Analysis
Monoacylglycerol species, including 2-AG, and ethanolamines from intestinal mucosa were
analyzed by LC/MS as described previously, at the core facility of the Rutgers Institute for Food,

Nutrition, and Health (108)
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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 and FA levels were also analyzed (Wako Diagnostics, Inc.). Adiponectin
and leptin indices (202) were calculated as the plasma adiponectin or leptin levels divided by the
total fat mass determined by MRI. Homeostatic Model Assessment (HOMA-IR) was determined

using fasting glucose (mg/dl) X fasting insulin (uU/mL)/405 (203).

Oral Fat Tolerance Tests

After 3 months of high-fat feeding, mice were fasted for 24 h. 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 uL of olive oil was given. Blood was taken att = 60,
120, 180, and 240 min. Blood TG levels were measured using 15 ul of whole blood using a

Cardiochek instrument (Polymer Technology Systems, Inc. Zionsville, IN).

Mucosal FA and MG Metabolism

Preparation of lipids for bloodstream and intraduodenal administration was as follows. For
intravenous FA administration, 15 uCi [**C] oleate (275 nmol) was dried under a nitrogen stream
and then 0.5% ethanol (final volume) and 150 ul of a solution containing 0.1M NaCl and mouse
serum (1:1) were added sequentially. For duodenal FA administration, 1.5 pCi [°H] oleate (34
nmols) was dried under a nitrogen stream and then 150 of 10mM sodium taurocholate in 0.1 M
NaCl was added. For intraduodenal administration of [°’H] monolein, [*H] monoolein 7.3 uCi

(0.122 nmol) was dried under a nitrogen stream and then 150 pl of 10mM sodium taurocholate
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in 0.1M NaCl was added. Eight-week-old WT, IFABP'/", and LFABP”" male mice (n=6/group) were
fed LFD or HFS for 3 months and were then fasted 24 h and anesthetized as indicated above
prior to the experiment. Surgical procedures for intravenous and intraduodenal administration,
collection of mucosa at t = 2 minutes following introduction of lipids, lipid extraction, and
analysis of mucosal lipid metabolites by TLC and phosphorimaging (for [**C]-labeled oleate) or
scraping and scintillation counting (for [*H]-labeled oleate and monoolein), were performed as

described in detail previously (7, 62).

Fatty Acid Oxidation
Fatty acid oxidation measurements on mucosa from mice administered [**C]-oleate were carried

out as described previously (7, 62).

Fecal Lipid Content

Fecal lipids were measured to determine if there were any alterations in total lipid absorption in
the gene-ablated mice. Feces were collected from the cages between 4 and 10 weeks 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 (201). The extracted lipids in 2:1
chloroform:methanol were placed in pre-weighed glass tubes and dried down completely under
a nitrogen stream. They 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.

Quantitative RT-PCR for mRNA Expression Analysis
The protocol for mRNA acquisition and analysis was adapted from Chon et al. (204). Briefly,

tissues were homogenized in 4M guanidiniumthiocyanate,25mM sodium citrate, 0.1M [3-
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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 1ug of RNA,
random primers, an RNase inhibitor, and reverse transcriptase (Promega Madison, WI) in a total
volume of 25 ul. Primer sequences were obtained from Primer Bank (Harvard Medical School
QPCR primer data base) and are presented in Table 2-3. The efficiency of PCR amplifications
was analyzed for all primers to confirm similar amplification efficiency. Real time PCR reactions
are performed in triplicate using an Applied Biosystems 7300instrument. Each reaction
contained 80 ng cDNA, 250 nM of each primer, and 12.5 ul of SYBR Green Master Mix
(AppliedBiosystems, Foster City, CA) in a total volume of 25 pl. Relative quantification of mRNA

expression is calculated using the comparative Ct method normalized to B-actin.



Table 2-3

Gene Primer Sequence
B-actin Forward 5’- GGCTGTATTCCCCTCCATCG-3’
Reverse 5’- CCAGTTGGTAACAATGCCATGT-3’
MGAT2 Forward 5’- TGGGAGCGCAGGTTACAGA-3’
Reverse 5’- CAGGTGGCATACAGGACAGA-3’
erGPAT (GPAT3) Forward 5’-TATCCAAAGAGATGAGTCACCCA-3’
Reverse 5’-CACAATGGCTTCCAACCCCTT-3’
MtGPAT (GPAT1) Forward 5’- CTGCTTGCCTACCTGAAGACC- 3’
Reverse 5’- GATACGGCGGTATAGGTGCTT- 3’
DGAT1 Forward 5’-TCCGTCCAGGGTGGTAGTG-3’
Reverse 5’-TGAACAAAGAATCTTGCAGACGA3’
DGAT2 Forward 5’- TTCCTGGCATAAGGCCCTATT- 3’
Reverse 5- AGTCTATGGTGTCTCGGTTGAC-3’
MGL Forward 5’- CAGAGAGGCCAACCTACTTTTC-3’
Reverse 5’- ATGCGCCCCAAGGTCATATTT-3’
PPARa Forward 5’- TCGGCGAACTATTCGGCTG-3’
Reverse 5’- GCACTTGTGAAAACGGCAGT-3’
ACADL Forward 5’-GAGAAGTGAGTAGAGAGGTCTGG-3’
Reverse 5’-AACTGCTGTTGAGAGCAAGTC-3’
ACOX1 Forward 5’-ATATTTACGTCACGTTTACCCCGG-3’
Reverse 5’-GGCAGGTCATTCAAGTACGACAC-3’
CCOX Forward 5’- TCAACGTGTTCCTCAAGTCGC-3’
Reverse 5- AGGGTATGGTTACCGTCTCCC-3’
NADHDe Forward 5’- GGTACTTTGCTTGCTTGATGAGA-3’
Reverse 5 - TGGGAAGATATACGGCTGAGG-3’
SUCCDe Forward 5’-CATGAACATCAACGGAGGCAA-3’
Reverse 5’-CTCCTGGGACTCATCCTCTT-3’
CD36 Forward 5’- TCCCCCTACTAGAAGAAGTGGG-3’
Reverse 5’ TCCAACAGATTGGTTTCGTTCA-3’
SRB1 Forward 5- TTTGGAGTGGTAGTAAAAAGGGC-3’
Reverse ’5- TGACATCAGGGACTCAGAGTAG-3’
NPC1L1 Forward 5’- GCTTCTTCCGCAAGATATACACTCCC-3’
Reverse 5’- GAGGATGCAGCAATAGCCACATAAGAC-3’
LFABP Forward 5’-GGGGGTGTCAGAAATCGTG -3’
Reverse 5’-CAGCTTGACGACTGCCTTG-3’
IFABP Forward 5’-GTGGAAAGTAGACCGGAACGA-3’
Reverse 5’-CCATCCTGTGTGATTGTCAGTT-3’
FAAH Forward 5’-GAGGCTCCCCTCTGGGTTTA-3’
Reverse 5’-GCCAGGCTATCCACATCCC-3’
CB1 Forward 5’- GGGCACCTTCACGGTTCTG-3’
Reverse 5’- GTGGAAGTCAACAAAGCTGTAGA-3’

Table 2-3. Primer sequences for qPCR.
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Statistical Analysis

Data are presented as mean * S.E.M. Statistical comparisons for body weights were made by
two-way repeated measures ANOVA (genotype X time). For OFTT tests, comparisons were
made by Student’s t-test (IFABP'/' or LFABP”" versus WT) for each time point. The effect of
genotype within each diet was made by one-way ANOVA followed by Tukey's post-hoc test
using JMP statistical software (version 10, SAS Institute). Multiple linear regression (least
squares analysis, JIMP) was used to assess effects of diet and genotype, adjusted for FFM, on

energy expenditure.

Results
Ablation of LFABP or IFABP Differentially Affects Body Weight, Body Composition, and Food

Intake

The BW and body fat mass (FM) of IFABP” and LFABP” mice were similar to WT prior to the
start of feeding, but percentage of fat-free mass (FFM) of LFABP” mice were slightly lower than

WT (p<0.05) (data not shown),

After 12 weeks of high-fat feeding, different BW phenotypes were readily evident between the
IFABP” and LFABP” mice. IFABP” mice fed the 10 kcal% low fat diet (LFD) had similar BW
relative to WT over the 12-week study (Figure 2-1A), however IFABP” mice fed diets containing
45 kcal% high-saturated fat (HFS) and high-unsaturated fat (HFU) had lower BW relative to WT
(p<0.05) (Figure 2-1B, C). Total weight gain for IFABP” mice was similar to WT when fed the LFD,
but weight gain was significantly lower after HFS diet feeding (p <0.05) and a similar trend was

observed for mice fed the HFU (Figure 2-1D). Notably, IFABP”'mice were found to have lower %
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of FM and a higher % of FFM on all dietary treatments (p <0.05) (Figures 2-1E, F). The food
intake of IFABP” mice was somewhat higher when they were consuming the LFD, but was lower
than WT in response to the HFS diet (p<0.05). Caloric intakes were similar between WT and
IFABP” fed the HFU diet (Figure 2-1G). Food efficiency (g of BW gained per kcal consumed) was
similar to WT mice during HFS feeding (Figure 2-1H). Importantly, fecal fat measurements were
similar between IFABP”" and WT mice (Figure 2-11), thus lipid absorption was not affected, in
agreement with previous results for chow-fed mice (7). The body weight phenotype for the
present substrain of IFABP null mice differs from what we found in the original strain, where

male mice showed increased weight gain relative to WT mice (190, 191).

Remarkably, the results showed that LFABP” mice displayed an opposite phenotype to the
IFABP” mice. Weekly body weights of LFABP” mice were similar to WT when fed the LFD, but
net weight gain over the 12 weeks of feeding was significantly greater (p <0.05) (Figures 2-1A, D).
Moreover, in marked contrast to IFABP”" mice, LFABP” had significantly higher BW relative to
WT when fed HFS or HFU during the 12 week feeding study, resulting in substantially greater
weight gains (p <0.05) (Figure 2-1B, C, D). The LFABP” had a higher % of FM and lower % of FFM
when fed either high fat diet (p < 0.05) (Figures 2-1E, F), indicating that high-fat feeding caused
increased adiposity relative to WT. In further contrast to the IFABP nulls, the food intake of
LFABP” mice was higher on the HFS diet (p <0.05) (Figure 1G), and significantly higher food
efficiency was observed when LFABP” were fed HFS and HFU (p <0.05)(Figure 2-1H). In
agreement with previous reports (7, 181), no differences in fecal fat were found (Figure 2-11),

thus there is no indication of lipid malabsorption in the LFABP” knockout mice.
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Figure 2-1. Body weight and composition for WT, IFABP”" and LFABP”" mice after 12 weeks on
a low-fat (LFD), high saturated fat (HFS) or high unsaturated fat (HFU) diet. A. Body weights on
LFD (n=15-16); B. Body weights on HFS (n=13-14); C. Body weights on HFU (n=12-16); D. BW
gains (n=12-16); E. Percent Fat Mass (n=12-16); F. Percent Fat-free mass (n=12-16); G. Food
intake for mice fed LFD (n=5-7), HFS (n = 5-6), HFU: (n = 5-7); H. Food efficiency (g BW
gained/kcal food intake) for mice fed LFD (n=5-7), HFS (n = 5-6), HFU (n=5-7). . Fecal fat% for
mice fed LFD (n=5-7), HFS (n = 5-6), HFU (n=5-7). For Figures A—C data are mean * SEM,
analyzed using two way ANOVA using repeated measures with post-hoc Tukey’s test (genotype x

time) *p<0.05 for LFABP” vs WT *p<0.05 for IFABP” vs WT. For Figures D - H, data are mean £
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SEM, 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).



Overall, the present direct comparison of LFABP” and IFABP” mice reveals divergent
phenotypes when fed high LCFA diets. After 12 weeks of feeding, LFABP” mice display greater
increases in body weight and FM, and lower FFM compared to WT, with more pronounced
changes occurring during HFS feeding compared to HFU. In contrast, IFABP” mice gain less
weight than WT and have a smaller amount of FM, regardless of the amount or type of dietary

fat.

IFABP”" Mice Have Greater Reductions in FM After Fasting

Since body composition differed between the two enterocyte FABP null mice, we further
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examined the effects of fasting on changes in FM and FFM, using MRI (Table 2-4). When fed the

LFD, the IFABP” mice lost a larger percent of BW after fasting relative to WT (p <0.05).
Additionally, while LFD-fed IFABP”" mice had lower FM than WT in both fed and fasted states,
the loss of fat mass following the fast was almost double for the IFABP”" mice compared to WT
(p <0.05). Similarly, on both the HFS and HFU diets, the percent change in FM for the IFABP”
mice was approximately twice that of the WT mice (p <0.05) (Table 2-4). These results are in
agreement with our recent observations for IFABP” mice of this substrain fed laboratory chow
(7), indicating that a large loss of fat mass during fasting occurs under all dietary regimens
examined. HFU-fed but not HFS- or LFD-fed IFABP” mice also lost more FFM than WT mouse

during the fast.

In contrast to the IFABP”" mice, the LFABP” mice did not differ from WT in the percent of fat
mass lost following a 24-h fast, although as noted above the LFABP”" mice had much greater

absolute fat mass (Table 2-4). This, too, is in keeping with our previous results for chow-fed



mice. No changes in the loss of FFM were found following fasting for the LFABP” mice,

regardless of dietary treatment.
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Table 2-4

LFD HFS HFU
WT IFABP™ LFABP” WT IFABP™ LFABP” WT IFABP™ LFABP”

FedBW,g 27.5+0.4 27.0+0.6 27.6+0.6 33.6+0.7° 285+0.7° 37.2+1.2° 327+2.0"° 29.8+1.0° 40.6+2.2°
;‘;‘:’t'gg 24.8+0.4 237406 248+05  31.0+0.7° 254+07° 343+11° 306+19° 267+05  37.5+22"
% Change 9.9+0.5° 12.4+0.6° 10.0+0.4° 8.0+0.4° 10.8+0.6° 7.8+0.4° 6.7+04° -104+05° -7.9%0.8°
Fed FM, g 4.1+0.2° 2.6+0.1° 45+03° 7.8%05° 3.1+03° 11.3+0.8° 9.1+14°  32%06°  151+1.7°
Fasti
F:As ';g’ 3.1+0.2° 1.5+0.1° 35+03° 60+05° 22403  104+08  77+13° 20+05  13.8+1.6°
% Change -24.8+2.2°  -445+3.1° -22.7+25 -17.1+25 -30.2+4.9° 9.0+0.9° -159+2.7° -40.5+4.0° 93+1.7°
Fed FFM, 21.3+0.5 21.7+0.6 205+03  232+06 22.4+06 23.0+05 21.4+0.6° 245+05° 228+0.6%
g

Fasti

Fanlf/'lnz' 19.4+0.4 19.8+05  189+0.2 223405  20.7+05 21.6+0.5 208+05 223+05  225+0.6
% Change  -83+1.5 87403 79+04  -35+1.6 7.4+09 63+09 -29+1.1° -9.0+07° -1.45+08°

Table 2-4. Fed and 24 hour fasted body weight and composition for WT, LFABP” and LFABP”" mice after 12 weeks on a low-fat (LFD),

high saturated fat (HFS) or high unsaturated fat (HFU) diet. LFD, n=15-24; HFS, n=18-25; HFU, n=6-9. Data are mean + SEM, analyzed

8§



using one way ANOVA with a Tukey’s post-hoc test. Results with different letters within a dietary treatment are significantly different

(p<0.05).
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IFABP”" and LFABP”"Mice have Different Metabolic Fuel Source Utilization, 24-h Energy

Expenditure, and Activity

The ratio of VCO2/VO2 (RER) was higher in IFABP” mice fed HFS or HFU, suggesting increased
utilization of carbohydrate for oxidation (p <0.05) (Figure 2-2C). By contrast, the LFABP”" mice
had a lower RER on LFD and HFS compared to WT (p <0.05) (Figure 2-2C), indicating that these

mice utilized more lipids as an energy source.

Multiple regression analysis indicated that there was a statistically significant interaction of
metabolic rates with diet and genotype, therefore we analyzed the genotype effect within each
diet. When fed the HFS or HFU diets, there were no genotype effects on 24-h EE per mouse
(data not shown). In mice fed the LFD, however, 24-h energy expenditure (kcal/h) was higher in
IFABP” than WT (Figure 2-2A) (p <0.005). After adjusting for variations in FFM, there was also
no difference in the 24-h EE in mice fed HFS. However, in mice fed HFU, 24h EE adjusted for
FFM was higher in the LFABP™. Furthermore, when fed the LFD, the IFABP” group had higher

energy expenditure than WT after adjustment for FFM.

