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Abstract

Fatty acid transport proteins mediate fatty acid uptake in vivo and play a
role in the development of metabolic diseases

by
Brittney Nicole Dietz
Doctor of Philosophy in Metabolic Biology
University of California, Berkeley

Professor Andreas Stahl, Chair

The prevalence of obesity and diet-related diseases is widespread and
increasing. Fatty acids have vital biological functions in the body, but can become
pathophysiological in many contexts. It is well established that fatty acid uptake
into cells is a regulated process mediated by membrane-bound fatty acid
transporters. Gain- and loss-of-function studies of fatty acid transport proteins
(FATPs) have demonstrated the essential role of fatty acid transporters in
maintaining normal fatty acid metabolism and have also indicated that these
proteins are involved in the development of diet-related diseases. We do not fully
understand the physiological roles of each FATP in every metabolic context. The
work presented here focuses on FATP1 and FATP6 activity in the heart and
endocrine pancreas, particularly in the context of diabetes.

In Chapter 1, the creation of a FATP6 knockout mouse model that we utilized
to study FATP6 activity and function is reported. We found that FATP6 mediated
fatty acid uptake in vivo and was specifically responsible for fatty acid availability in
the heart. Deletion of FATP6 resulted in reduced cardiac lipid levels, cardiac
dilation, reduced systolic function, and elevated rates of apoptosis in
cardiomyocytes. This phenotype was rescued by high-fat diet feeding. While the
location and mechanism of FATP6 activity have not been fully defined, we
hypothesize that lack of FATP6 expression leads to reduced cardiac fatty acid
utilization, which in turn leads to reduced cardiac function.

In Chapter 2, our efforts to determine the role of FATP1 and FATP6 in the
development of diabetic cardiomyopathy are described. Diabetic cardiomyopathy is
a heart condition characterized by enhanced fatty acid utilization. We induced
diabetes in wild-type and FATP1 and FATP6 knockout mice by feeding them a high-
fat diet and injecting them with two low-doses of streptozotocin. This protocol
produced hyperglycemia but did not result in a robust model of diabetic
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cardiomyopathy. Due to the lack of a strong phenotype in the heart, we did not
detect significant differences in cardiac metabolism or function with deletion of
FATP1 or FATP6.

In Chapter 3, a novel role for FATPs in the endocrine pancreas is presented.
FATPs are differentially expressed in pancreatic islets, with FATP1 localizing to beta
cells. We used islets from FATP1 knockout mice to analyze how FATP1 expression
affected the susceptibility of beta cells to lipotoxicity. Deletion of FATP1 protected
beta cells from palmitate-induced apoptosis, despite normal levels of fatty acid
uptake and palmitate-induced ER stress in FATP1 knockout islets. Although the
mechanism explaining this outcome is not clear, beta cells from FATP1 knockout
mice may differentially store neutral lipid and this may make the cells less
susceptible to palmitate-induced cell death.

In Chapter 4, our attempts to characterize small molecule inhibitors of FATPs
are portrayed. We tested the ability of two classes of potential FATP inhibitors to
reduce FATP activity in FATP-overexpressing cells and in cells that endogenously
express FATPs. Phospholipid-based inhibitors did not reduce FATP-mediated fatty
acid uptake at feasible concentrations. A dihydropyrimidone-based inhibitor
effectively reduced FATP1- and FATP4-mediated fatty acid uptake in cell models
overexpressing these proteins but did not affect endogenous FATP1 or FATP4
activity in other cell models.

Taken together, these results contribute to the growing body of evidence that
establishes a role for FATPs in fatty acid transport in the body as well as in the
development of diet-related diseases. Specifically, this work shows novel roles for
FATP6 in cardiac metabolism and function and FATP1 in pancreatic beta cell
metabolism and function. Clearly, FATPs are important regulators of metabolism,
are implicated in metabolic disorders, and should be extensively studied as
potential therapeutic targets.
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Introduction

According to the National Institutes of Health, the majority of Americans are
considered to be overweight!. Over one-third of the population is obese or
extremely obese, with body mass indexes over 30. The prevalence of overweight
and obesity has increased each year over the last 50 years and one-third of
adolescents in the United States are overweight or obese. The long-term
consequences of the obesity epidemic have yet to be fully realized, but our society is
already faced with an increasing burden of diet-related diseases like cardiovascular
disease and diabetes. Heart disease is the leading cause of death in the United
States? and 21.3 million people in the United States have diabetes3. The diabetes
incidence rate has increased so drastically that if trends continue, by 2050, one in
three people will have the disorder. The estimated cost to society for these two
conditions alone is over $300 billion a year in the United States. Obesity is also
associated with many other chronic diseases, including cancer, hypertension, non-
alcoholic fatty liver disease, and osteoporosis. Given the extreme prevalence of
obesity and diet-related diseases in the United States, it is imperative that we strive
to better understand the link between nutrition, metabolism, and health as well as
discover and advance therapeutic strategies to treat these diseases.