Surprisingly, we found that despite their increased adiposity and body weight, the LFABP” mice
had increased activity compared to WT mice after HFS feeding (p < 0.05), and higher total X
activity than the IFABP” group on both HFS and HFU (Figure 2-2, D-F). Thus, the greater

adiposity of the LFABP”" mice appears to be due to greater feed efficiency (Figure 2-1H).
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Figure 2-2. Indirect calorimetry and 24 hour activity for WT, IFABP”" and LFABP” mice after 12
weeks on a low-fat (LFD), high saturated fat (HFS) or high unsaturated fat (HFU) diet. A. 24
hour VO2 B. 24 hour VCO2; C. 24 hour RER; D. 24 hour X activity; E. 24-hour ambulatory total
activity; F. 24-hour Z total activity. LFD, n=15-16; HFS, n= 13-14; HFU, n=12-17. Data are given
as mean = SEM, analyzed using one-way ANOVA with a Tukey’s post-hoc test. Results with

different letters within a diet treatment are significantly different (p<0.05).
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IFABP”  and LFABP” Mice Display Differences in Markers of Whole Body Energy Metabolism

Plasma and tissue analyses are presented in Table 2-5. IFABP” mice had lower fasting blood
glucose levels relative to WT mice when fed LFD and HFS (p<0.05), but no changes in insulin or
TG levels were found. Total cholesterol and non-esterified FA (NEFA) levels were not different,
except after HFU feeding, where both were lower for IFABP” relative to WT mice (p <0.05).
Plasma leptin levels were lower in the IFABP”" mice fed HFU (p<0.05), presumably reflecting
their lower FM (Figure 2-1). For the same reason we were surprised to find that IFABP” mice
had lower adiponectin levels following LFD and HFU feeding, however the adiponectin index,
which takes into account the total fat mass of the animals (plasma adiponectin/ g of FM)
showed that IFABP” had higher values than WT after HFU feeding (p <0.05). Livers weights per
g BW of IFABP” mice were similar to WT, although this finding is in contrast to the increased
liver weights found in male IFABP” mice from the original line (23). In keeping with the lower
FM shown by MRI, the epididymal, perirenal, and inguinal fat pads were smaller for IFABP” on

LFD or HFU (p<0.05), and a similar trend was found on the HFS diet.

Despite the markedly greater fat mass of the LFABP”" mice relative to WT, no changes were
observed in fasting blood glucose, insulin, cholesterol, NEFA, or adiponectin levels on any of the
dietary regimens (Table 2-5). Plasma TGs were higher in LFABP” mice fed a LFD, but somewhat
lower when fed a HFU (p<0.05). Leptin levels of LFABP”" mice on HFS were strikingly higher than
WT (p<0.05), in keeping with the large increases in FM (Figure 2-1). Correspondingly, the LFABP
” mice had larger epididymal, perirenal, and inguinal fat pads when fed HFS (p<0.05). The
absolute liver weights of LFD and HFU-fed LFABP” mice were lower than WT mice, and were

also lower (p<0.05) when expressed per g BW.



Table 2-5

LFD HFS HFU

WT IFABP ™" LFABP ™" WT IFABP ™" LFABP ™" WT IFABP”~  LFABP™"
Glucose, mg/dl 169 + 15° 92+9° 147 + 16° 156 + 25° 87 +5° 159 + 19° 149 + 207 101+ 9° 169 + 22°
Insulin, ng/ml 0.18 £ 0.02 0.20 £ 0.02 0.28+0.01  0.21+0.01 026+0.06 0.25+0.01  0.25+0.01 0.24 + 0.00 0.35 £ 0.07
HOMA, IR 1.9+0.2 1.2+0.1 1.6+0.3 20t 1.4 1.4+ 0.4 2.5+04 2.2+0.3 1.4+0.1 2.7+0.5
Total cholesterol, mg/dl 95+5 86+7 94 + 4 99 + 5% 86 +4° 109 + 7° 108 +3° 76+5° 105 + 11°
TAG, mg/d 75+ 9° 83+11° 148 + 10° 99+ 11 114 + 10 90+9 97+6° 80+5° 73+5°
NEFA, mEq/liter 0.30 + 0.04 0.34 +0.06 0.42+0.06  0.26+0.04 036+0.03 043+0.13  0.40+0.04° 0.24 +0.04° 0.38+0.07°
Leptin, ng/ml 3.1+0.6% 0.4+0.3° 57+1.7° 3.2+06° 1.1+0.2° 13.4+1.9° 33+0.8% 0.2£0.2° 10.2+3.3°
Leptin index 0.8+0.1° 0.2+0.1° 0.9+0.2° 0.6 +0.1° 0.3+0.0° 1.2+0.1° 1.9+0.4° 0.1+0.1° 1.3+0.3°
Adiponectin, ng/ml 10.7£0.7° 6.4 +0.4° 10.6+0.6°  10.8+1.1% 83+0.4° 12.6+1.2° 10.3+0.8° 5.9+0.4° 11.8+1.0°
Adiponectin index 3.0+ 04% 4.0+0.4° 2.3+0.2° 2.6+0.3" 2.8+0.4° 1.3+0.2° 1.7+0.1° 3.0+0.2° 1.4+0.1°
Liver WT, g 0.94+0.03°  0.84+0.02° 0.86+0.01° 0.90+0.04™® 0.79+£0.02° 1.00+0.06° 0.99+0.03°  0.93+0.02*®  0.85%+0.03°
Liver, g/g BW 0.035+0.001" 0.036 +0.001° 0.033 +0.001° 0.034+0.001 0.031+0.001 0.035+0.003 0.034+0.001° 0.0037 +0.002° 0.029 + 0.001°
Epididymal fat, g 0.49+0.06°  0.14+0.04° 0.60+0.05° 0.74+0.07° 0.28+0.04° 1.50+0.14° 0.93+0.14° 0.18 +0.05° 1.01+0.14°
Perirenal fat, g 0.17+0.03°  0.05+0.01° 0.18+0.02° 021+0.02> 0.09+0.02° 0.45+0.05° 0.32+0.05 0.07 +0.05° 0.36 +0.06°
Inguinal fat, g 0.32+0.05°  0.12+0.04° 0.36+0.03° 045+0.04° 025+0.10° 1.04+0.14° 0.56+0.10° 0.14 £ 0.03° 0.69 + 0.09°

€9



Table 2-5. Plasma and Tissue Analyses for WT, IFABP” and LFABP’" mice after 12 weeks on a low-fat (LFD), high saturated fat (HFS) or high
unsaturated fat (HFU) diet. Data are mean = SEM, analyzed using one-way ANOVA with Tukey’s post-hoc test. Results with different letters

within a dietary treatment are significantly different (p<0.05). n=6-9 for all groups.

9
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IFABP” Mice have Increased Chylomicron Secretion Rates

Oral fat tolerance tests were performed on 24 hour fasted mice treated with Tyloxypol to
prevent clearance of circulating TG-rich lipoproteins (Figure 2-3). We found little or no
differences between the LFABP”" and WT mice except on the LFD at baseline and 1 h, where TG
levels were slightly but significantly higher (p < 0.05), as also shown above (Table 2-5 and Figure
2-3A). The IFABP”" fed the LFD showed a trend toward increased TG secretion, with values
significantly different than WT at t = 2h (p < 0.05). On the HFS diet, the IFABP”" mice showed
significantly higher TG levels at 2 hours following the oral fat bolus (p < 0.05), which continued
throughout the 4-hour measurement period (Figure 2-3B). Similar but smaller increases were
seen for IFABP” mice fed HFU, however differences were not statistically significant (Figure 2-
3C). Forthe LFABP” mice, no changes were found on the HFU diet, and HFS-fed LFABP”" mice
tended to have greater plasma TG levels following the oral fat bolus, with differences significant

att = 3h (Fig. 2-3A-C) (p < 0.05).



66

Figure 2-3
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Figure 2-3. Oral fat tolerance tests following a 24-hour fast for WT, IFABP”" and LFABP” mice

after 12 weeks on a low-fat (LFD), high saturated fat (HFS) or high unsaturated fat (HFU) diet.

Blood TG levels for A. LFD-fed mice (n=6-9); B. HFS-fed mice (n=5-6); C. HFU-fed mice. (n=6-9).

Data are given as mean * SEM, analyzed using Student’s t-test. *p<0.05 for LFABP” vs WT at the

same timepoint *p<0.05 for IFABP” vs WT at the same timepoint.
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Altered FA and MG Metabolism in the Intestinal Enterocyte by IFABP or LFABP Ablation
[*C]-labeled oleate was administered intravenously while simultaneously introducing [*H]-
labeled oleate into the duodenum, in 24h fasted mice, to examine the metabolic fate of
bloodstream-derived and diet-derived FA, respectively. As detailed in “Experimental
Procedures”, small intestinal mucosa was harvested after 2 min, and lipids were extracted and
separated by TLC to measure recovery of both dietary and bloodstream-derived FA in specific
lipid species (Figure 2-4). Data were expressed as the percent of label recovered in each lipid
species, and as the ratio of label recovered in TG relative to PL (7). No significant differences
from WT were found for IFABP” or LFABP” mice fed the LFD (Figure 2-4, A and B). However, HFS
feeding resulted in a lower recovery of the [**C]-oleate label in TG for the IFABP” mice (p < 0.05).
In contrast, LFABP” mice had an increase in recovery of [**C]-oleate in PL (Figure 2-4C). This
resulted in a lower TG/PL ratio for both knockouts (Figure 2-4D) (p < 0.05), indicating that in

mice fed high-fat diets, both proteins are involved in trafficking FA from the bloodstream toward
TG synthesis. Administration of duodenal oleate did not result in changes in the IFABP” during
LFD or HFS feeding (Figure 2-4E, G). However, we observed that LFABP” mice fed LFD had a
lower TG/PL ratio (Figure 2-4E, H) (p < 0.05). In separate experiments, we measured the
oxidation of duodenally-administered [**C]-labeled oleate, and found that on both the LFD and
HFS diet, LFABP” mice had lower mucosal FA oxidation (p < 0.05) (Figure 2-4l). This is in

agreement with previous experiments in chow fed mice (7), as well as studies of liver FA

oxidation (152, 179, 182, 186).



68

Figure 2-4
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Figure 2-4. Intestinal fatty acid metabolism in WT, IFABP” and LFABP” mice after 12 weeks
on a low-fat (LFD), high saturated fat (HFS) or high unsaturated fat (HFU) diet. A. Bloodstream-
derived [*C] Oleate LFD (n=6-7); B. Bloodstream-derived [**C] Oleate TG/PL ratio LFD (n=6-7); C.
Bloodstream-derived [**C] Oleate HFS (n=6); D. Bloodstream-derived [**C] Oleate TG/PL ratio
HFS (n=6); E. Diet-derived [*H] Oleate LFD (n=6-7); F. Diet-derived [*H] Oleate TG/PL ratio LFD
(n=6-7); G. Diet-derived [*H] Oleate HFS (n=6 ); H. Diet-derived [*H] Oleate TG/PL ratio HFS (n=6);
I. Oxidation of Diet-Derived [**C] Oleate for LFD and HFS-fed mice (n=8 ); Data are given as
mean = SEM, analyzed using one-way ANOVA with Tukey’s post-hoc test. Results with different

letters are significantly different (p<0.05).
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Studies from our laboratory have shown that LFABP, but not IFABP, is a 2-MG binding protein in
vitro and in vivo (138, 139). In keeping with this binding function, we found alterations in
intestinal 2-MG metabolism in chow-fed LFABP”" mice, but not in the IFABP” mice (7). Here, we
determined whether altered MG metabolism would also be manifested under the HFS feeding
regimen (Figure 2-5). Indeed the results showed that LFD-fed LFABP” mice had an increase in
recovery of ‘dietary’ [*H]-monoolein PL, relative to WT, resulting in a significantly lower TG/PL
ratio (p < 0.05) (Figure 2-5A, B), and that the HFS feeding resulted in lower recovery in TG, and a
higher recovery in PL, relative to WT, also resulting in a lower TG/PL ratio (p < 0.05) (Figure 2-5C,

D).
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Figure 2-5. Intestinal 2-monoacylglycerol metabolism in WT and LFABP” mice after 12 weeks
on a low-fat (LFD) or high saturated fat (HFS) diet. A. Diet-derived [*H] Monoolein LFD (n=6-7 );
B. Diet-derived [*H] Monoolein TG/PL ratio LFD (n=6-7 ); C. Diet-derived [*H] Monoolein HFS
(n=6-7); D. Diet-derived [*H] Monoolein TG/PL ratio HFS (n=7). Data are given as mean * SEM,

and are analyzed using Student’s t-test. *p<0.05 vs WT.
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Effects of IFABP and LFABP ablation on Expression of Genes Involved in Intestinal Lipid
Metabolism

As noted above, few changes, compared to WT mice, were found in mucosal expression of
genes related to lipid metabolism and transport for IFABP”" or LFABP” mice on a chow diet,
suggested that alterations in lipid metabolism were not due to changes in gene expression but
were rather, more likely, due to changes in lipid transport (7). Here we further examined lipid-
related gene expression to determine whether feeding high fat compared with low fat diets
resulted in differential regulation of mucosal gene expression in the IFABP” or LFABP” mice. In
keeping with prior observations, high fat feeding resulted in increased expression of several
genes in WT mouse mucosa. In particular the HFS diet resulted in significantly increased
expression of LFABP, IFABP, MGL, and FAAH, and the HFU diet resulted in increased expression
of these genes as well as MGAT and PPARa (46, 204, 205)(Figure 2-6A). With almost no
exception, the responses to high-fat feeding in the WT mice were also found in the two
knockout strains. For example, the HFS diet caused a 9-fold increase in LFABP expression in WT
and an 8-fold increase in LFABP expression in the IFABP”" mouse; the HFU diet resulted in 3 to 4-
fold increases in FAAH expression in all three genotypes, etc. (Figure 2-6B, C). Thus, the present
differences found in FA and MG metabolism in the IFABP”  and LFABP” mice appear to be
primarily caused by nontranscriptional effects, most likely via alterations in intracellular lipid
binding capacity and transport. A small but significant increase (50%) in PPARa expression was
found in HFU-fed WT mouse mucosa which was not found in LFABP” mucosa, perhaps related
to the proposed direct interaction between LFABP and PPARa (137, 148, 149). Importantly, no
compensatory increase was found in LFABP expression in the IFABP” mucosa, or in IFABP in the
LFABP” mucosa, on any of the three diets used, supporting the hypothesis that these two

enterocyte proteins have unique functional roles.
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Figure 2-6. Relative quantification of mMRNA expression of intestinal lipid metabolic and
transport genes for WT, IFABP”" and LFABP”" mice after 12 weeks on a low-fat (LFD), high
saturated fat (HFS) or high unsaturated fat (HFU) diet. A. WT fed HFS or HFU relative to WT
fed LFD (n=5-9) B. IFABP” fed HFS or HFU relative IFABP” fed LFD (n=5-9). C. LFABP” fed HFS or
HFU relative LFABP”" fed LFD (n=5-9). Data are given as mean = SEM, and are analyzed using

Student’s t-test. *p<0.05 vs same genotype on LFD.
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Intestinal Mucosal Endocannabinoid Levels in IFABP” and LFABP”" Mice.

Recent reports have shown that several FABPs can bind the endogenous cannabinoid receptor
ligand anandamide (arachidinoylethanolamine, (AEA)) (83, 84). 2-arachidonoylglycerol (2-AG) is
also an endocannabinoid, and we have shown that LFABP binds 2-monoacylglycerols (138).
Because the endocannabinoid system is involved in appetite regulation, we hypothesized that
changes in food intake observed in the two FABP null mice could perhaps be related to changes
in intestinal endocannabinoid levels. Hence, we measured mucosal levels of AEA and 2-AG as
well as several other monoacylglycerol species, and of oleoylethanolamine and
palmitoylethanolamine, which are ligands for the PPARa transcription factor and may also play a
role in food intake (87, 90). We found that both 2-AG (p = 0.053) and AEA levels showed a trend
to be elevated in LFABP” mucosa, as was 2-linoleoylglycerol (p < 0.05); Oleoylethanolamine and
palmitoylethanolamine levels were not changed (Figure 2-7). 2-AG levels showed an opposite,
lower, trend in the IFABP”" mucosa on LFD and HFS; lower levels of 2-monopalmitin were also
found in IFABP” mucosa (Figure 2-7). Notably, no differences in the mRNA expression of MGL
or FAAH, enzymes that degrade 2-AG and AEA, respectively, were found between genotypes

(Figure 2-6).
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Figure 2-7. Intestinal ethanolamine and 2-monoacylglycerol Levels for WT, IFABP”" and LFABP’
' mice after 12 weeks on a low-fat (LFD), high saturated fat (HFS) or high unsaturated fat
(HFU) diet. A. AEA (n=6); B. OEA (n=6); C. PEA (n=6); D. 2-AG (n=6); E. Monopalmitin (n=6); F.
Monolinolenin (n=6). Data are mean * SEM, analyzed using one-way ANOVA with Tukey’s post-

hoc test. Results with different letters within dietary treatment are significantly different

(p<0.05).
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Discussion

The human intestine can process large quantities of dietary lipid, averaging up to 100 g in adult
males on a daily basis, with a remarkable absorption efficiency of >95%. The co-expression of
two members of the FABP family of lipid-binding proteins, IFABP and LFABP, has generally been
thought to be related to the large lipid processing needs of the enterocytes, however it has not
been entirely clear why two related proteins, both of which bind long chain FA, are present. In
this regard, the ileal lipid binding protein, another FABP family member found in the distal small
intestine, may also contribute to fat absorption in view of the fact that this protein can also bind
fatty acids (125, 127). Indeed, the FABP protein family differs from many other classes of lipid-
binding proteins in having more than 10 separate genes, each with a different tissue distribution,
in contrast to the more typical expression of the same gene in many or all tissues, for other

classes of lipid-binding proteins (111).

Because there are some ligand binding differences between IFABP and LFABP (135, 136) and
since we demonstrated differences in in vitro FA transport properties (119, 142, 166), we
directly compared mice null for each of these genes to determine whether physiological
differences would be observed. Our initial studies, using male mice fed laboratory chow,
showed a modest FA trafficking defect for the IFABP” mice, a modest MG trafficking defect for
the LFABP™ mice, and defective mucosal FA oxidation in the LFABP” but not IFABP” mice. While
no differences in body weights were found, differential changes in body composition in
response to fasting were observed, suggesting that each of these FABPs has a different impact
on whole body energy metabolism (7). Hence, in the current study, we fed high-fat diets

containing TG rich in long chain FA to generate an abundance of long chain FA and MG in the
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intestinal lumen, hypothesizing that more striking phenotypic changes in IFABP” and LFABP”
mice would be revealed, in order to help elucidate unique functions of these related proteins.

Remarkably, highly divergent whole body phenotypes were found.

The LFABP” mice displayed increases in body weight and body fat mass relative to WT when fed
high-fat diets. The mice used in these studies were derived from the LFABP null mouse which
was generated by Martin et al., using the C57BL/6N background strain, and first described in
2003 (180). The mice had been backcrossed 6 generations onto the C57BL/6N strain and were
subsequently backcrossed another 6 generations onto the C57BL/6J strain upon arrival to our
laboratory, as previously described (7). In agreement with the present findings, Martin and
coworkers found that male and female LFABP” mice were prone to obesity when fed high LCFA
diets, with increases in body weight and FM relative to WT mice; this body weight phenotype
has been repeated several times (183-185). Interestingly, the body weight data are in contrast
to findings by Newberry et al., who generated a separate LFABP” mouse on a mixed C57BL6 and
SV129 background, then backcrossed to the C57BL/6J wild type strain (179, 187, 196). In those
studies, female LFABP” mice fed diets containing high levels of medium chain saturated FA (40
kcal% fat as hydrogenated coconut oil) had lower BW relative to WT mice (187, 196). Both lines
showed apparent decreases in hepatic FA B-oxidation, and lower levels of hepatic TG (152, 179,
206, 207). We find reduced intestinal FA oxidation in the LFABP” mice as well, both on chow (7)
and high fat diets, supporting a tissue-independent function for LFABP in FA oxidation. It is likely
that these effects on oxidation are not caused by diminished oxidative capacity, but rather by

defective FA trafficking.
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Despite consistent effects of LFABP”" ablation on FA oxidation and liver TG, the increased body
weights and total body fat observed in the present studies and those of Schroeder and
coworkers (180, 183, 185), is different than the reduced body weights seen in the Missouri
LFABP” mice (179, 187, 196). The differences may in part be related to sex, as female mice tend
to be more resistant to obesity during high-fat feeding relative to males (208, 209), and have
higher levels of LFABP protein in the liver (124). Further, the diets may play a role in the
outcome differences between studies. The present high-fat diets and those of the Texas studies
contain sources of LCFA, used to model the more common lipids in the human diet. The long
chain 2-MGs and FAs released by pancreatic lipase in the intestinal lumen enter the enterocyte
where they are then used to generate TG which is incorporated into chylomicrons that enter the
lymphatic system and then the general circulation. MCFA, used in the Missouri studies, are
more soluble in the hydrophilic cytosol and do not bind to FABPs (124, 135). MCFA are
metabolized differently that LCFA in that they are not included in chylomicrons, but rather
directly enter the liver via the portal vein and therefore do not first enter the general circulation
(65). In addition, it has been shown that diets containing MCFA are not as obesogenic as those
containing LCFA (66—68). Therefore, metabolism of the FA may differ and may provide some
clues for the differences in results. Nevertheless, the Missouri group reported that a Western
diet (40 kcal% milk fat with 0.21% cholesterol) also resulted in decreased weight gain compared
to WT, although differences in males were not as large as in females (181). A number of other
differences could contribute to the divergence in body weight phenotype, including residual
background gene differences, the gene targeting constructs employed, the potential for residual
small fragments of the LFABP (210), or perhaps environmental effects of the facilities in which
each mouse line is housed, as has been recently shown to impact susceptibility to diet-induced

obesity in two separately housed but isogenic mouse strains (211).
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In dramatic contrast to the results in LFABP”" mice, under identical conditions, the IFABP” mice
fed a HFS diet displayed 30% less weight gain compared to WT mice, which was accompanied by
a reduction in food intake. No changes in fecal fat were found, thus lipid malabsorption did not
account for the lower weight gains observed. The IFABP”" mice had a trend toward lower feed
efficiency, i.e. less weight gain per calorie consumed, on both HF diets, however the results did
not reach statistical significance. In further contrast to the LFABP null mice, IFABP ablation
resulted in a very lean phenotype, with significantly lower FM and greater lean mass. The IFABP’

" mice also displayed consistently higher losses of fat mass during fasting.

As noted above, the body weight phenotype found in the present studies, using a substrain of
IFABP” mice that were nonetheless bred by intercrossing, differs from that observed in the
original line (23, 24). Indeed, in earlier studies we found that the effects of IFABP deletion in the
original IFABP” line appear to be sensitive to sex, age, and diet (190, 191, 212). Similarly, while
we found that chow-fed IFABP” mice from the substrain showed no change in body weight
through 20 weeks of age (7), these same mice in the present study, also examined through 20
weeks of age and fed HFS for 12 weeks, showed significantly lower body weight gain than WT
mice. Moreover, female IFABP” mice fed a high-fat chow diet with added cocoa butter and
1.25% cholesterol also had lower body weights than WT, however by contrast the male mice
were heavier (24). On a high safflower oil diet that was fed for 2 weeks, older (30-40 week)
male and female IFABP” mice both gained more weight than WT mice, while on a high beef
tallow diet, the males were found to have slightly (9%) higher body weights, with female IFABP”"
mice of the same age and on the same diet showing no body weight change (191). In addition to
body weight differences, the relative absence of gene expression changes found by qPCR

analysis of mucosal samples for male IFABP” mice in this study, is in contrast with results of a
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microarray analysis of intestinal RNA of male IFABP” mice from the original line, which showed
significant differences compared to WT males, including increased expression of genes involved

in fatty acid metabolism (213).

It will be of great interest to determine the underlying reasons behind the discrepant phenotype
exhibited by the two IFABP”" lines from a common founder, and future studies will address this
issue. Irrespective of the origin(s) of the body weight gain results under different conditions, the
present direct comparison of IFABP and LFABP null mice under identical conditions of age, sex,
and diet, highlights the dramatically different outcomes for body weights and body composition,
strongly supporting distinct roles of the two FABPs in the regulation of whole body energy

metabolism.

The IFABP”" and LFABP” also mice displayed differences in fuel utilization, which appear to be
driven by lipid stores. The very lean IFABP mice, with low body fat, have a higher RER indicative
of increased carbohydrate oxidation, while the obese LFABP” mice display a lower RER
indicative of increased fat utilization. When adjusted for lean mass, the LFABP” mice displayed
higher energy expenditure on the high-unsaturated fat diet and were surprisingly more active,
despite their much higher body weights and adiposity. Interestingly, feeding a high-saturated
fat diet did not promote changes in plasma glucose or insulin levels in the LFABP” mice, despite
their being markedly obese. The IFABP” mice, by contrast, had lower plasma glucose levels and
a higher adiponectin index, reflecting increased insulin sensitivity and fat-free mass. In both
genotypes, plasma leptin values varied as expected with adipose tissue mass, thus LFABP” mice
fed HFS or HFU had elevated plasma leptin levels, and IFABP” mice had markedly lower

circulating leptin levels than the LFABP null mice (214-216).
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Since LFABP is involved in chylomicron assembly (31, 54), and because we and others have
recently shown that obesity and high fat feeding result in substantially reduced rates of TG
secretion from the intestine (60, 217), we expected to see a lower TG secretion rate from the
LFABP” intestine during an oral fat tolerance test (181). However, as previously found for chow-
fed LFABP'/'(7), blood TG values were not different from WT in the high-fat fed LFABP” mice.
Thus the LFABP null mice, even in the face of marked obesity, display normal intestinal TG
secretion. The IFABP'/'mice, in contrast, exhibited an increase in secretion of TG relative to WT
during HFS feeding. As IFABP appears not to be involved in chylomicron formation (54), the
increased TG secretion likely correlates with the more rapid intestinal secretion observed in lean

mice (60, 217).

The site of FA and MG entry into the enterocyte (apical versus basolateral) determines their
metabolic fate, with lipids from the bloodstream primarily incorporated into PL or oxidized, in
contrast to dietary FA and MG which are primarily esterified in TG (62, 63). The mechanisms
underlying this ‘metabolic compartmentation’ are unknown. Here we found that chronic
feeding of a high fat diet promotes a decrease in bloodstream FA incorporation into TG relative
to PL in both the IFABP and LFABP null mice, effects that were largely absent in chow-fed mice
(9) and in the present low fat diet-fed mice. Thus, high fat feeding exacerbates the effects of
IFABP and LFABP ablation on FA trafficking, particularly for FA entering the enterocyte from the
bloodstream. By contrast, this potentiating effect of high fat feeding on FA metabolism was not
found for MG metabolism. In particular, the decreased incorporation of diet-derived MG into TG
relative to PL observed in chow-fed mice (9) was also found in the present studies for both low
fat and high fat-fed mice. Thus, LFABP is involved in trafficking of diet-derived MG under all

dietary conditions examined, consistent with it being the MG binding and transport protein in
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cytosol (138). Analysis of ILBP ablated mice demonstrated a defect in mucosal to serosal
transport of taurocholic acid in everted gut sacs, and supports the idea that FABPs are involved

in the cellular transport of their respective ligands (133).

We also found that LFABP ablation results in a reduction in mucosal oxidation of the
administered radiolabeled oleate in both LFD and HFS-fed LFABP'/'mice, in keeping with our
previous results in chow-fed mice (7). Reduced hepatic oxidation of FA and ketones in LFABP”
mice has also been reported (152, 179, 186, 210). Taken together, the results strongly support a
role for LFABP in trafficking of FA substrates toward oxidative pathways. Decreased FA

oxidation could, in part, give rise to the obese phenotype observed in the LFABP”" mice herein.

Changes in food intake may also contribute to the body weight and fat changes in the LFABP”"
and IFABP” mice. While no changes in caloric consumption of the LFABP”" mice were found on
the LFD, as observed previously with chow feeding (7), an approximately 20% increase in caloric
intake was observed with the HFS diet in particular, and an increased ‘food efficiency’ was found
on both high fat diets. In the IFABP” mice decreased food intake and efficiency were found.
Higher mucosal levels of the orexigenic endocannabinoids 2-AG and AEA on the HFS diet may be
involved in the apparent increase in LFABP” appetite; higher levels of 2-linoleoylglycerol were
also found, and this has been suggested to be a weak CB1 agonist (218). In contrast, 2-AG levels

appeared lower in the mucosa of IFABP” mice.

Although endocannabinoid activity in the central nervous system is well known to impact
appetitive behavior, recent evidence suggests that the gut endocannaibinoid system may also

be important in the regulation of food intake, and that specific nutrients may regulate gut
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endocannabinoid levels. (219, 220) For example, fasting increased and re-feeding decreased
intestinal 2-AG and AEA levels, and also modulated cannabinoid receptor 1 expression in vagal
afferents innervating the gastrointestinal tract (221). In genetically obese rats, intestinal 2-AG
levels were shown to be markedly elevated, and the abovementioned postprandial reduction
was diminished, relative to lean rats (222). Furthermore, it has been recently shown that
ingestion of mono- and dienoic fatty acids, but not sucrose, protein, or saturated fatty acids, led
to increased jejunal levels of 2-AG and AEA (96, 223). Thus, the observed alterations in mucosal
2-AG levels in the enterocyte FABP null mice may be involved in their altered food intake, and

may also be related to altered fatty acid trafficking secondary to FABP absence.

Indeed, we recently showed that LFABP binds long chain monoacylglycerols, including the
endocannabinoid 2-AG, and several FABPs have been reported to bind AEA (83, 84), thus
alterations in endocannabinoid levels secondary to FABP ablation may be involved in the
appetite and body weight phenotypes observed. However, since it is not thought that IFABP
binds the endocannabinoids, the link between intestinal IFABP ablation and altered
endocannabinoid status is not clear. Notably, we found no changes in levels of either MGL or
FAAH in LFABP” or IFABP”" compared to WT mucosa, thus the results support a ligand
availability and/or transport defect rather than a transcriptionally mediated change in enzyme
activity. The genes encoding for FA and MG metabolic enzymes, both anabolic and catabolic,
are also essentially unchanged relative to WT in response to high fat feeding, in the mucosa of
either the LFABP”" or IFABP” mouse, again indicating that the functions of both of these

enterocyte proteins involves intracellular ligand transport and, likely, targeting.
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It is interesting to note that the LFABP null mouse, while obese, is nevertheless surprisingly
healthy—it is normoglycemic and normoinsulinemic, has reduced hepatic steatosis (187, 196),
intestinal TG secretion rates similar to a lean mouse, and appears more active than the WT
mouse. Indeed, preliminary studies suggest that LFABP” mice have a greater exercise tolerance
than WT mice, in spite of their obese phenotype (see Appendix). The IFABP” mice in this study
are also healthy, with greater FFM, higher intestinal lipid secretion rates, lower plasma glucose
and cholesterol levels, and a higher adiponectin index. We observed small but significant
differences in food intake, and preliminary experiments using singly housed older mice also
suggest that lower caloric consumption might in fact be playing a role in the IFABP” phenotype
(results not shown). Studies are also underway to examine fuel utilization in muscle and adipose
tissue in order to further understand how the loss of IFABP in the intestine impacts whole body
metabolism as well as fat and lean mass deposition. Overall, the present results suggest that
simultaneous inhibition of the two enterocyte FABPs may prove useful for promoting a healthy
phenotype and preventing high fat diet-associated metabolic changes. On the other hand, given
the different body weight phenotype of the original IFABP” line, as well as the differences
displayed by the two independently generated LFABP” lines, it is important to consider the
remarkably multifactorial nature of obesity, with multiple genetic and environmental factors
contributing to body weight outcome (224). Thus, it is perhaps not surprising that IFABP or
LFABP ablation per se may not be a dominant determinant of body weight, or whole body
energy metabolism. As well, while most obesity is associated with unhealthy comorbidities, an
appreciation for the ‘medically healthy but obese (MHO)’ state is emerging (225); in this regard,
it is noteworthy that for the LFABP null mice, a healthy metabolic phenotype is

contemporaneous with markedly higher body weight and adiposity.
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Ablation of LFABP or IFABP results in changes that appear to be greater at the systemic level
than at the cellular level, with both knockout models displaying large alterations in whole body
energy homeostasis. While high fat feeding did significantly exacerbate the changes in
enterocyte FA metabolic fate found for low fat fed mice, and while MG metabolism was
consistently impacted in the LFABP” mice, these effects remained relatively modest overall—no
fat malabsorption was found, for example. By contrast, the deficiency in either IFABP or LFABP
was seen to cause profound systemic effects. These results contribute to a growing
appreciation of the important link between intestinal lipid metabolism and whole body energy
balance. For instance, ablation of the intestinal TG synthesis enzymes DGAT1 or MGAT2 resulted
in more substantial changes in whole body energy homeostasis, with both lines exhibiting a lean
phenotype, than in cellular lipid metabolism (50, 103, 105). Further, we recently showed that
intestine-specific overexpression of the hydrolytic enzyme MGL led to an obese phenotype, with
relatively modest effects on intestinal lipid metabolism (108). As in the present studies, the
mechanisms underlying all these changes are not completely understood, however together
they point to the important linkage between intestinal lipid metabolic enzymes and whole body
energy homeostasis. For the LFABP” mouse, the whole body phenotype undoubtedly results
from a combination of liver-specific and intestine-specific effects. These associations with
whole body energy homeostasis may not be caused by changes in levels of enzymatic pathways
themselves, but more likely, via alterations in signaling pathways which regulate activity, food

intake, and energy utilization (217).