Fatty acids are important molecules that are involved in a variety of
biological processes. Besides being a major fuel source, they also activate
intracellular signal transduction cascades, regulate metabolic enzymes, bind
transcription factors, provide substrates for posttranslational protein modification,
and serve as precursors to components of the cell membrane and mediators of the
immune response*>5. While adequate fatty acid levels are essential to maintain
normal biological function, excess fatty acids in circulation and in peripheral tissues
can become pathophysiological. Ectopic lipid accumulation in tissues like skeletal
muscle, liver, heart, and pancreatic beta cells can lead to insulin resistance and
lipotoxicity*6-8,

Because of the association between obesity and metabolic diseases, much
effort has been made to understand how exogenous fatty acids enter peripheral
tissues. We now know that while some fatty acids can diffuse across the plasma
membrane, the majority of fatty acid uptake into cells is protein-mediated*?.10.
Fatty acid transport proteins (FATPs)#, fatty acid translocase (CD36)!1, and plasma
membrane fatty acid binding protein (FABPpm)!? have been shown to facilitate fatty
acid uptake into cells in vitro and in vivo. The focus of this work will be on fatty acid
transport proteins.

The FATP family is an evolutionarily conserved family of proteins made up of
six members (SLC27A1-6). All FATPs have a signature 311-amino acid FATP
sequence, an AMP-binding domain#, and at least one transmembrane domain13.14,
Gain- and loss-of-function studies of FATPs in vitro and in vivo have provided
extensive evidence that these proteins facilitate fatty acid uptake*15. In mice, FATP1
contributes to insulin-induced fatty acid uptake in skeletal muscle and adipose
tissuel®17 and FATP2 and FATP5 mediate fatty acid uptake in the liver1819,



FATPs were first localized to the plasma membrane!3, although they have
also been found on the endoplasmic reticulum, especially in cell models in which
FATPs are overexpressed??. In peripheral tissues, FATP1 actually translocates from
an intracellular compartment to the plasma membrane in response to insulin
stimulation?! or muscle contraction??. FATPs have also been shown to be
transcriptionally regulated by insulin?324 and the peroxisome proliferator-activated
receptor family?2>.

The mechanism of FATP-mediated fatty acid uptake is not clear. FATPs
exhibit acyl-CoA synthetase activity?® and it has been proposed that this enzymatic
activity contributes to their ability to facilitate fatty acid entry into cells through a
process called vectorial acylation!®. While some contend that this metabolic
trapping of fatty acids inside the cell is the primarily mechanism explaining FATP-
mediated fatty acid uptake??, biochemical studies in yeast have shown that mutating
various regions of these proteins results in differential changes in fatty acid uptake
and acyl-CoA activity, suggesting that the two activities are distinct?8. It has also
been proposed that FATPs work with other transport proteins or acyl-CoA
synthetases to promote fatty acid uptake into cells?%30. Regardless of the exact
mechanism, it is clear that FATPs facilitate fatty acid uptake, and this work focuses
on the physiological impact of this activity.

FATPs are differentially expressed throughout the body. FATP1 is widely
expressed in metabolic tissues, including white adipose tissue, brown adipose
tissue, skeletal muscle, and the heart'3. FATP2 and FATP5 are primarily expressed
in the liver3132, FATP3 is expressed in the lung and brain33, FATP4 in the small
intestine and in white adipose tissue34, and FATP6 in the heart3>. Knockout mouse
models have been developed for a subset of FATPs and have shown that FATP
expression is important in preserving normal fatty acid metabolism. FATP1
knockout mice are not able to maintain thermogenesis in response to cold
exposure3® and FATP4 knockout mice die within days of birth due to a skin
condition?’. Studies in knockout mice have also implicated FATPs as therapeutic
targets for the treatment of metabolic diseases. FATP1 knockout mice are protected
from diet-induced obesity!” and FATP5 knockout mice are protected from the
development of non-alcoholic fatty liver diseasel®.