In summary, the present studies demonstrate that IFABP and LFABP, despite being co-expressed
and homologous proteins that bind long chain fatty acids, play unique roles in intestinal lipid

processing, with each FABP distinctly involved in downstream signaling to the body. Ablation of
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LFABP results in marked obesity on a high fat diet, yet the mice remain apparently healthy.
Ablation of IFABP, in contrast, results in a lean phenotype with lower plasma glucose levels in
certain circumstances. While the LFABP™" phenotype likely arises from changes occurring in both
tissues where the gene is normally expressed, the liver and the intestine, the IFABP”" phenotype
arises secondary to alterations in intestinal mucosa alone. Tissue-specific ablation of LFABP will
help elucidate the origin of the body weight phenotype. As well, simultaneous ablation of both
these FABPs in the enterocyte will further enable an understanding of the role of the FABPs in

lipid absorption and intestinal secretion.
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Chapter 3

Simultaneous Ablation of Liver and Intestinal-
Fatty Acid Binding Proteins in Mice Does Not
Reduce Lipid Uptake into the Intestine and
Further Supports Unique Functions of the

Enterocyte FABPs
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Abstract

The intestinal enterocyte expresses two fatty acid-binding proteins (FABP): intestinal- (IFABP;
FABP2) and liver FABP (LFABP; FABP1). It is known that these proteins bind long chain fatty
acids (LCFA) with high affinity, but with some different ligand preferences and mechanisms of FA
transport. However, their individual functions in intestinal lipid metabolism remain unclear.
Previously, we showed that ablation each of these proteins results in divergent phenotypes in
response to high-fat feeding, with LFABP” mice displaying an obese phenotype, while IFABP”
mice remain lean relative to WT. Here, we generated an LFABP and IFABP double knockout
mouse (DKO) to study the effects of simultaneous ablation of these proteins. Male WT, IFABP'/',
LFABP™ and DKO mice were fed a low-fat (LFD) or high saturated fat (HFS) diet for 12 weeks.

We found that the phenotypes of DKO mice were integrated between LFABP”" and IFABP”" mice,
with body weight and body compositions in between those found for the single knockouts.
Interestingly, DKO mice are similar to IFABP” and primarily use carbohydrates for energy when
fed HFS, which is opposite of the LFABP”" mice which primarily oxidize lipids for energy.
Surprisingly, DKO mice appear to have lower 24-hour spontaneous activity relative to WT,
despite our previous observations of the obese LFABP” mice having greater activity. Above all,
there were no differences between any of the groups for fecal lipids, revealing that these
proteins are not required for the bulk uptake of FA into the intestine. Overall, simultaneous
ablation of LFABP and IFABP does not show a clear dominant effect of either protein, suggesting
that IFABP and LFABP have different functions in intestinal lipid metabolism, resulting in

downstream alterations in systemic energy metabolism.
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Introduction

The enterocyte of the small intestine is the major site of absorption of dietary lipids, with
efficiency >95%. Triglycerides (TG) are the primary class of dietary lipids in the mammalian diet.
Hydrolysis of dietary TG by lipases in the gastro-intestinal tract results in fatty acids (FA) and
monoacyglycerols (MG) formed in the intestinal lumen (16). These hydrophobic molecules
enter the absorptive enterocytes of the small intestine, but soluble carrier proteins are believed
to be necessary for transport of lipids throughout the hydrophilic environment of the cytosol for
various metabolic processes including oxidation, storage, transport into the circulation, and also
to serve as ligands for transcription factors (45). Fatty acid binding proteins (FABP) are highly
abundant intracellular proteins that are present in almost every tissue in the mammal and are
known to have high affinity for binding to long chain fatty acids (>14C). The proteins in the
family consist of >10 distinct small (~15 kD) cytosolic proteins which make up 2-5% of all
cytosolic proteins, with some tissues containing more than one FABP (110, 111, 192). In the
intestinal enterocyte, two FABPs are present: Liver FABP (LFABP; FABP1) and Intestinal FABP
(IFABP; FABP2). Asthe name suggests, LFABP was initially discovered in the liver, but it is also
highly expressed in the intestine. IFABP is solely expressed in the small intestine, but has similar

high expression levels to LFABP in the mouse (122, 193).

While these proteins were identified about 40 years ago, the individual functions of IFABP and
LFABP have not been identified, thus it remains unclear why the same cell type expresses two
similar proteins. Indeed, in vitro studies have shown differences in binding affinities and
transfer mechanisms, offering clues regarding the individual functions of these proteins. IFABP

is typical of the FABP family in that it has a single high affinity binding site for FA, whereas LFABP
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is unique in that it can bind two FA as well as other lipids including monoacylglycerides (MG)
(137, 138) In vitro transfer studies have shown that LFABP transfers FA to membranes via an
aqueous diffusional mechanism, while IFABP interacts directly with membranes during the
transfer (119, 142, 166). LFABP binds unsaturated FA with greater affinity than IFABP (135, 136).
Hence, the differences in ligand binding affinity and transfer mechanism have led to the
hypothesis that these intracellular proteins may have different functions in lipid transport in the

enterocyte.

There are presently two strains of LFABP” mice, which were generated by Independent
laboratories. Remarkably, there have been differences in body weights reported in response to
high-fat feeding. Several reports from each lab have demonstrated that one line gains more
weight in response to a high-fat diet while the other remains lean, hence the secondary effects
of LFABP ablation remain unclear (181, 182, 185, 187). In spite of these differences, there are
similarities in the hepatic effects of LFABP ablation such as a reduction in FA uptake and
secretion of VLDLs, as wells as impairment of FA oxidation (152, 179, 181, 182). Also, LFABP”
mice have normal levels of fecal fat, indicating that these mice have normal levels of lipid

absorption into the intestinal enterocyte (7, 181).

IFABP” mice have also been generated (190). Male mice fed a high-fat diet with cholesterol
gained more weight and had elevated TG relative to WT, but females were not different. Males
also had elevated hepatic TG (191). Like LFABP”" mice, IFABP” mice do not show any evidence
of lipid malabsorption (7, 190, 191). It has also been shown that intestinal expression of LFABP
does not increase in the absence of IFABP, and vice-versa (7, 191), which provides further

evidence that these proteins have different functions.
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We have recently made direct comparisons of mice null for LFABP and IFABP and observed the
effects of ablation in the intestine and found that body weight differences were not apparent in
IFABP” and LFABP” mice compared to WT when fed chow diets (7). However, as hypothesized,
high-fat feeding resulted in robust phenotypic changes. Interesting, LFABP”" became obese and
hyperphagic when given a high-fat diet, while IFABP” mice remained lean, regardless of dietary
amount or type (169). Indirect calorimetry measurements revealed that LFABP” mice had lower
respiratory exchange ratios relative to WT mice, suggesting that they preferentially utilize lipids
for energy. In stark contrast, IFABP” mice are opposite and have higher RERs, indicative of a
preference for oxidation of carbohydrates for energy (169). LFABP”" mice also had elevated
endogenous endocannabinoid levels in the intestine, which may play a role in their increase in
food intake. On both low and high-fat diets, LFABP”" mice had reduced [3H] monoolein
incorporation into TG, relative to PL, which suggests that LFABP is involved with trafficking MGs
towards synthesis of TG, rather than PL (7, 169). We also observed a reduction in intestinal
oxidation of [**C] FA in low and high-fat fed LFABP”" mice, similar to what has been previously

shown in livers (7, 149, 152).

It is unusual that two similar proteins would perform the same functions in a single cell type.
Indeed, we observed that LFABP”" and IFABP”" mice display disparate phenotypes in response to
high-fat feeding, suggesting that these proteins have distinct roles in the intestinal enterocyte.
Interestingly, however, neither LFABP” or IFABP” mice showed evidence of lipid malabsorption
on a high-fat diet (169, 181, 186). Therefore to further understand the unique and overlapping
functions of these proteins in the intestine, we generated mice that do not express either LFABP
or IFABP. Given that the intestine is intrinsic in uptake of dietary lipids, and both of these

proteins are known to bind FA, we hypothesized that mice which did not express LFABP nor
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IFABP in the intestine would have difficulty with uptake and processing of dietary lipids as
efficiently as WT mice. We used a high-fat feeding regimen in order to challenge the intestinal
enterocytes with an abundance of fatty acids in order to gain a better understanding of the

functions of these proteins in lipid uptake and metabolism in the intestine.
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Experimental Procedures

Animals and Diets

LFABP” mice, originally generated by Binas and coworkers, were used in these studies (7, 169,
180). As described previously, the mice were additionally back-crossed with C57BL/6J mice from
The Jackson Laboratory (Bar Harbor, ME) for six generations to create congenic LFABP mice (7).
IFABP” mice used in the present studies are a substrain bred by intercrossing of the original
IFABP” mice generated by Agellon and coworkers (169, 190), and are also on a C57BL/6)J
background. Wild type C57BL/6J mice bred in our animal facility were used as controls. LFABP
and IFABP-double knockouts (DKO) were generated by breeding LFABP” and IFABP” mice of
which offspring were identified by DNA genotyping and immunoblotting to verify simultaneous
ablation of the proteins in the intestine and LFABP in the liver (Figures 3-1 and 3-2). 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 LFABP '/', IFABP'/',
DKO, and WT (C57BL/6J) mice were housed 2-3 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
(HFS). Product numbers are D10080401 and D10080402 respectively (Research Diets, Inc., New

Brunswick, NJ) and the compositions have been published previously (169).

Body weights were measured weekly. The food pellets were weighed each week to determine weekly

food intakes for each cage. Grams per week was divided by the number of animals per cage and then
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divided by 7 days to determine the daily food intake; independent measures were taken as the number
of cages. Daily caloric intake was determined using the caloric densities of 3.9 kcal/g for the LFD or 4.7
kcal/g for HFS (Research Diets, Inc.). At the end of the experiment, the mice were fasted for 16
hours and anesthetized with ketamine/xylazine/ace promazine (80:100:150mg/kg,
intraperitoneally, respectively), prior to collection of blood and tissues. Rutgers University

Animal Care and Use Committee approved all animal experiments.

Genotyping

Genotyping was performed as described previously (7). Briefly, a 0.5cm tail biopsy is incubated
overnight at 37°C in lysis buffer (0.3M sodium acetate, 10mM Tris-HCl pH7.9, 1mM EDTA, 1%
SDS, 0.2mg/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
uL of the clear supernatant is heated for 15 minutes at 95°C to obtain a heat-inactivated cleared

tail lysate.

LFABP genotyping was performed as described by Martin et al. (180). 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, REDTag-
polymerase (Sigma-Aldrich), and the heat-inactivated cleared tail lysate in a final volume of 25
uL. 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 (190). The primers were added
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to SYBR Green SuperMix (Bio-Rad) for a 20 uL reaction. 10 ul of the PCR reaction product was
loaded directly onto a 2% agarose gel and separated electrophoretically. Representative gels

are shown in Figure 3-1.

Immunoblotting to Verify Absence of IFABP and LFABP

Western blotting was performed as described previously (7) to confirm ablation of IFABP and
LFABP in intestinal mucosa and of LFABP in the liver. Mucosa and liver were harvested as
described above and homogenized in 10 or 20 volumes, respectively, of PBS pH 7.4 with 0.5%
(v/v) protease inhibitors (Sigma 8340) with a Potter-Elvejhem homogenizer. Protein
concentration was determined by the Bradford assay (7, 200). 100 pg of total cell protein or 3 ug
of purified protein was loaded onto 12% polyacrylamide gels and separated by SDS-PAGE. The
proteins were transferred onto polyvinylidenedifluoride membranes using a semi-dry transfer
system (BioRad) for 1 hour at 20V. The membranes were incubated in a 5% nonfat dry milk or
2% gelatin blocking solution overnight at 4 °C and then probed with primary antibody for 1 hour
(7). After thorough washing, blots were then incubated with anti-rabbit, IgG-horseradish
peroxidase conjugate, for 1 hour and then developed by chemiluminescence (ECL reagent, GE

Healthcare, Piscataway, NJ). Representative blots are shown in Figure 3-2.

Body Composition

Fat mass and lean body mass measurements were taken by MRI (Echo Medical Systems, LLC.,
Houston, TX) 2-3 days prior to starting the feeding protocol and 2-3 days prior to sacrifice. The
instrument was calibrated each time according to the manufacturer’s instructions. Two

measurements for fat and lean body mass were taken for each mouse and averaged.
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Energy Expenditure and Activity

Energy expenditure and activity were assessed using the Oxymax system (Columbus Instruments,
Columbus, OH). Mice were placed in an indirect calorimetry chamber for a total of 48 h, which
includes a 24-h period for adaptation prior to measurements. The ratio of VO, (oxygen
consumption) to VCO, (carbon dioxide production) release was used to determine the
respiratory exchange ratio (RER) as an estimation of the respiratory quotient. Energy
expenditure was assessed using the gas exchange measurements as follows: (3.815 + 1.232 x
RER) x VO, (197, 198). The number of IR-beam breaks in a plane was recorded as spontaneous
activity. The number of X axis IR beam breaks during the 24-h period (X Total), successive X-axis
IR beam breaks (X ambulatory), and number of vertical IR beam breaks (Z total) were counted

over the 24-h period measurements.

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 for maintaining animals. Eight-week-old male mice
were individually housed in standard caging with continuous access to food. Mice were fed the
high-fat diet (HFS) in the cages for 12 weeks. Measurements are shown for the last 8 weeks of
high-fat feeding. Food intake measurements are taken 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 (226). The
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BioDAQ software (version 2.3.07) allows for measurements of cumulative intake, meal grams,

number of meals, and the percent of time in meals.

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 and immediately placed on dry ice, and subsequently stored
at -80°C for further analysis. The intestine from stomach to cecum was removed and measured
lengthwise, rinsed with 60 mL ice-cold 0.1M NaCl, opened longitudinally and mucosa scraped
with a glass microscope slide into tared tubes in dry ice. Mucosal samples were subsequently
diluted with 10 X volume of PBS pH 7.4 per gram wet weight, and homogenized using 20 strokes
with a Potter-Elvejhem homogenizer on ice. Protein concentration was determined (200), and
lipid extraction performed on samples containing 1 mg protein/mL using the Folch procedure
(62, 201). Lipids were extracted twice with 10 mL chloroform/methanol (2:1) and the aqueous
phase non-lipid fractions discarded. The organic lipid layer was dried under a nitrogen stream

and resuspended in chloroform/methanol (2:1) for further analysis.

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.).

Adiponectin and leptin indices (202) were calculated as the plasma adiponectin or leptin levels
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divided by the total fat mass determined by MRI. Homeostatic Model Assessment (HOMA-IR)

was determined using fasting glucose (mg/dl) X fasting insulin (uU/mL)/405 (203).

Oral Glucose Tolerance Tests

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

min.

Oral Fat Tolerance Tests

After 3 months of high-fat feeding, mice were fasted for 24 h. 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 uL of olive oil was given. Blood was taken at t = 60,
120, 180, and 240 min. Blood TG levels were measured using 15 ul of whole blood using a

Cardiochek instrument (Polymer Technology Systems, Inc. Zionsville, IN).

Fecal Lipid Content

Fecal lipids were measured to determine if there were any alterations in total lipid absorption in
the gene-ablated mice. Feces were collected from the cages between 4 and 10 weeks 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 (201). The extracted lipids in 2:1

chloroform:methanol were placed in pre-weighed glass tubes and dried down completely under
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a nitrogen stream. They 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.

Quantitative RT-PCR for mRNA Expression Analysis

The protocol for mRNA acquisition and analysis was adapted from Chon et al. (204). Briefly,
tissues were homogenized in 4M guanidiniumthiocyanate,25mM sodium citrate, 0.1M [3-
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 ul. 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 are performed in triplicate using
an Applied Biosystems 7300instrument. Each reaction contained 80 ng cDNA, 250 nM of each
primer, and 12.5 pl of SYBR Green Master Mix (AppliedBiosystems, Foster City, CA) in a total
volume of 25 pl. Relative quantification of mMRNA expression is calculated using the comparative

Ct method normalized to B-actin.

Statistical Analysis

Data are presented as mean * S.E.M. Statistical comparisons for body weights were made by
two-way repeated measures ANOVA (genotype X time). For OFTT tests, comparisons were
made by Student’s t-test (IFABP'/' or LFABP” versus WT) for each time point. The effect of
genotype within each diet was made by one-way ANOVA followed by Tukey's post-hoc test

using JMP statistical software (version 10, SAS Institute).



99

Figure 3-1
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Figure 3-1. Verification of genotype by PCR. Representative images of the PCR products of

heterozygous (+/-), homozygous (-/-), and wild-type (+/+) mice for verification of A. LFABP or B.

IFABP.
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Figure 3-2

LFABP (A) or IFABP (B) expression inintestine
1 2 3 4 5 6

LFABP (C) or IFABP (D) expression in liver

Figure 3-2. Verification of genotype by Immunoblotting. Representative images of Western
blotting. A. Probing for LFABP in intestine: Lane 1, purified LFABP; Lane 2, purified IFABP; Lane
3, WT; Lane 4, IFABP'/'; Lane 5, LFABP'/'; Lane 6, DKO. B. Probing for IFABP in intestine: Lane 1,
purified LFABP; Lane 2, purified IFABP; Lane 3, WT; Lane 4, IFABP"/'; Lane 5 and Lane 6, DKO. C.
Probing for LFABP in liver: Lane 1, purified LFABP; Lane 2, purified IFABP; Lane 3, WT; Lane 4,
IFABP'/'; Lane 5, LFABP"/"; Lane 6, DKO. D. Probing for IFABP in liver: Lane 1, purified LFABP;

Lane 2, purified IFABP; Lane 3, WT; Lane 4, IFABP”"; Lane 5, LFABP”"; Lane 6, DKO.
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Results

Simultaneous Ablation of LFABP and IFABP Affects Body Weight and Body Composition

Body weights (BW) were measured for WT, IFABP”", LFABP”", and DKO mice fed a low-fat diet
(LFD) or high-saturated fat diet (HFS) for 12 weeks (Figure 3-3). IFABP” mice fed the LFD had
similar BW relative to WT over the 12-week study (Figure 3-3A), however IFABP” mice fed the
high-fat diet (HFS) had lower BW relative to WT (p<0.05) (Figure 3-3B). Along these lines, IFABP’
" mice gained a similar amount of weight to WT when fed the LFD, but net weight gain tended to
be lower after HFS diet feeding (p <0.09) (Figure 3-3C). Baseline fat mass (FM) was similar to WT,
but fat-free mass (FFM) was slightly lower (p<0.05) (Figure 3-3D, E). IFABP” mice have similar
FM and FFM relative to WT when fed LFD, but have reduced FM and a higher FFM relative to WT
when fed HFS (p <0.05) (Figure 3-3D, E). The calorie efficiency of IFABP”" mice was not different

relative to WT (Figure 3-3F). As shown previously (169), there was no difference in fecal fat,

which is indicative of normal lipid absorption (Figure 3-3G).

In contrast to results from IFABP”" mice, LFABP” mice had increased BW relative to WT on LFD
and HFS after 12 weeks of feeding (p<0.05) (Figure 3-3A, B). Net weight gain of LFABP” mice
was also increased (p<0.05) relative to WT when fed when fed LFD and HFS (Figure 3-3C), in
keeping with our previous results (169). The baseline body compositions of LFABP” mice were
not different, however, LFABP” mice had greater adiposity (p<0.05) compared to WT when fed
LFD and HFS (Figure 3-3 D, E). LFABP”" mice had greater food efficiency than WT (p<0.05) when
fed LFD and HFS (3-F). No differences were noted for fecal fat% of LFABP” mice (Figure 3-5@G), in

agreement with previous studies (7, 169, 186).
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The DKO mice tended to have slightly higher body weights at baseline for LFD (p=0.013), and
HFS (p=0.08) feeding (Figure 3-3), however 3 months of feeding resulted in similar BW to WT
(Figure 3-3A, B). Baseline FM of DKO mice was higher than WT (p<0.05), however body
compositions of DKO mice were similar to WT for the endpoint measurements (Figure 3-3D, E).
DKO mice had similar calorie efficiency to WT mice (Figure 3-3F). It was also interesting that
DKO mice showed no signs of malabsorption of dietary lipid in the absence of both LFABP and
IFABP, suggesting that these proteins are not required for bulk uptake of dietary lipid into the

intestine (Figure 3-5F).

LFABP” and IFABP”" Mice Have Alterations in Food Intake

We measured meal patterns of mice fed HFS diet for 8 weeks beginning at 4 weeks during the
12 week feeding trial (Figure 3-4). IFABP”" mice tended to eat less food throughout the study,
but these trends did not reach statistical significance with n=4/group (Figure 3-4A, B). We had
previously observed that IFABP” mice ate less food than WT mice (169). Here we show that
they eat less food per day than WT mice, particularly at night, when the mice are active (p<0.05)
(Figure 3-4B). Interestingly, they tend to eat more during the day versus WT (0.5 + 0.1 g/d for
WT vs 0.9 + 0.1 g/d for IFABP” mice) (p = 0.07), suggesting a possible trend for altered circadian
activity. Moreover, IFABP” mice eat fewer total meals each day (p<0.05) compared to WT mice

(Figure 3-4D).

In contrast, LFABP”" mice tended to have greater cumulative food intake of the high-fat diet
relative to WT mice (Figure 3-4A, B). Interestingly, we found that these mice eat more food and
consume more meals during the light period (p<0.05) (Figure 3-4C, D), resulting in an increase in

time spent eating compared to WT mice (Figure 3-4E). These data suggest that they too, have



103

altered circadian rhythms. As for many other analyses, we found that food intake of DKO mice

was in between the IFABP”" and LFABP”" mice and, as such, were not different from WT.
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Figure 3-3. Body weight and composition for WT, IFABP” and LFABP", and DKO mice after 12
weeks on a low-fat (LFD) or high saturated fat (HFS). A. Body weights on LFD (n=16-18). No
differences were noted for the knockout mice on LFD relative to WT; B. Body weights on HFS
(n=16-18). Body weights of LFABP” were greater (p<0.05) than WT. IFABP”" mice had lower
body weight relative to WT; C. Body weight gain (n=16-18); D. Fat mass (n=16-18); D. Fat-free
mass (n=16-18); F. Food efficiency (g BW gained/kcal food intake) for mice fed LFD (n=5-7), HFS
(n=5-6). G. Fecal fat% for mice fed LFD (n=5-7), HFS (n = 5-6). For Figures A—B, data are mean
1 SEM, analyzed using two way ANOVA using repeated measures with post-hoc Tukey’s test
(genotype x time). For Figures C-G, data are mean + SEM, 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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Figure 3-4. Meal pattern analysis for WT, IFABP”" and LFABP”", and DKO mice fed high
saturated fat (HFS) diet. A. Cumulative intake for 8 weeks (BioDAQ data viewer). B. Cumulative
food intake. C. Daily food intake. D. Daily meal number. E. Percent time in meals. n=4/group.

Data are given as mean + SEM, analyzed using Student’s t-test *p<0.05 vs WT.
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Ablation of IFABP and/or LFABP Results in Differences in Markers of Whole Body Energy
Metabolism

As previously found (169), fasting blood glucose levels of IFABP? mice were lower relative to WT
mice when fed HFS (p<0.05), but there were no changes in insulin, cholesterol, or NEFA (Table 3-
1). Leptin and adiponectin levels were also lower in these mice when fed HFS (p < 0.05). Since
we found much lower FM in IFABP”" mice, leptin and adiponectin indices were used to normalize
for adiposity. We found that leptin levels per g FM of IFABP”" mice were lower than WT, but
adiponectin was not different. Total livers weights of IFABP”" mice were similar to WT and were
also not different when normalized for BW. Not surprisingly, given their lower adiposity (Figure
3-5A), IFABP” fed the HFS diet had smaller epididymal, perirenal, and inguinal fat pads relative

to WT (p < 0.05)

LFABP” mice did not display differences in fasting blood glucose, insulin, cholesterol or
adiponectin levels on HFS relative to WT mice (Table 3-1), in keeping with previous findings
(169). Plasma NEFAs were higher in LFABP”" mice when fed HFS only (p<0.05). LFABP”" mice on
HFS had markedly higher leptin levels, which correspond to their increased adiposity compared
to WT (p < 0.05) (Figure 3-5). Leptin levels expressed per g FM were higher than WT, while
adiponectin levels were lower when normalized for FM. As suggested by MRI measurements of
fat mass (Figure 3-4A), LFABP” mice had larger epididymal, perirenal, and inguinal fat pads
when fed HFS (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 HFS (Table 3-1). Plasma NEFAs were higher in DKO
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mice when fed HFS (p<0.05). Like LFABP” mice, liver weights of DKO mice were lower than WT
mice when expressed per g BW (p<0.05). Epididymal and perirenal fat pads were similar in mass
to WT, but inguinal fat pads were larger (p<0.05). Overall, metabolic markers for DKO mice
were integrated between LFABP” and IFABP™ mice, in that the phenotype was not more

strongly influenced by ablation of one protein over the other.



Table 3-1

LFD HFS
WT IFABP LFABP” DKO WT IFABP LFABP” DKO

Glucose, mg/dL 131+9 90+6 137 + 17 122 + 14 184 + 15° 104 + 4° 218 + 16° 178 + 16°
Insulin, ng/mL 0.33+0.10 0.35 £ 0.02 0.26 £ 0.02 0.36 £ 0.02 0.24 £ 0.02 0.17 £ 0.01 0.17+0.01  0.24£0.02
HOMA, IR 3.1+0.6 2.0£0.2 23+04 2.7+0.3 2.5+0.1° 1.1+0.1° 2.4+0.3° 2.7+04°
Total Cholesterol, 7746 67+3 65+8 6245 102411 1005 11246 106 +3
mg/dL
TG, mg/dL 35%5 22+5 43+4 33+5 27+4 55+ 14 38+ 14 47+5
NEFA, mEq/L 0.23 +0.03° 0.26 +0.01™ 0.36+0.03° 0.28 +0.03™ 0.25 +0.03° 0.35+0.02°° 0.44+0.05° 0.40+0.03°
Leptin, ng/mL 1.5+0.8 0.3+0.1 2.6+0.8 22+0.6 3.7+0.8% 0.8+0.3° 8.6+15° 6.8 +1.3%
Leptin Index 0.3+0.1 0.1+0.0 0.4+0.1 0.5+0.2 0.6+0.1° 0.2£0.1° 0.9+0.1° 09+0.1°
Adiponectin, ng/mL 10.0 £ 0.7 7.6+06 109+1.1 9.6+1.2 8.8 +0.0° 4.6+0.2° 7.1+0.6" 6.9 +0.5%
Adiponectin Index 33105 2.8+0.3 2.0+0.4 2.3+0.5 1.8+0.3° 1.6+0.2% 0.8+0.1° 0.9+0.1°
Intestine 34+1% 32+0° 34+ 0™ 35+ 1° 36+ 1% 35+0° 37+ 0 39+0°
Length, cm
Liver Wt, g 0.85 £ 0.03 0.84 £ 0.02 0.93 £ 0.03 0.84 £ 0.02 0.93 £ 0.04 0.92 +0.03 0.96+0.04  0.90+0.03
Liver, g/g BW 0.034+0.004°  0.034 +0.001° 0.034 + 0.001% 0.031 + 0.001° 0.035 + 0.001° 0.035+0.001°  0.030+0.001° 0.030 +0.000°
Epididymal Fat, g 0.37 £ 0.05° 0.26 £ 0.05° 0.68 £ 0.07° 0.61+0.05° 0.78 £0.11° 0.29 £ 0.03° 0.98+0.11°  0.85+0.06°
Perirenal Fat, g 0.09 * 0.02° 0.08 £0.02° 0.19 £0.02° 0.18 +0.02° 0.23 £ 0.04° 0.08 £ 0.01° 0.39+0.04° 0.28+0.03"
Inguinal Fat, g 0.35 £ 0.08% 0.22 +0.03° 0.56 + 0.05° 0.42 £ 0.04 0.43 £ 0.06° 0.20 +0.03° 0.73+0.07° 071 +0.06°

o1



Table 3-1. Plasma and tissue analyses for WT, IFABP'/', LFABP'/‘, or DKO mice after 12 weeks on a low-fat (LFD) or high saturated fat (HFS).
Data are mean + SEM, analyzed using one-way ANOVA with Tukey’s post-hoc test. Results with different letters within a dietary treatment are

significantly different (p<0.05). n=6-9 for all groups.

0T
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Oral Glucose Tolerance Tests

We performed oral glucose tolerance tests (OGTT) on 6 hour fasted mice fed either LFD or HFS
formulas (Figure 3-5). There were no differences in blood glucose concentrations for LFD-fed
mice at any time point (Figure 3-5A). However, we did observe that IFABP”" mice have lower
blood glucose levels at the 60, 90, and 120 minute timepoints (p<0.05) and have a smaller AUC
(p<0.05), suggesting that these mice have improved glucose tolerance relative to the other
groups when fed HFS (Figure 3-5B). Interestingly, despite their increased adiposity, high-fat fed
LFABP”" mice were not different from WT mice (Figure 3-5B). Glucose levels of DKO mice

throughout the 2-hour time period were similar to LFABP” and WT mice (Figure 3-5A, B).
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Figure 3-5. Oral glucose tolerance test for WT, IFABP'/', LFABP'/', and DKO mice of mice fed a

low-fat (LFD) or high saturated fat (HFS) diet. A. LFD. B. HFS. Data are mean + SEM, n= 6-9 for

all groups *p<0.05 vs WT.
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Ablation of IFABP and/or LFABP Results in Altered Metabolic Fuel Source Utilization and 24-h

Energy Expenditure

We had previously observed differences in metabolic fuel source utilization between IFABP”
and LFABP” mice (169); hence we performed similar experiments in which we compared these
diets to DKO mice fed LFD and HFS. We observed that IFABP” mice fed LFD were not different
for VO, consumption and VCO, expiration (Figure 3-6A, B). However, IFABP” mice had higher
VO, and VCO, than WT when fed HFS (Figure 3-6A,B), similar to our previously reported results
(169). Additionally, and similar to our previous results (169), the ratios of VCO,/VO, for
(respiratory exchange ratios; RER) for IFABP”" mice were higher than WT, suggesting that IFABP”"
have a preference for oxidation of carbohydrates as a fuel source (p <0.05) (Fig. 3-6C). No

differences were noted for energy expenditure of IFABP”" mice (Figure 3-6D).

LFABP” mice, on the other hand, displayed lower VO,, VCO,, and RER on LFD and HFS compared
to WT (p <0.05) (Fig. 3-6A, B, C). The latter measurements are similar to our previous results
which indicate that these mice preferentially oxidize lipids for energy (169). Furthermore, there

were no differences in energy expenditure for these mice relative to WT (Figure 3-6D).

The DKO mice seemed to follow LFABP”" mice with lower VO2 relative to WT when LFD and HFS
(Figure 3-6A). They also had a lower VCO, when fed LFD relative to WT mice (Figure 3-6B).
However, DKO mice fed HFS had high RERs, thus they followed the phenotype of IFABP”" mice
for metabolic fuel preference (Figure 3-6C). No differences were noted for energy expenditure

for the DKO mice relative to WT and the single knockouts (Figure 3-6D).
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Figure 3-6. Indirect calorimetry for WT, IFABP'/', LFABP'/', or DKO mice fed a low-fat (LFD) or

high-saturated fat (HFS) diet. A. VCO2 B. VO2 C. Respiratory Exchange Ratio. D. Energy
expenditure. Data presented as mean + SEM, analyzed using one-way ANOVA with Tukey’s post-
hoc test. n=16-18/group. Results with different letters within a dietary treatment are

significantly different (p<0.05).
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LFABP Ablation Results in Changes in Spontaneous Activity

We also measured activity of mice in the indirect calorimetry chambers and made comparisons
for when the lights are off (when the mice are most active), and also when the lights are on
(mice are least active) (Figure 3-7). We did not observe any changes in activity for IFABP” mice

relative to WT.

In contrast, LFABP”" mice had increased 24 hour X activity compared to WT mice after LFD and
HFS feeding (p < 0.05) (Figure 3-7 A, B). They also had increased X activity relative to WT when
the lights were off (and when the mice are most active). LFABP”" mice had higher total 24 hour
X ambulatory activity than WT when fed HFS. Interestingly, when we looked at changes activity
of the mice during the day and night periods, we found that LFABP”" mice had higher
ambulatory activity compared to WT both when the lights were on and when the lights were off
(Figure 3-7 C, D). Moreover, Z activity was increased for LFABP” mice relative to WT when the

lights were on (Figure 3-7 E, F).