Because of the pressing diet-related health concerns in our country and the
body of evidence suggesting therapeutic potentials for FATPs, we are particularly
interested in FATP activity in metabolic tissues and the impact these proteins have
on tissue function. Previous studies have focused on the biochemical activity of
FATPs or on a specific FATP in a particular tissue, so we do not fully understand the
physiological role of each FATP in every metabolic context.

The work described here focuses on FATP1 and FATP6 activity in the heart
and in the endocrine pancreas. This is the first report of a FATP6 knockout mouse
model, and in Chapter 1, it is shown that FATP6 mediates fatty acid uptake in the
heart and that loss-of-function of FATP6 in mice results in dilated cardiomyopathy.
In Chapter 2, FATP1 and FATP6 activity is evaluated in the context of diabetic
cardiomyopathy, a heart condition that affects diabetic patients and is thought to be
dependent on excess fatty acid utilization in the heart3839. This work is also the first
to describe the expression of FATPs in the endocrine pancreas, and in Chapter 3 it s
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shown that deleting FATP1 protects beta cells from palmitate-induced apoptosis. In
the final chapter, our efforts to find a small molecule inhibitor for FATPs are
presented. Overall, our findings validate the essential role of FATPs in maintaining
normal fatty acid metabolism and confirm the implication of FATPs in the
development of metabolic diseases.



Chapter 1: Deletion of fatty acid transport protein 6 results in
reduced cardiac lipid levels and dilated cardiomyopathy

Rationale

Fatty acid transport proteins (FATPs) mediate fatty acid uptake in vivo and
are important contributors to metabolic homeostasis*. Altered expression of FATPs
results in increased susceptibility to or protection from metabolic diseases like
insulin resistance?!, non-alcoholic fatty liver disease*?, and cardiomyopathy*!. Fatty
acid transport protein 6 (FATP6) is a member of the FATP family. Like other FATPs,
it enhances fatty acid uptake when overexpressed in cells3>. It is primarily
expressed in the heart, localizing to the sarcolemma adjacent to cardiac
microvasculature3>. In a study of a single nucleotide polymorphism in the FATP6
gene in humans, researchers found that subjects with the FATP6 variant had altered
blood lipid levels, decreased blood pressure, and increased left ventricular mass#2.

The heart utilizes fatty acids for 70% of its energy production*3-4> and
alterations in cardiac substrate utilization are maladaptive84647. Enhanced cardiac
fatty acid oxidation, which occurs in obesity and diabetic cardiomyopathy#849, leads
to a reduction in overall cardiac efficiency*7.50. Reduced fatty acid oxidation, as
observed in cases of hypertrophic>1°2 and dilated cardiomyopathy?®3, ischemia®4°3,
and hypertension>>7 also leads to reduced cardiac inefficiency and eventually heart
failure#7.5258, Genetic mouse models have unequivocally shown that alterations in
fatty acid metabolism directly cause cardiac dysfunction>9-65,

Due to the vital importance of maintaining normal rates of fatty acid
utilization in the heart, cardiac fatty acid transport is a regulated process*>#47.
Besides FATP6, fatty acid transport protein 1 (FATP1), fatty acid translocase
(CD36), and plasma membrane fatty acid binding protein (FABPpm) are fatty acid
transporters that are expressed in the heart®¢. These transporters are regulated by
fatty acid supply and demand through insulin action, muscle contraction, oxygen
deprivation, and gene transcription®®.

Fatty acid transport in the heart is a multi-step process. Circulating albumin-
bound fatty acids or fatty acids hydrolyzed from lipoprotein triglycerides must first
cross the cardiac endothelium as free fatty acids®4>. Fatty acids then bind to
albumin and traverse the interstitial space. Finally, free fatty acids are taken up
through the sarcolemma membrane. While we do not fully understand the
mechanism by which each fatty acid transporter contributes to the individual steps
in this process, it is clear that the amount of fatty acid taken up by cardiac tissue is a
protein-mediated process. Fatty acid uptake by the heart is saturable, is reduced by
membrane-bound protein digestion, and can be inhibited with small molecule
inhibitors against fatty acid transporters®®-79. Other groups have shown that
manipulating the expression of fatty acid transporters results in changes in cardiac
metabolism1141.60.71 gnd in some cases, cardiac function*1.

Most of the work on fatty acid transport in the heart has centered on CD36
expression and function®. While one study evaluated the impact of overexpression
of FATP141, no one has investigated the impact of loss-of-function of FATPs in the
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heart or has evaluated the role of FATP6 in vivo. We hypothesized that like other
FATPs, FATP6 would mediate fatty acid uptake in vivo. Specifically, we were
interested in whether FATP6 expression affected cardiac metabolism and function.
Through generation of a lacZ-tagged FATP6 whole-body knockout mouse, we found
that FATP6 has a different expression pattern in mice than in humans and that
FATP6 mediates fatty acid availability in the heart. After investigating the effects of
FATP6 expression on cardiac metabolism and function in the context of a chow and
high-fat diet, we found a novel role for FATP6 in maintaining cardiac lipid levels and
normal systolic function.

Results

Human FATPG6 facilitates fatty acid uptake in vitro

We overexpressed the human FATP6 gene in HEK293 cells in order to investigate
the biochemical activity of FATP6 in vitro. Stable transfection of FATP6 resulted in
increased FATP6 gene expression compared to cells transfected with empty vector
(Fig. 1A). We made multiple clonal cell lines from these stably transfected cells,
screened them for expression of FATP6, and used the clone with the most robust
expression of FATP6 in subsequent studies.

We assessed the fatty acid uptake capabilities of the FATP6-overexpressing cells
with a real-time fatty acid uptake assay. We incubated the cells with BODIPY-fatty
acid bound to bovine serum albumin and measured the fluorescence of the cells
over time. We then compared the rate of fatty acid uptake of cells expressing FATP6
to cells expressing empty vector or FATP5. We have previously shown that FATP5-
expressing cells have significantly enhanced fatty acid uptake#?. While we see an
increased rate of BODIPY-fatty acid uptake in the FATP5-expressing cells, the
FATP6-expressing cells had the same rate of uptake as cells expressing empty vector
(Fig. 1B).

We used C1-BODIPY-C12 (Molecular Probes #D3283), a fluorescent fatty acid
analog that mimics the size and structure of a 16-carbon saturated fatty acid, in our
real-time fatty acid uptake assay. We also tested FATP6 activity on C1#-oleate, an
unsaturated fatty acid without a fluorescent tag. For this assay, we incubated
FATP6-expressing cells and control cells with C14-oleate for ten minutes and
measured the accumulation of radioactivity in the cell lysates. We found that like
FATP5-expressing cells, FATP6-expressing cells accumulated significantly more
radioactive oleate than cells expressing empty vector, suggesting that FATP6
expression enhanced cellular uptake of oleate (Fig. 1C).

Human FATP6 has acyl-CoA synthetase activity in vitro

Other members of the FATP family have been shown to have acyl-CoA synthetase
activity*. These proteins not only enhance cellular uptake of fatty acids, but also
help “trap” the fatty acids inside the cell and activate them for downstream
metabolic functions through a process termed vectorial acylation?. To test the acyl-
CoA synthetase activity of human FATP6, we performed an acyl-CoA synthetase
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activity assay with BODIPY-fatty acid on cells expressing FATP6, empty vector, or
acyl-CoA synthetase 4 (ACSL4), a known acyl-CoA synthetase. We incubated the cell
lysates with BODIPY-fatty acid for 20 minutes and then performed a lipid extraction
with Dole’s reagent to separate the intracellular hydrophobic fatty acids from the
aqueous fatty acyl-CoAs. We then measured the fluorescence in the aqueous phase.
Like ACSL4-expressing cells, FATP6-expressing cells had significantly more
fluorescence in the aqueous phase than cells expressing empty vector, indicating
that human FATP6 has acyl-CoA sythetase activity (Fig. 1D).

Generation of FATP6 whole-body knockout mice

Cumulatively, our biochemical assays show that FATP6 facilitates fatty acid uptake
in vitro. Our lab and others have also demonstrated important physiological roles of
FATPs in vivo*. FATPs are differentially expressed throughout the body, mediate
tissue fatty acid availability, and therefore impact the development of metabolic
disorders like insulin resistance and hepatic steatosis in mammals. To investigate
the physiological importance of FATP6, we generated whole-body FATP6 knockout
mice.

To make whole-body knockout mice, we utilized a knockout-first, promoter-driven
allele designed by the Knockout Mouse Project (Fig. 2A). When expressed, this
transgene results in a truncated, nonfunctional FATP6 gene and expression of f3-
galactosidase driven by the FATP6 promoter. This allele can also be modified by
homologous recombination with Flippase to produce a conditional knockout allele,
which can then be further modified with Cre recombinase to remove the third exon
of the gene in a time- or tissue-specific manner.