In contrast to LFABP”" and IFABP”" mice, the DKO mice had lower spontaneous activity counts
for all measurements (Figure 3-7A-F). DKO mice tended to have reduced activity relative to WT
for all measurements, which reached statistical significance (p<0.05) for 24 hour X activity and X

ambulatory activity during HFS feeding.
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Figure 3-7. 24-hour activity of WT, IFABP” , LFABP'/', or DKO fed (LFD) or a high saturated fat
(HFS) diet. A. X Activity on LFD B. X Activity on HFS, C. X ambulatory activity on LFD. D. X
ambulatory activity on HFS. E. Z total activity on LFD. F. Z total activity on HFS. Data are mean %
SEM, 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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DKO Mice Do Not Exhibit Alterations in Chylomicron Secretion Rates

Oral fat tolerance tests were performed on 24 hour fasted mice; tyloxypol was administered to
prevent clearance of circulating TG-rich lipoproteins (Figure 3-8). During LFD-feeding IFABP”"
mice had higher TG levels than WT at t = 2, 3, and 4 hours (Figure 3-8A). As shown previously
(169), IFABP” mice also had higher blood TG levels when fed HFS at t= 3 h, and was significant
vs WT at t=4 h (Figure 3-8B). Interestingly, despite the hypothesis that LFABP is involved with
prechylomicron assembly (54), we did not observe differences in intestinal secretion rates for

LFABP”" or DKO mice.
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Figure 3-8. Oral fat tolerance tests following a 24 hour fast for WT, IFABP'/', LFABP mice, and
DKO mice after 12 weeks on a low-fat (LFD) or high saturated fat (HFS) diet. Blood TG levels

for A. LFD-fed mice (n=6-9); B. HFS-fed mice (n=8-12); Data are given as mean + SEM, analyzed

using Student’s t-test *p<0.05 for IFABP” vs WT at the same timepoint.
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Effects of IFABP and LFABP Ablation on Expression of Intestinal Membrane and Intracellular Lipid
Binding Proteins

We measured expression of genes involved in lipid trafficking in the intestine (Figure 3-9). As
found previously, we did not find compensation for IFABP or LFABP in the absence of each
protein in the single knockout mice (7). There were no changes in expression of the lleal lipid
binding protein (ILBP; FABP6), an FABP that is expressed in the distal regions of the intestine and
is known for having higher affinity for bile acids than FA (125, 128, 134). We also did not
observe changes in expression of CD36, a membrane FA transporter. However, we did find
increases in expression of Scavenger Receptor Type B1 (SRB1) in LFABP”" and DKO mice fed LFD
(Figure 3-11A). It was also upregulated in LFABP” mice fed HFS (Figure 3-9B). This membrane
protein is known for transport of LDL into the cell. Other FABPs that are not expressed in WT
intestines were measured, including FABP3 (heart FABP), FABP4 (adipose FABP), FABP5
(kerinocyte FABP). We found very high Ct levels that are only consistent with nonspecific
binding in all of the knockout mice, including the DKO, with similar levels observed in WT
samples (data not shown). Thus, there does not appear to be compensatory upregulation of

expression of other FABPs, even in the DKO intestine.
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Figure 3-9. Relative quantification of mRNA expression of intestinal lipid transport genes for
WT, IFABP”" and LFABP”" mice after 12 weeks on a low-fat (LFD) or high saturated fat (HFS)
diet. A. LFD (n=8) B. HFS (n=8). Data are given as mean * SEM, and are analyzed using

Student’s t-test. ¥*p<0.05 vs same WT fed the same diet.
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Discussion

The intestinal enterocyte serves the important functions of absorption, processing, and
transport of dietary lipids from the lumen and into the body. Both IFABP and LFABP are highly
expressed in this cell type and have high affinity for binding FA, but it still remains unclear why
two similar proteins are coexpressed in the same cell type. Indeed, earlier reports have
demonstrated differences in functionality between the proteins. In vitro studies have shown
that IFABP has one single high affinity binding site for FA, whereas LFABP is unique in that it can
bind two FA as well as other lipids including MG (137, 138). IFABP has high affinity for binding
FA, but LFABP seems to bind unsaturated FA with a greater affinity than IFABP (136). In vitro
transfer studies have shown that LFABP trafficks FA to membranes by a diffusional mechanism,
while IFABP transfers FA by a collisional mechanism (119, 142, 166). Hence, these differences

suggest that these proteins have distinct functions in the intestinal enterocyte.

In vivo studies have also revealed that ablation of these proteins results in different changes in
the whole body phenotypes of mice (169, 182, 191, 196). Studies comparing both LFABP and
IFABP-null mice have been conducted to further investigate the individual functions of these
proteins. There has been no evidence of compensatory upregulation of IFABP in intestinal
mucosa in response to ablation of LFABP, and vice versa (7, 179), and there have not been any
FABPs which have been shown to be upregulated in the liver and intestine in response to
ablation of IFABP or LFABP. We measured intestinal mRNA for ILBP, an FABP that has greater
affinity for bile acids than FA (135), but nonetheless, could be potentially compensating for
ablation of IFABP and LFABP. However, we did not find changes in expression. Further, in light

of findings that KFABP (keritinocyte FABP; FABPS), a protein that is not normally highly
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expressed in adipose tissue, is upregulated when AFABP (adipose FABP; FABPA4) is ablated (227,
228), we also measured intestinal mRNA levels of KFABP and of HFABP (heart FABP; FABP3),
which is expressed more ubiquitously than other FABPs, and did not find any changes in

expression.

Two independent laboratories have generated LFABP”" mice and there have been body weights
differences reported for these mice. The line that was derived in Missouri has a lean phenotype
in response to high-fat feeding (179, 187, 196). In contrast, a strain derived in Texas has an
obese phenotype (183-185). There have been differences in gender, diet, age, and length of
the feeding periods that may have led to these differences. Importantly, both strains of mice
have shown impaired hepatic FA uptake and oxidation as well as VLDL secretion (152, 179, 181,
182). One strain of IFABP” mice has also been generated previously (190). Previous reports
showed that male mice fed a 35 kcal% fat diet with coconut containing added cholesterol had
increases in body weight accompanied by hepatic steatosis and hypertriglyceridemia, but
females gained less weight and had similar hepatic lipid levels to WT (190, 191). In another
study, 30-40 week old IFABP”" male mice were fed 41 kcal% fat diets with beef tallow or

safflower oil for 14 days and had higher body weights relative to WT (191).

We have previously published work using LFABP” mice which were derived from the Texas
strain and backcrossed an additional 6 generations onto the C57BL/6J strain upon arrival to our
facility (7). Our IFABP” mice are derived from the original strain without further backcrossing (7,
169). We did not observe any differences in body weight in response to chow feeding, but as
shown here we have found that LFABP or IFABP ablation results in divergent phenotypes during

high-fat feeding (7, 169). LFABP”" mice are heavier and have greater adiposity relative to WT
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mice, while IFABP” mice are resistant to obesity (169). In the present studies, we observed the
whole body phenotype response to high-fat feeding of mice with simultaneous ablation of both
IFABP and LFABP, and compared to the single-null mice. We found that DKO mice display body
weights and composition that are in between those of LFABP” and IFABP” mice during high-fat
feeding, though this was not entirely unexpected given that the body weight phenotypes of
LFABP and IFABP-null mice are opposite (169). Interestingly, we did not see a dominant effect
of the DKO phenotype from either protein, strongly supporting the hypothesis that the roles of

these proteins in intestinal lipid metabolism are quite different.

Lipid uptake into the intestine is highly efficient, with greater than 95% being absorbed in a
healthy adult (18). It was thought that the enterocyte FABPs play a role in lipid uptake into the
intestine because they are expressed at levels of 2-5% of total cytosolic proteins, with the
highest expression in the proximal intestine where lipid uptake is highest, and are also increased
in response to large lipid loads during high-fat feeding (122, 154, 229, 230). However, LFABP™
and IFABP” mice do not exhibit signs of lipid malabsoption as determined by fecal fat
measurements, in agreement with data from other laboratories (7, 169, 186, 187, 190). In the
present study, we found that DKO mice also do not show signs of lipid malabsorption and gain
weight similarly to WT in response to high-fat feeding. Hence, we conclude that these proteins
do not, in fact, have a critical role in the net uptake of lipids into the intestine. Interestingly, in
vitro studies suggest otherwise. Uptake of radiolabeled FA into intestinal L cells is increased
when LFABP is overexpressed relative to controls (194). Additionally, studies using primary
hepatocytes of LFABP” mice have shown that FA uptake into liver is reduced relative to WT (149,
179), and hepatic uptake of FA is reduced in LFABP” mice relative to WT after 48 hours of

fasting, suggesting impairment of trafficking into this tissue (179).
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Lipids can enter the enterocyte via passive diffusion, though other transport proteins may be
involved in uptake into the enterocyte because it is, in part, a saturable process (27). In this
regard, it is possible that other proteins are functioning to transport FA in the dual absence
LFABP and IFABP in the intestine. There are several candidates that may be more important for
uptake of lipids into the enterocyte. FATP4 (Fatty Acid Transport Protein 4), FABPpm (Plasma
membrane FABP), and CD36 are enterocyte membrane proteins which are known to have
affinity for binding FA and are also thought to have a role in their uptake (28, 29). However, it is
not very clear as to which of these proteins is the most important for net uptake of lipid into the
intestine. CD36 is located on the brushborder membranes of enterocytes in the proximal region
of the small intestine and has a high affinity for binding to FA (30). The CD367 mice only showed
signs of malabsorption of FA when given very long chain (>20 carbon) fatty acids, but not (12-20
carbon) LCFA (32—-34). Moreover, ablation of CD36 in mice did not result in changes in net
absorption of lipids, although absorption shifted towards the distal region of the intestine (34).
In the present experiments, we did not find changes in CD36 expression in the intestine in our
null mice, therefore this protein does not compensate for ablation of IFABP and/or LFABP. Fatty
acid transport protein 4 (FATP4) is also a membrane protein, found on the brush border of the
enterocytes as well as the endoplasmic reticulum, and is known to have a high affinity for
binding to FA. However, it was shown that FATP4-null mice have normal lipid uptake efficiency,
(35). FABPpm is another membrane protein that is thought to have a role in lipid intake in that it
binds FA. Fasting and endurance training promotes expression of this protein, thus FABPpm
may play a role in delivering FA into the enterocytes (37—-39). Along these lines, it is important
to also note that LFABP and IFABP are expressed in the proximal intestine, thus it is possible that
net absorption of dietary lipid does not change due to compensatory absorption in the distal

intestine, as noted above in studies of CD36" mice (34). We are presently conducting
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experiments to investigate this possibility. Additionally, while we did not find changes in ILBP,
HFABP, KFABP, or AFABP, expression of other proteins in the enterocyte that can bind FA such
as the acyl-CoA binding proteins, and cellular retinoid binding proteins will also be measured to
determine whether any changes in transcriptional regulation occur in response to ablation of

LFABP and IFABP.

Thus, here we have found that LFABP and IFABP are not required for efficient uptake of dietary
lipid into the intestine. Given that these proteins are so highly abundant, they must have other
roles in intestinal lipid metabolism. In particular, the intestine is responsible for absorption of
high levels of dietary of FA. Therefore, these proteins may be important for binding the high
levels of FA, thereby regulating the levels of unbound free fatty acid concentrations in the
cytosol. The regulation of free fatty acid levels is critical because high cellular concentrations
are cytotoxic (43, 231). Consequently, it has been hypothesized that FABPs are responsible for
binding excess FA thereby maintaining levels of unbound for important cellular processes (210).
Furthermore, expression of enterocyte FABPs is upregulated in response to high-fat feeding,
thus providing additional evidence that these proteins may be important for maintaining cellular

FA concentrations (154, 229).

Differences in fuel utilization also exist in that LFABP”" mice fed high-fat diets had lowered
respiratory exchange ratios (RER) than WT mice suggesting that these mice preferentially oxidize
fat as an energy source. In stark contrast, high-fat fed IFABP”" mice had higher RERs, indicating
that these mice are primarily utilizing carbohydrates as an energy source. We also observed
that DKO mice have alterations in respiratory exchange ratios, with higher RER in response to

high-fat feeding, relative to WT. Thus, they are more similar to IFABP™" mice, with a preference
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for carbohydrate oxidation. We speculate that because the IFABP”" mice have reduced adiposity,
less FA is available; therefore these mice have a preference for carbohydrate oxidation relative
to WT mice. In contrast, LFABP” mice have greater amounts of lipids available from adipose
tissue for oxidation, and have lower RERs relative to WT. On one hand, it is surprising that
LFABP” mice may be oxidizing more fat, due to evidence that this protein interacts with PPARa
and trafficks FA towards this important regulator of genes involved with lipid oxidation (148,
149). However, it has been hypothesized that the obese phenotype of LFABP” mice may result
from decreased lipid uptake in the liver and promoting more storage of FA into other tissues,
particularly adipose and muscle (210). Recent unpublished findings in our laboratory (see
Appendix) have revealed that the LFABP” mice have increased endurance relative to WT during
a treadmill test and therefore we hypothesize that there is higher fat oxidation occurring in the
muscle allowing for greater stamina during activity, and additional analysis of muscle tissue is
presently underway. In light of the endurance phenotype, we were surprised to observe
apparently lower spontaneous activity in DKO mice, a phenotypic difference from both LFABP”
and IFABP” mice, which had increased or similar activity to WT, respectively. The changes in
activity observed in DKO will need to be further investigated to see if these mice have altered

stamina during an exercise test.

We have previously shown that LFABP”" mice consume more calories while IFABP”" mice
consume fewer calories during high saturated fat diet feeding (169). Thus, we were interested
to conduct more in-depth meal pattern analysis of these mice. We found that IFABP”" mice are
consuming less food and fewer meals relative to WT mice, which correlates with their resistance
to diet-induced obesity. In contrast, we found a trend for increased food intake of LFABP” mice

(p<0.08) relative to WT mice. Interestingly, these mice seem to eat more food than WT when
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the lights are on. Mice are nocturnal and are more active during the dark cycle; hence, these
data suggest that these mice may have alterations in circadian activity. Indeed, WT mice fed
high-fat diets do have altered eating patterns and shift their food intake to when the lights are
on, (232), thus this may contribute to their increase in adiposity. Additionally, several
transcription factors involved with regulation of circadian genes have been identified in intestine
(ie Clock, Bmal, Per, and Cry), and moreover, expression of genes for proteins involved with
intestinal lipid metabolism have diurnal variation including MTP, ApoA1V, MGAT2, DGAT, and
also PPARa (232—-235). Indeed, expression of IFABP and LFABP is diurnal in the liver and
intestine (232, 233, 236). Additional studies will investigate alterations in expression of clock
genes in the enterocyte, which may help elucidate the mechanisms underlying the apparent

changes in circadian rhythms observed in these mice.

It is possible that the differences in food intake observed in LFABP”" and IFABP”" mice may be
attributed to changes in endocannabinoid levels. Other FABPs have been shown to bind to
anandamide (arachinodoylethanolamide; AEA) (83, 84), an N-acylethanolamine (NAE) that binds
to the cannabinoid 1 receptor (CB;) which promotes food intake (82). Indeed, we have found
that LFABP” mice have elevated levels of AEA in the intestine which correlates with their
hyperphagia (169). In addition, we also observed increased intestinal levels of 2-
arachidonoylglycerol (2-AG), an MG, that also promotes food intake by activation of the CB;
receptor (220, 222). Therefore, it is possible that LFABP has an important function as a lipid
sensor for regulation of food intake, potentially by regulating the levels of endocannabinoids in

the enterocyte.
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We performed glucose tolerance tests to investigate alterations in glucose metabolism in the
mice. In our previous and present work, we have shown that IFABP” mice remain lean in
response to high-fat feeding with lower adiposity relative to WT (169); hence it is not surprising
that these mice are able to clear glucose into the tissues more quickly, relative to WT mice.
Surprisingly, we did not find any changes in LFABP” mice relative to WT during high-fat feeding,
despite these mice having increased adiposity. DKO mice seemed to follow LFABP” mice, with
very similar area under the curve. In addition, fasting glucose and insulin measurements of DKO
mice were not different than WT, suggesting they maintain glucose homeostasis during high-fat

feeding. This is in keeping with their similar body weight and fat mass relative to WT.