Researchers at the Mouse Biology Program at the University of California, Davis,
created chimeric mice using two clones of the knockout-first, promoter-driven
allele. We bred these chimeric mice to produce heterozygous (FATP6~/+) and
homozygous (FATP6-/-) transgenic mice. We verified the transgene location at the
FATP6 locus with long-range PCR. The PCR primers were designed to create
products that span the endogenous FATP6 allele and the transgene (Fig. 2A and
Table S1). We confirmed the position of both the 3" and 5’ arm of the gene (Fig.
2B). We also used quantitative PCR to confirm partial and full deletion of the FATP6
gene in multiple tissues in heterozygous and homozygous transgenic mice,
respectively (Fig. 2C).

Whole-body FATP6 knockout mice are viable and breed normally

We used both colonies of mice generated by the two distinct transgene vector clones
in subsequent studies. Both colonies appeared to have normal breeding patterns
and produce litters of average size and gender distribution (Table S3).
Heterozygous breeding pairs produced pups in normal Mendelian ratios. The
resulting phenotypes that we describe did not differ between the two colonies,
suggesting that the observed phenotypes were driven by loss-of-function of FATP6
and not by off-target effects.



FATPG is highly expressed in the testes, placenta, and lung in the mouse

We screened wild-type C57BL/6] mice for expression of FATP6 by performing
quantitative PCR on a panel of tissues. We found the highest expression of FATP6 in
the testes and lower expression of FATP6 in the placenta and the lung (Fig. 3A).
This expression pattern differs from that observed in humans3>. Similar patterns
and levels of FATP6 expression were observed in both male and female mice, mice
of various ages, mice of various strains, and in rats (data not shown).

We utilized the transgene in our knockout mice to further investigate FATP6
expression in mice. The unaltered transgene results in expression of 3-
galactosidase driven by the endogenous FATP6 promoter, so we can test for FATP6
expression by measuring 3-galactosidase activity. We measured [3-galactosidase
activity in tissue lysate from a panel of tissues from both wild-type and FATP6/-
mice with an assay utilizing a luminescent (3-galactosidase substrate. We observed
B-galactosidase activity above endogenous 3-galactosidase activity in the testes,
placenta and lung (Fig. 3B). The pattern and magnitude of this activity
corresponded to the results obtained from our quantitative PCR screen.

To pinpoint where FATP6 is expressed within the testes, lung, and placenta, we
performed a stain for (-galactosidase activity on tissue sections. By incubating
tissue sections with 5-bromo-4-chloro-3-indolyl 3-D-galactopyranoside (X-gal), a
substrate for (-galactosidase that produces a blue dye when cleaved, we can
determine which cell types express FATP6. We stained wild-type tissue in addition
to FATP6/- tissue in order to control for background staining from endogenous (-
galactosidase activity. Although we detect background staining in wild-type mouse
testes, the staining in FATP6/- testes was more intense and specifically localized to
the spermatocytes (Fig. 3C). In the lung, we localized FATP6 expression to the
columnar lung epithelial cells. We observed robust staining in the decidua of e12.5
FATP6/- placenta, but this staining pattern was also observed in wild-type placenta.
The endogenous staining pattern masked any FATP6 promoter-driven activity in the
placenta.

FATP6” mice weigh more than wild-type mice on a chow diet

To evaluate the metabolic phenotype of the whole-body FATP6 knockout mice, we
compared general metabolic parameters of FATP6/- mice to those of wild-type mice
on a standard chow diet or a high-fat diet. On a chow diet, FATP6-/- mice have
significantly greater body weights and higher circulating insulin levels than wild-
type mice (Table 1). Wild-type mice fed a high-fat diet for 16 weeks have increased
body weight and serum insulin levels compared to chow-fed mice (Table 1).
FATP6/- mice also gain body weight and have increased levels of serum insulin after
16 weeks of a high-fat diet. High-fat feeding abolished differences in body weight
and insulin levels between wild-type and knockout mice.



FATP6”" mice have reduced fatty acid uptake in the heart

To investigate whether FATP6 expression affected fatty acid uptake in vivo, we
performed a BODIPY-fatty acid uptake assay in live mice. We injected mice with
BODIPY-fatty acid bound to bovine serum albumin, waited 15 minutes, then
harvested various tissues and measured fluorescence in the tissue lysates.
Compared to wild-type mice, FATP6/- mice showed a trend towards reduced uptake
of BODIPY-fatty acid in the lung and white adipose tissue and a significant reduction
in BODIPY-fatty acid uptake in the heart (Fig. 4A). No change in BODIPY-fatty acid
uptake was observed in the liver.

Wild-type mice fed a high-fat diet have increased expression of FATP6 in the heart
FATP6 is highly expressed in human heart35, and although we do not observe
significant levels of FATP6 in mouse heart relative to other tissues, we can detect
FATP6 expression in the heart (Fig. 2C and 3A). Using quantitative PCR, we found
that wild-type mice fed a high-fat diet have increased expression of FATP6 in
cardiac tissue (Fig. 4B).

Isolated cardiomyocytes from FATP67 mice take up BODIPY-fatty acid at the same
rate as cardiomyocytes from wild-type mice

We also evaluated fatty acid uptake in cardiomyocytes isolated from FATP6/- and
wild-type mice. Isolation and tissue culture of neonatal cardiomyocytes from both
wild-type and FATP6-/- mice resulted in viable, beating cardiomyocytes within 24
hours of plating cells (Supplemental Video 1).

We developed a fatty acid uptake assay utilizing live-cell microscopy to visualize
fatty acid uptake in beating cardiomyocytes in real-time. We incubated the cells
with BODIPY-fatty acid bound to bovine serum albumin and captured images of the
cells every 30 seconds for 30 minutes using an inverted microscope at 20x objective.
We saw an increase in cell fluorescence over time, and within 15 minutes, we
observed the formation of fluorescent lipid droplets within the cardiomyocytes
(Supplemental Video 2). We measured the change in cell fluorescence over time
using imaging software that quantified individual cell fluorescence. Using this
method, we found that cardiomyocytes isolated from FATP6-/- mice had the same
rate of fatty acid uptake as cardiomyocytes from wild-type mice (Fig. 4C). This data
suggests that the reduction in cardiac fatty acid uptake in FATP6-/- mice may be due
to global loss-of-function of FATP6 rather than to loss of FATP6 activity in
cardiomyocytes, that there are developmental differences in cardiac fatty acid
uptake in neonatal and adult mice, or that FATP6 activity in the heart requires
factors that we did not recapitulate ex vivo.

FATP6”" mice have reduced cardiac triglyceride and free fatty acid levels

To further characterize the effects of FATP6 expression on cardiac lipid uptake in
vivo, we compared the relative weight of the heart in wild-type and knockout mice
fed a chow and high-fat diet. While high-fat diet feeding decreased the relative



weight of the heart in both wild-type and FATP6-/- mice, FATP6 expression itself did
not affect heart weight (Fig. 4D).

We measured triglyceride content in heart lysate from wild-type and FATP6/- mice
on a chow and high-fat diet. We found that on a chow diet, FATP6-/- mice had
significantly lower heart triglyceride levels than wild-type mice (Fig. 4E). Feeding
mice a high-fat diet ameliorated the effect of FATP6 expression on heart triglyceride
levels. We also measured free fatty acid levels and found that on a chow diet,
FATP6/- mice had significantly lower heart free fatty acid levels than wild-type
mice, and that this effect was eliminated by high-fat diet feeding (Fig. 4F). Taken
together, our data indicate that despite low expression of FATP6 in mouse heart,
whole-body deletion of FATP6 results in reduced lipid accumulation in the heart.

FATP6” mice do not have altered expression of other nutrient transporters in the
heart but do have increased expression of PPARa

We tested whether deleting FATP6 affected expression of other fatty acid
transporters or glucose transporters in the heart. Using quantitative PCR, we found
that feeding mice a high-fat diet increased cardiac expression of FATP1 and CD36 in
wild-type mice. However, we saw no compensatory increase in FATP1 or CD36
expression in hearts from FATP6-/- mice (Fig. 5A and B). In fact, expression of CD36
did not increase in FATP6-/- mice on a high-fat diet like it did in wild-type mice (Fig.
5B). Although not significant, we found a trend towards increased expression of
glucose transporter 1 (GLUT1) and glucose transporter 4 (GLUT4) in FATP6/-
hearts (Fig. 5C and D). Feeding both wild-type and FATP6/- mice a high-fat diet
decreased expression of glucose transporter 1 (Fig. 5C).