We have not observed any changes in fasting TG levels between any these groups during LFD or
HFS feeding. To investigate TG secretion out of the intestine, we also performed oral fat
tolerance tests using tyloxypol to inhibit lipoprotein lipase, which results in attenuation of TG
clearance into tissues. As observed previously, IFABP”'mice exhibited an increase in secretion of
TG relative to WT (169). It is known that IFABP is not involved in chylomicron assembly (54),
therefore we hypothesize that these mice have increased secretion of TG because of their lean
phenotype, as we have previously shown that obese mice have reduced TG secretion out of the
intestine relative to lean mice (60, 217). In contrast, LFABP is thought to be involved with
formation of chylomicrons (31, 54), and given that these mice are obese, we expected to see
slower TG secretion out of the intestine. However, we found that they have similar secretion
rates to WT when fed chow or a high-fat diet (7, 169). Furthermore, DKO mice do not exhibit
any changes in TG secretion out of the intestine and are similar to WT and LFABP” mice. These
results suggest that trafficking of TG out of the intestine is not impaired; however it is possible

that absence of LFABP disrupts FA trafficking in the enterocyte and therefore may impact the
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size and/or composition of the chylomicron particles. For instance, CD36 is an enterocyte
protein involved with chylomicron formation and deficiency of this protein results in secretion

of smaller chylomicron remnants into the lymph (31, 32, 237)

In summary, the present studies demonstrate that simultaneous ablation of IFABP and LFABP
largely results in an integration of the single knockout phenotypes, indicating that one protein is
not dominant over the other. Ablation of LFABP results in a healthy obese phenotype relative to
WT, IFABP”" mice remain healthy and lean, and the DKO mice have body weights and body
compositions that are in between. LFABP” mice fed a high-fat diet preferentially oxidize lipids
for energy, while IFABP” and DKO mice seem to preferentially oxidize carbohydrates during
high-fat feeding. The reason for this remains unclear, therefore studies of these mice during
exercise may provide for further clues as to the functions of these proteins in whole body
energy homeostasis. Above all, we found that neither IFABP nor LFABP is critically required for
FA uptake into the intestine therefore other mechanisms may be involved to maintain efficient
lipid uptake. Future work will involve studying the tissue-specific effects of LFABP ablation in
the intestine and liver, where this protein is highly expressed. The use of tissue specific
knockouts will help identify the contributions of ablation of this protein in each of these tissues

to the whole body phenotype.
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Chapter 4

General Conclusions and Future Directions
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Intestinal Absorption of Dietary Lipids is a Highly Efficient Process

The intestine has the essential role of lipid uptake and secretion to peripheral organs. This is
known to be a very efficient process with greater than 95% absorption in healthy adults (18).
This efficiency is likely attributed to evolutionary adaptations for the body to adapt to situations
of food scarcity. Unfortunately, in the current age, there is an overabundance of food in
Westernized countries that has resulted in higher prevalence of obesity and related metabolic
diseases. In particular, alterations in neutral lipid metabolism can result in hypertriglyceridemia,
which is major risk factor for cardiovascular disease (4, 6). Hence, it is important to investigate
the processes involved with uptake of lipids into the intestine, how they are processed in the

enterocytes, as well as trafficking out of the cell and into the general circulation.

Dietary lipids can enter the enterocyte via a diffusional mechanism, but it is also believed that
membrane proteins play a role in uptake (27, 238). However, studies of candidate
transmembrane proteins that have been shown to bind FA, (FABPpm, CD36, and FATP4) have
not yet shown a definitive role of FA uptake into the intestine (28, 47). It has been
hypothesized that IFABP and LFABP are involved with uptake of FA into the intestine, but this
does not seem to be the case, as mice which are null for either protein do not display any
indications of malabsorption based on fecal fat analyses. Here, we have also shown that mice,
which do not express either protein, absorb high levels of dietary lipids with normal efficiency,
suggesting that neither of these proteins is involved with bulk FA uptake. Because LFABP and
IFABP are expressed in the proximal region of the intestine, it is possible that lipid absorption is
being shifted to the distal region of the intestine. Therefore, further studies will be done to

investigate this possibility. Indeed, there have been reports of alterations in intestinal uptake
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resulting from ablation of proteins involved with intestinal lipid metabolism. For example, CD36’
’~and MGAT2”" mice exhibited a shift in lipid absorption from the proximal to the distal region of

the intestine which resulted in no change in net uptake (34, 50).

Potential Roles of LFABP and IFABP as Sensors of Intestinal FA and MG Status

If IFABP and LFABP are not required for bulk lipid uptake into the intestine, then what are their
functions? LFABP and IFABP must be important for other roles in lipid metabolism in the
intestine given that they are both present at levels of 2-5% of all cytosolic proteins (45, 124). It
is possible that instead of being involved with bulk uptake of FA and MGs into the intestine,
these proteins are involved with regulation of FA and MGs levels inside the cell by acting as lipid
sensors. In vitro studies have shown that LFABP and IFABP have high affinities for binding FA
(136, 138). Therefore, these proteins may be involved with maintaining free fatty acid
concentrations. Additionally, LFABP and IFABP are also thought to be involved with trafficking
FAs for various functions. In particular, LFABP may be responsible for delivering FAs for
chylomicron biogenesis and transcription factors by direct protein-protein interactions.
Additionally, LFABP and IFABP may be involved in important signaling transduction pathways by

regulation of lipid endocannabinoid levels, which are involved with regulation of food intake.

One important role of the FABPs may be for sequestration of unbound FA in the cytosol, thereby
regulating the level of unbound fatty acids. The intestinal enterocyte has a profusion of free
fatty acids being delivered to this tissue from the diet, and it is known that high levels of free
fatty acids in all cells are cytotoxic (43, 231). Therefore, it has been proposed that these

proteins serve a protective function to the cell by binding excess FA (210). It is possible that the
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FABPs keep a stable pool of FA and MGs, allowing for steady availability for regulation of gene
expression, TG and PL synthesis, chylomicron biogenesis, rather than catabolism of TG. FAs also
must be activated by acyl CoA synthetase to fatty acyl CoAs. To that effect, LFABP has been
shown to also bind FA acyl CoAs (239), providing further evidence of a role in maintaining
cellular concentrations. Moreover, enterocyte FABP expression is also upregulated during high-
fat feeding, presumably to compensate for a greater amount of FA delivered to the enterocyte
(154, 229). Thus, these proteins likely play a role in trafficking the large quantity of FA in the
cytosol, from the intestinal lumen during the fed state, perhaps to prevent excess accumulation

of unbound FA in the cytosol and to establish a certain unbound FA concentration.

IFABP and LFABP may also play roles in nutrient sensing in the intestine in response to feeding
status. In particular, there have been data which have offered clues about LFABP and IFABP and
their respective roles of trafficking FAs within the intestinal enterocyte in response to FA and
MG. Previous work using an intestinal explant system showed that both IFABP and LFABP are
localized on the apical side of the enterocytes of fasted rats, but were located throughout the
cytoplasm in the fed state (120), suggesting that localization of these proteins is influenced by
the availability of FA. It is known that FAs enter the enterocyte brush border membrane side of
the enterocyte, and bloodstream-derived FAs are delivered to the cell via the basolateral side of
the enterocyte. Itis believed that there is compartmentation of FA into two different pools,
which is dependent on the site of entry into the cell (61). This idea is based on observations that
dietary FAs enter the apical side of the enterocyte and are formed into TGs and then packaged
into chylomicrons for secretion into the lymph, while FA from the circulation are oxidized or
incorporated into PL (61-64). Here, we have shown that more FAs from the bloodstream are

formed into PL during ablation of LFABP and IFABP relative to WT, suggesting that these
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proteins are involved with trafficking bloodstream derived FA towards TG synthesis pathways (7,

169).

In addition to FAs, MGs are also delivered in large quantities from the lumen of the small
intestine and into the enterocyte. Our laboratory has previously shown that LFABP is a cytosolic
protein that binds MG (138). Our present results show that LFABP” mice given an oral gavage
of radiolabelled MG have a decrease in the TG/PL ratio in the intestinal mucosa relative to WT,
suggesting that LFABP is involved with targeting dietary MG towards TG synthesis and away
from PL synthesis pathways (7, 169). Thus, LFABP has a role in trafficking the large amount of

dietary MGs that arrive into the intestinal enterocyte from dietary TG hydrolysis.

It is also known that LFABP interacts with several proteins including apoB48 and CD36 to
generate prechylomicron transport vesicles (PCTVs) from the ER for assembly into chylomicrons
in the Golgi apparatus, which are then secreted out of the enterocyte (31, 54). However, we did
not observe any differences in TG output for LFABP”" mice into the circulation during an oral fat
tolerance test. Indeed, it is possible that the chylomicron composition may be altered in case of
LFABP ablation. For example, the amount of TG may be reduced due to less efficient trafficking
of FA in the enterocyte for TG synthesis and subsequent chylomicron assembly. Also, IFABP is
not directly involved with chylomicron assembly (54), but it is possible that its absence would
influence the amount of unbound fatty acids available for chylomicron assembly, and therefore
the size, and perhaps the composition, of the chylomicron particles. For example, it has been
shown that CD36-null mice have decreased chylomicron size with altered lipid and lipoprotein
compositions (32). Hence, compositional analysis of chylomicrons may reveal changes resulting

from LFABP and/or IFABP ablation.
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In addition to protein interactions for formation of PCTVs, LFABP has also been shown to
interact with transcription factors (148, 240, 241). Indeed, it has been proposed that LFABP has
an important role in trafficking FA to PPARa, an important regulator of lipid oxidation that is
present in both the intestine and liver (57, 148, 149, 241, 242). PPARs, like FABPs, are located in
the cytoplasm of the cell and are activated by ligands which cause the PPARs to localize in the
nucleus where they bind to peroxisome proliferator activated receptor response elements
(PPREs) as a heterodimer with Retinoid X receptor (RXR), resulting in initiation of expression of
PPAR-regulated target genes (144, 243). In the present studies, we have also found that LFABP’
’ mice have a reduction in intestinal oxidation of FA relative to WT, hence LFABP also seems to
be involved with targeting FA towards oxidative pathways (7, 169). We and others have also
observed this defect resulting from LFABP ablation in the liver and intestine (7, 149, 152, 169).
Recent studies have shown that ablation of LFABP results in attenuation of PPARa localization in
the nucleus, thereby inhibiting its functionality (148, 149). Additionally, it seems that LFABP
also regulates its own expression as it has does contain a PPRE in its promoter region (143).
LFABP expression is also increased in the presence of high levels of FA during high-fat feeding
(154, 229). Therefore, LFABP may be acting as a nutrient sensor in response to high levels of FA

and plays a role in trafficking FA towards oxidative pathways by protein-protein interactions

with PPARa.

Indeed, PPARa activation also occurs due to binding of oleoylethanolamide (OEA). This N-
acylethanolamine is secreted by the intestine in response to feeding and is known to have an
inhibitory effect on food intake (87, 244). Hence, it is likely that an important function of LFABP
may be trafficking FAs, OEA, and other lipid agonists to PPARa. Along these lines, other FABPs

have been shown to bind to anandamide (arachinodoylethanolamide; AEA) (83, 84), an agonist
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for the cannabinoid 1 receptor (CB;) which promotes food intake (82). While LFABP has not yet
been shown to bind AEA, we speculate that this protein is involved with trafficking AEA because
LFABP” mice have elevated levels in the intestine (169). Additionally, we have demonstrated
that LFABP”" mice display hyperphagia when fed a high-fat diet (169). Thus, LFABP may play a
role in trafficking AEA to CB, receptors. Furthermore, we have provided evidence that LFABP
ablation results in increased intestinal levels of 2-AG (169), an endocannabinoid that is also an
MG, that promotes food intake by activation of the CB, receptor (220, 222). Therefore, LFABP
may play a role in the important intestinal function of lipid sensing in the regulation of food

intake.

Ablation of IFABP or LFABP Results in Changes in Systemic Energy Metabolism

Previous studies using mice that are null for important genes involved with intestinal lipid
metabolism such as CD36, DGAT, MGAT, and PPARa have revealed that these changes influence
whole body energy homeostasis (50, 87, 88, 105, 106). As well, our results have also
demonstrated that ablation of IFABP or LFABP results in changes in whole body energy
metabolism. These results provide further evidence of a link between intestinal metabolism and
whole body energy homeostasis. In particular, IFABP”" mice have a lean phenotype in response
to high-fat feeding, while LFABP”" mice are obese. We also found that LFABP”" preferentially
oxidize lipids, while IFABP”" are opposite and primarily utilize carbohydrates for energy while at
rest. These changes occurred without any alterations in energy expenditure (169). We have
also observed alterations in food intake in our high-fat fed IFABP” and LFABP” mice. Indeed,
we observed that LFABP” mice had increased food intake relative to WT (169), likely related to

the increases in 2-arachidonoyl glycerol (2-AG) and anandamide (AEA) in the mucosa, as both of
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these endocannabinoids are known to promote food intake (82, 98). We also observed that
these mice primarily increase their food intake during the light cycle (Chapter 3), which is
typically when the animals are at rest. In contrast, IFABP” mice have lower daily food intake
relative to WT, but their circadian rhythms are altered in that they shift their more of these
meals to the light phase. Interestingly, it is known that proteins involved with lipid metabolism,
including LFABP, IFABP, and PPARx have diurnal expression patterns (123, 233, 245). Hence, it
would be of interest to measure mRNA of transcription factors involved with circadian rhythms
in our high-fat fed LFABP- and IFABP-null mice to determine if there are changes in expression

relative to WT mice.

It is important to note that LFABP is simultaneously expressed in the liver and also in the
intestine, therefore it is important to consider the individual functions of this protein in both of
these tissues and the tissue-specific contributions to the whole body phenotype of LFABP” mice.
To date, only whole body knockouts of LFABP have been studied (7, 179, 180). Effects of whole
body LFABP ablation has resulted in changes in body weight and composition, fuel utilization,
and lipid oxidation, but the tissue-specific effects on these systemic changes are not known (7,
152, 181). Hence, future work will focus on generation of LFABP™ mice, in which ablation of
this protein is specific to the liver or intestine in an effort to understand the functions of the

proteins in these tissues and their contributions to the phenotype of the whole body knockout.

Ablation of FABPs Results in Overt Changes in Whole Body Phenotype: Lessons from Other

FABP-null mice
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We have observed that LFABP” and IFABP”" mice seem to have healthy phenotypes during high-
fat feeding. These proteins are part of a larger family of intracellular binding proteins that are
present in various tissues. Studies of AFABP (adipose FABP; FABP4) and KFABP (keratinocyte
FABP; FABP5) null mice have some parallels to what we have observed in the LFABP” mouse.
The AFABP protein is an abundant cytosolic protein that is mainly expressed in adipose and also
in macrophages, and mice null for AFABP did not display an overt phenotype when fed a low-fat
diet (246). However, high-fat feeding resulted in obesity in null mice, but with improved glucose
tolerance and normoinsulinemia (246). Indeed, studies of inhibitors of AFABP have shown
similar effects (247). AFABP has been implicated as being involved with the early stages of the
development of atherosclerosis, in which macrophages are altered to form foam cells that
accumulate along the vasculature, eventually forming atherosclerotic lesions (248). AFABP
ablation also results in resistance to atherosclerosis as shown when AFABP is knocked out in
ApoE-null mice, a strain that develops atherosclerosis (249). In another study, bone marrow
from ApoE/AFABP-null mice or ApoE-null mice was transplanted into ApoE-null mice so that
AFABP was only expressed in macrophages (250). Interestingly, the mice that received the bone
marrow without AFABP had smaller lesion sizes and reductions in inflammatory markers,
suggesting that AFABP present in macrophages, rather than adipose, plays a role in the

development of atherosclerosis (250).

It is known that KFABP is expressed in adipose, but at very low levels, hence, it was surprising
that ablation of AFABP results in marked upregulation of KFABP in adipose tissue (227). In
contrast, AFABP is not upregulated in response to ablation of KFABP (251). Mice that are null
for both KFABP and AFABP were resistant to obesity during high-fat feeding with improved

glucose tolerance, insulin sensitivity, and resistance to hepatic steatosis (228). Interestingly, it
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was also found that these mice had increased fat oxidation in muscle tissue resulting from
elevation in expression of AMP-activated protein kinase (AMPK). Moreover, when AFABP and
KFABP were simultaneously ablated in ob/ob mice lacking leptin, the AMPK response was
attenuated, suggesting that leptin is responsible for activation of AMPK (252). AFABP and
KFABP have also been shown to interact with PPAR-y and PPAR-B, respectively, suggesting that

these proteins are important for delivery of their ligands in adipose and macrophages (253).

Overall, the phenotype of AFABP/KFABP-null mice, like LFABP- and IFABP-nulls, results in a
healthier phenotype than WT mice. In particular, AFABP/KFABP-null mice have increased lipid
oxidation occurring in muscle tissues, resulting from an increase in AMPK expression. Hence,
future work will involve measurements of this important in metabolic regulator in muscle.
Additionally, like LFABP, AFABP and KFABP seem to play a role with regulation of gene
expression by interactions with nuclear transcription factors. Moreover, inhibitors of AFABP
have been studied as potential therapeutic agents for human disease (247), as can be suggested

for IFABP and LFABP, based on our current findings.