Peroxisome proliferator-activated receptor a (PPAR«a) transcriptionally regulates
many genes involved in fatty acid metabolism, including fatty acid transport, and its
expression in the heart affects cardiac metabolism and function’273. We found that
PPAR« expression significantly increased in FATP6-/- mice fed a chow diet (Fig. 5E),
while this effect was eliminated in mice fed a high-fat diet.

FATP6”" mice have reduced systolic function

To investigate whether FATP6 expression affected cardiac function, we performed
echocardiography. Echocardiography is the standard technique used to measure
cardiac function in vivo and is now routinely and reliably performed in small
rodents’4-77. We evaluated cardiac function in wild-type and FATP6-/- mice on a
chow and high-fat diet with B-mode measurements in the parasternal long-axis
view of the left ventricle and with M-mode measurements in the short-axis view of
the middle of the left ventricle. Using these measurements and the software
accompanying our ultrasound, we calculated multiple cardiac parameters that are
indicative of cardiac function.

Although not significant, we found a trend towards decreased intraventicular
septum length and left ventricular posterior wall thickness at both systole and
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diastole in FATP6-/- mice on a chow diet compared to wild-type mice (Table 2 and
Fig. 6A). We found a significant increase in left ventricle internal diameter at both
systole and diastole in FATP6-/- mice compared to wild-type mice on a chow diet
(Table 2 and Fig. 6B). Feeding mice a high-fat diet diminished these changes in left
ventricular wall thickness and left ventricle diameter (Table 2 and Fig. 6A and B).
Left ventricular dilation in FATP6+/- mice resulted in a trend towards reduced
fractional shortening, which is the change in left ventricle diameter during a cardiac
cycle, and in a significant decrease in ejection fraction, or the fraction of blood
ejected per heartbeat (Table 2 and Fig. 6C). We also found a significant increase in
stroke volume, or the volume of blood ejected per heartbeat, in FATP6-/- mice, while
body weight-adjusted cardiac output was maintained (Table 2 and Fig. 6D and E).
Feeding mice a high-fat diet diminished the effects of loss-of-function of FATP6 on
systolic cardiac function (Table 2 and Fig. 6C and D). FATP6/- mice did not have a
reduction in weight-adjusted cardiac output as observed in wild-type mice on a
high-fat diet (Table 2 and Fig. 6E).

FATP6”" mice have increased levels of apoptosis in the heart

Alterations in fatty acid metabolism and utilization can lead to an accumulation of
fatty acids in cardiomyocytes and to lipotoxicity®. To investigate whether FATP6-/
mice had altered levels of apoptosis in the heart, we performed a TUNEL stain on
heart sections. Surprisingly, we found significantly increased levels of apoptosis in
FATP6/- hearts from mice fed a chow diet (Fig. 6F), although in mice fed a high-fat
diet, we did not see a significant difference in rates of apoptosis in the heart
between wild-type and FATP6/- mice.
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Figure 1. Human FATP6 has fatty acid uptake and acyl-CoA synthetase activity.

A HEK?293 cells stably transfected with the human FATP6 gene express significantly
more FATP6 transcript than HEK293 cells transfected with an empty vector (n=3).
B HEK293 cells stably overexpressing FATP6 have the same BOIDPY-fatty acid
uptake rate as cells expressing empty vector (n=9). € FATP6-overexpressing cells
accumulate more C*-oleate than cells expressing empty vector (n=3). D FATP6-
overexpressing cells have higher acyl-CoA synthetase activity than cells expressing

empty vector (n=3). RFU = relative fluorescent units, DPM = disintegrations per minute.
*p < 0.05, **p < 0.005, ***p < 0.001. Error bars represent SEM.
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Figure 2. Generation of FATP6 whole-body knockout mice.

A A knockout-first, promoter-driven allele designed by the Knockout Mouse Project
targeted exon 3 of the murine FATP6 gene and is shown with the genotyping
strategy developed by the Mouse Biology Program at the University of California,
Davis. B Long-range PCR verification of the correct location of the targeting cassette
in the mouse genome and of germline transmission of the transgene. € Quantitative
PCR verification of the deletion of the FATP6 gene in various mouse tissues in mice
heterozygous and homozygous for the transgene.
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Figure 3. FATPG is highly expressed in spermatocytes and in lung epithelial cells in the
mouse.