LFABP and IFABP Ablation Results in Healthy Phenotypes

In the present studies, we have demonstrated that ablation of IFABP or LFABP results in a
healthy phenotype. IFABP” mice are lean and glucose tolerant during a high-fat feeding. LFABP"
” mice are obese, but remain normoglycemic, quite active, and also have increased stamina

during exercise. Additionally, others have demonstrated that LFABP ablation prevents hepatic

steatosis (184, 186, 187).
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In addition, previous reports have shown that ablation of each these proteins does not result in
reduction of lipid uptake into the intestine (7, 181, 186), and we have now shown that
simultaneous ablation of these proteins does not impact lipid uptake. This is a desirable effect
for clinical applications because steatorrhea is associated with gastrointestinal discomfort and is
viewed as an unfavorable side effect, as observed by administration of lipase inhibitors such as
orlistat (254, 255). Therefore, these results suggest that inhibition of these proteins may lead
to promising therapeutic interventions. Indeed, there are populations that have single base pair
gene polymorphisms resulting in single amino acid changes of IFABP and LFABP (161, 170).
Individuals with a polymorphism of IFABP, in which threonine is substituted for alanine at amino
acid 54, have a higher prevalence of insulin resistance and high plasma triglycerides (170-174).
Additionally, a polymorphism of LFABP has been identified in which alanine is substituted for
threonine at position 94 (T94A), has been correlated with increased blood TG and FFA levels
(158, 161). Hence, it is possible that pharmaceutical inhibition or IFABP or LFABP may provide

for treatment options for these individuals in order to maintain normal lipid homeostasis.

In summary, we have uncovered very distinct phenotypes resulting from IFABP and/or LFABP
ablation during high-fat feeding. Mice null for either protein display a healthier metabolic
phenotype relative to normal controls. These results will be valuable to develop further studies
to fully elucidate the functions of these proteins in intestinal lipid metabolism and how they can
impact the health of humans. It is possible that this work will increase interest in development

of inhibitors for these proteins that may lead to therapeutic interventions for metabolic disease.
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Appendix

Untrained LFABP”" Mice Have Increased

Stamina During a Treadmill Endurance Test
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Abstract

Intestinal enterocytes form the brush border membrane of the small intestine, across which
dietary lipid absorption takes place. Enterocytes express two fatty acid-binding proteins (FABP),
intestinal FABP (IFABP; FABP2) and liver FABP (LFABP; FABP1) in the cytosol, and it is not
currently understood why two similar proteins are simultaneously expressed in such high
abundance. High fat feeding studies showed divergent phenotypes in null mice; LFABP” mice
become obese and preferentially oxidize lipid for energy, while IFABP” mice are lean and utilize
carbohydrates relative to WT mice. Markers of whole body metabolism showed that not only
IFABP” mice were metabolically healthy, but also LFABP” mice were healthy, despite their
increased adiposity. In particular, high-fat fed LFABP” mice had increased spontaneous activity
relative to WT mice, as measured by beam break technology, thus we hypothesized that these
mice might have an improved response to exercise relative to WT. In the present studies, we
found that untrained high-fat fed LFABP” mice have increased stamina on a treadmill, with
greater distance and time relative to WT and IFABP” mice. This difference was not due to
increased lipid oxidation because LFABP” mice did not have different respiratory exchange
ratios from WT during exercise. However, LFABP” mice have lower energy expenditure per
gram of body mass, suggesting that they are more metabolically efficient for equal workloads.
Hence, we have observed that the LFABP” mice, despite displaying an obese phenotype, have
greater endurance during exercise compared to WT, further suggesting that these mice

represent a model of the obese, but metabolically healthy phenotype.
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Introduction

The fatty acid binding protein (FABP) family is a class of small (14-15) kD cytosolic proteins that
are known to bind fatty acids (FA) and other lipids. In the intestine, 3 FABPs are present, 2 are
expressed in the proximal intestine, while the other is expressed more distally and preferentially
binds bile acids over FAs (134). Given that the intestine is responsible for uptake and
assimilation of the large amount of dietary FA into the body, it is hypothesized that enterocyte

FABPs play an important role in trafficking lipids in the intestinal enterocyte (111).

We have recently shown that LFABP and IFABP-null mice have divergent phenotypes in response
to high-fat feeding, demonstrating that these proteins have distinct roles in intestinal lipid
metabolism (7). We have previously reported that LFABP” mice became obese and hyperphagic
when given a high-fat diet, while IFABP” mice remained lean (169). Indirect calorimetry
measurements revealed that IFABP”" mice had higher respiratory exchange ratios (RER) relative
to WT mice, suggesting that they preferentially utilize carbohydrates for energy. In stark
contrast, LFABP” mice display an opposite phenotype and have lower RERs, indicative of a
preference for lipid oxidation for energy. Interestingly, in spite of being obese, we observed
that LFABP”" mice have an increase in spontaneous activity relative to WT. We hypothesized
that LFABP”" mice have a healthy obese phenotype and may have greater endurance during
exercise, given that human athletes have better endurance when lipids are used as the primary
fuel source (256). Therefore, in the present studies, we subjected untrained WT, IFABP” and
LFABP”" mice to a treadmill test to determine if the LFABP” mice would have increased

endurance in response to an exercise bout.
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Experimental Procedures

Animals and Diets

LFABP” mice, previously generated by Binas and coworkers, were used in these studies (7, 169,
180). As described previously, the mice were additionally back-crossed with C57BL/6J mice from
The Jackson Laboratory (Bar Harbor, ME) for six generations to create congenic LFABP mice (7).
IFABP” mice used in the present studies have been bred by intercrossing of the original IFABP”
mice (190), and are also on a C57BL/6J background. Wild type (WT) C57BL/6J mice bred in our

animal facility were used as controls.

Until 2 months of age, male mice were given ad libitum access to standard rodent chow (Purina
Laboratory Rodent Diet 5015) and were maintained on a 12-hour light/dark cycle. LFABP 7,
IFABP’/', and WT (C57BL/6J) mice were started on the semipurified diets at 8 weeks of age. The
mice were housed 2-3 per cage and fed either a low fat diet (LFD) containing 10 kcal% fat or a 45
kcal% fat diet with high saturated fat (HFS). Product numbers are D10080401 and D10080402
respectively (Research Diets, Inc., New Brunswick, NJ) and the compositions have been published

previously (169).

Endurance Test

After 12 weeks of high-fat feeding mice were placed on a treadmill with 6 individual lanes to run
multiple mice concurrently (Columbus Instruments, Columbus OH). At the bottom of the treadmill is a
shock grid, which was set to 1 Hz in order for the mice to stay on the treadmill. One day prior to the
test, the mice were run for 5 min at 5 m/min with a 0 degree incline in order to acclimate them to the

treadmill. Mice were tested in groups with the same two trained spotters for each test. On the day of
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the test, the mice were run on the treadmill set to a constant 25-degree incline throughout the
experiment. The speed of the treadmill was adjusted as presented in Table 1 (257). The mice were run
until they were declared to have reached exhaustion by the trained spotters. Exhaustion was defined
as when the mice remained on the shock grid for 5 seconds. The time was taken when the mice

finished the test and the distance was calculated based on the elapsed time and speed (Table 1).

Indirect Calorimetry During Exercise

Mice were fed LFD or HFS diets for 12 weeks. Each mouse was run individually on a similar treadmill as
described above, except that it was positioned inside an indirect calorimetry chamber (Columbus
Instruments, Columbus OH). The shock grid was set to 1 Hz, as described above. One day prior to the
test, mice were acclimated to the treadmill, as described above. On the day of the test, food was taken
away at 7am to ensure that the mice were in the same metabolic state. The test started at 9 am and 4-
5 mice run were run per day. The genotypes were rotated each test day to ensure that there was not
an effect of fasting time. The treadmill was set to a constant 25-degree incline throughout the
experiment. At the start of the test, the mouse was placed in the chamber, allowing rest for 2 minutes
in the stationary treadmill. After the resting phase of the experiment, the treadmill was set to 5 m/min
for 5 minutes. Then, speed was increased to 10 m/min for 10 minutes, at which gas exchange and
energy expenditure measurements were taken. This speed was chosen to ensure that all mice could
complete the test, based on results from the endurance test. VO, and VCO, (VCO,/VCO,) were used
to determine the respiratory exchange ratio (RER) as an estimation of the Respiratory Quotient.
Energy expenditure was assessed using the gas exchange measurements as follows: (3.815 +

1.232 x RER) x VO, (197, 198).
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Table 1
Time (min) Speed (m/min)

0-5 6
5-7 9
7-9 12
9-11 15
11-13 18
13-15 21
15-17 24
17-19 27
19-21 30
21-23 33
23-25 36
25-27 39
27-29 42
29-31 45
31-33 48

Table 1. Protocol for speed adjustment of treadmill during endurance test. The distance run by the

mice on the treadmill (Columbus Instruments) was calculated based on the time of exhaustion.
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Results

Untrained LFABP”- Mice Have Increased Endurance

We did not observe any differences for LFD-fed mice, but we were surprised to find that high-fat
fed LFABP” mice had a significant increase in length of time and distance run until exhaustion
relative to WT mice (Figure 1). There were no differences for IFABP”" compared to WT. This

was also somewhat unexpected, given that these mice have less adiposity relative to WT.

Different Fuel Utilization for LFABP”" and IFABP”~ Mice During Exercise Compared to Rest

For mice were fed the LFD, we did not observe any differences between groups during the
exercise bout for VO,, VCO,, respiratory exchange ratio, or energy expenditure (Figure 2).
However, high-fat fed LFABP” mice had lower VCO, and VO, relative to WT mice when fed HFS,
as found previously in resting mice (169). In contrast to mice at rest, the high-fat fed LFABP”
did not have lower RERs relative to WT mice during exercise. Furthermore, IFABP” mice had
lower RERs relative to WT mice during exercise, which was surprising given that these mice have

higher resting RER values (169).

We also measured energy expenditure (EE) per kilogram of BW to normalize for workload and
found that LFABP”" mice had lower EE (Figure 2), suggesting that for the same workload
(movement of body weight uphill against gravity), these mice are more energy efficient, thereby

providing for greater stamina during an exercise test. No change was found for the IFABP”" mice.
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Figure 1
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Figure 1. Endurance testing of WT, IFABP ", and LFABP” mice fed a low-fat diet (LFD) or high-
saturated fat diet (HFS). Measurements of A. time for LFD (n=9-10) or HFS (n=8-10) and B. distance for

LFD (n=9-10) or HFS (n=8-10).
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Figure 2
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Figure 2. Indirect calorimetry data of WT, IFABP”", and LFABP”" mice fed a low-fat diet (LFD) or high-
saturated fat diet (HFS). Measurements of mice fed LFD (n=9-11) or HFS (9-14). A. VO2. B. VCO2. C.

RER. D. Energy expenditure
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Discussion

The intestinal enterocyte has the important function of nutrient uptake into the body. LFABP
and IFABP are highly expressed in this cell type, and are thought to play a role in uptake and
assimilation of lipids, but their individual functions are presently not known. We have
previously shown that high-fat feeding promotes very different phenotypes in IFABP and LFABP
null mice. In particular, IFABP” mice are metabolically healthy and have a lean phenotype in
response to high-fat feeding with improved glucose tolerance and similar TG and FFA levels in
the blood (169). No changes in activity were found relative to WT (169). Also, LFABP” mice
have greater adiposity in response to high-fat feeding, but are otherwise metabolically normal
with no differences in blood glucose or TGs relative to WT, and also, these mice also have a
lower respiratory exchange ratio at rest, suggesting that they have a preference for fat oxidation
for energy production rather than carbohydrates (169). Moreover, we found that the LFABP”
mice have greater spontaneous activity relative to WT. Overall, despite their increased

adiposity, it is apparent that ablation LFABP results in a metabolically healthy obese phenotype.

It has been well established that obesity is typically associated with metabolic disease, but there
has been increasing interest in metabolically healthy obese (MHO) individuals that do not
exhibit markers of metabolic abnormalities (225). Like MHO humans, LFABP” mice seem to be
metabolically healthy, with no aberrations in whole body glucose or lipid metabolism.
Furthermore, they are also very active, with consistently higher activity counts. Indeed, in the
present experiments, we found that the high-fat fed LFABP” mice have greater endurance
during a treadmill test than WT and IFABP”" mice, further supporting the “healthy obese”

phenotype. Remarkably, the LFABP”" mice ran twice the distance of WT mice. We hypothesized
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that this was due to increased oxidation of lipids over carbohydrate for energy, as the
preferential use of fat for energy during exercise has been shown in endurance athletes (256).
Furthermore, MHO humans have also been shown to have increased lipid utilization during
exercise (258). Indirect calorimetry measurements in LFABP” mice, however, revealed that the
RER was not lower than WT during an exercise bout, as we had hypothesized. In addition, our
present observations were in agreement with our previous studies in that the resting energy
expenditure (EE) of LFABP” mice is not different than WT per gram of lean mass (169). To
ascertain differences in energy expenditure for the same amount of workload, we calculated the
EE/kg BW. Indeed, we found that LFABP”" mice have lower energy expenditure per kilogram of
body weight during exercise, suggesting that when given the same amount of workload, the
LFABP”" mice do not expend as much energy, and are therefore more efficient, allowing for

greater endurance.

It is possible that we did not observe changes in substrate oxidation during the exercise test due
to limitations in our experimental design. We performed the test in which the mice were run at
a set speed for a predetermined amount of time to determine the RER during exercise. This
exercise test was chosen over a VO2 max test because we were interested in observing
differences in substrate oxidation during exercise by taking the ratios of VCO,/VO, to measure
RER. During a VO2 max test, the subjects are run on a treadmill inside an indirect calorimetry
unit with increasing speed over time until exhaustion. During high intensity exercise,
bicarbonate is utilized as a buffer for increased lactic acid production to prevent metabolic
acidosis, which leads to non-metabolic CO2 production (dissociation of carbonic acid to CO, and
water) (259); hence we did not use this experimental paradigm because this would add a

confounding factor for the RER measurements.
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Previously, we took measurements of sedentary mice placed in indirect calorimetry chambers
with ad libitum access to food. We found that the IFABP” mice had higher RERs while the
LFABP” mice were opposite relative to WT (169). It is possible that we did not see similar results
during the exercise test due to feeding status. In the present experiments, the mice were fasted
when the lights came on for at least 2 hours to ensure that the animals were in a similar
metabolic state at the start of the exercise test. In contrast, the resting data in our previous
experiments (169) were taken while the animals had access to food, which can affect the RER.
We have previously observed that IFABP”" mice have a greater loss of fat mass following a fast (7,
169). Hence, it is possible that the low RER observed of IFABP” during the exercise bout

compared to the resting state was due to the effect of the fasting state.

LFABP is an intracellular lipid binding protein that is expressed in the liver, intestine, and to a
lesser extent in the kidney, but importantly, not in muscle tissues (111). Therefore, it is not

clear why LFABP” mice have a preference for whole body oxidation of lipid relative to WT mice.
In particular, it has been previously shown that these mice have a defect in oxidation in their
tissues of expression, which has been attributed to an inefficiency in lipid trafficking (7, 152, 179,
185). Newberry et al demonstrated that LFABP” mice are unable to efficiently traffic FA to the
liver during fasting (179). Additional studies of high-fat mice have shown that these mice have
smaller liver weight per g of body weight and are resistant to hepatic steatosis, suggesting that
lipid uptake into these tissues is inhibited (186, 196). Indeed, these mice do not show signs of
malabsorption of lipids, and the obese phenotype observed in LFABP-null mice suggests that the

FAs are stored as TG in adipose tissue (169, 210).
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The consistent increases in spontaneous activity of LFABP” mice are associated with what is
known as spontaneous physical activity (SPA) (260). Therefore, this raises another possibility to
explain their increased stamina, that because the animals are constantly active, they are more
metabolically healthy because they are essentially chronically exercise trained. For instance, in
an aging study, it was observed that mice with greater SPA had greater endurance and strength

relative to sedentary animals (261).

Our previous studies showed that leptin is elevated in the circulation of high-fat fed LFABP”
mice (Table 2-5), therefore it is possible that a regulators of muscle lipid metabolism such as
AMPK are being activated in response to high levels of this adipokine, promoting greater lipid
oxidation in this tissue (262). Interestingly, studies of KFABP/AFABP-null mice have
demonstrated that ablation of these proteins results in a healthy phenotype with an increase in
muscle lipid oxidation, due to an increase in expression of AMPK in muscle, despite the fact that

these proteins are not expressed in this tissue (228).

In addition to studying regulators of lipid oxidation in muscle, further studies will involve
analysis of mitochondrial proliferation in these mice; an increase in this organelle would allow
for greater lipid oxidation and overall fuel use and endurance (263, 264). The LFABP” and
IFABP” mice will be compared to the LFABP/IFABP-double knockout mice that display a
phenotype, which, for the most part is in between both the IFABP and LFABP-null mice, except
for a surprising decrease in spontaneous activity (Chapter 3). Therefore, it will be of interest to
perform endurance tests to determine the effects of endurance in mice with ablation of both

proteins.
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In summary, we have observed that LFABP” mice have greater endurance during an exercise
test, but it was not due to increased lipid oxidation relative to WT mice. Therefore, these
observations may be caused by the increases in spontaneous activity observed in these mice,
and/or possibly due to upregulation of oxidative genes and/or capacity in muscle. The present
results support our earlier studies indicating that LFABP”" mice have a metabolically healthy

obese phenotype.
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