A FATP6 mRNA is most highly expressed in the testes, placenta, and lung in
C57BL/6] mice (n=3). B FATP6-driven f3-galactosidase activity is detected in mouse
testes, placenta, and lung as measured by a luminescent assay (n=3). € f3-
galactosidase staining in tissue sections demonstrates FATP6 promoter activity in
testes spermatocytes and lung columnar epithelial cells, while there is non-specific

staining in the decidua of the placenta. WAT = white adipose tissue. *p < 0.05. Error bars
represent SEM.
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Table 1. Body weight and blood metabolite levels in wild-type and FATP6” mice on a
chow and high-fat diet.

(ng/ml)

WT Chow WT HFD | FATP6-/- Chow FATP6/- HFD
Body weight (g) 28.49 + 0.55 4724 +1.28++ | 3513+ 1.07"* | 46.72+2.20
Blood glucose 185.5 + 7.98 200.8 £ 17.40 208.8 + 8.83 191.4 +9.62
(mg/dL)
Serum TAG 76.00 + 7.07 79.42 +8.13 76.15 + 10.54 92.20 + 6.13
(mg/dL)
Serum FFA (mM) | 0.9114+0.041 | 0.8366 + 0.084 0.8977 +0.17 1.073 + 0.24
Serum insulin 0.6242 + 0.054 7.852 + 1.90+ 1.789 + 0.39* 7.364 + 1.46*

TAG = triglycerides, FFA = free fatty acids. *p < 0.05 versus wild-type, **p < 0.005 versus wild-type,
*#*p < 0.001 versus wild-type; *p < 0.05 versus chow diet, **p < 0.005 versus chow diet, ***p < 0.001

versus chow diet. Mean is given with SEM.
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Figure 4. FATP6”" mice have reduced BODIPY-fatty acid uptake and reduced lipid
accumulation in the heart.

A FATP67/- mice show a trend towards reduced fatty acid uptake in lung and white
adipose tissue and have significantly reduced BODIPY-fatty acid uptake in the heart
compared to wild-type mice (n=5). B Wild-type mice fed a high-fat diet for 16
weeks have enhanced expression of FATP6 in the heart compared to mice on a chow
diet (n=6). € Neonatal cardiomyocytes isolated from FATP6-/- mice take up
BODIPY-fatty acid at the same rate as neonatal cardiomyocytes isolated from wild-
type mice (n=8). D FATP67/- mice have hearts of similar weight in proportion to total
body weight compared to wild-type mice when fed a chow or high-fat diet. High-fat
diet feeding decreases the relative weight of the heart in proportion to total body
weight in both wild-type and FATP6-/- mice (n=5-6). E FATP6/- mice have lower
heart triglyceride levels than wild-type mice on a chow diet. High-fat diet feeding
ameliorates this effect (n=5-6). F FATP6/- mice have lower heart free fatty acid
levels than wild-type mice on a chow diet. High-fat diet feeding eliminates this

effect (n=5-6). WAT = white adipose tissue, HFD = high-fat diet, RFU = relative fluorescent units,
FFA = free fatty acids. *p < 0.05 versus wild-type, **p < 0.005 versus wild-type, *p < 0.05 versus chow
diet, **p < 0.005 versus chow diet, ***p < 0.001 versus chow diet. Error bars represent SEM.
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Figure 5. FATP6/ mice express nutrient transporters in the heart at similar levels as
wild-type mice.

A FATP1 expression in the heart increases upon high-fat feeding in both wild-type
and FATP6-/-mice (n=5). B CD36 expression in the heart increases upon high-fat
feeding in wild-type, but not FATP6-/- mice (n=5). € GLUT1 expression in the heart
decreases upon high-fat feeding in mice (n=5). D GLUT4 expression trends towards
increasing in FATP6/- mice (p = 0.050 for chow diet and p = 0.070 for high-fat diet,
n=5). E Cardiac PPAR«a expression is increased in FATP6/- mice compared to wild-

type mice on a chow diet (n=5). HFD = high-fat diet. *p < 0.05 versus wild-type, *p < 0.05
versus chow diet, *+*p < 0.005 versus chow diet. Error bars represent SEM.
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Table 2. Echocardiography results in wild-type and FATP6” mice

WT Chow WT HFD FATP6-/- Chow \ FATP6-/- HFD
IVSs (mm) 1.586 £ 0.096 1.684 + 0.091 1.402 + 0.048 1.630 + 0.11
IVSd (mm) 1.048 + 0.073 1.158 £ 0.045 0.9346 £ 0.030 1.091 £ 0.075
LVPWSs (mm) 1.463 +0.12 1461 +0.11 1.147 + 0.096 1.345 £ 0.10
LVPWd (mm) | 0.9701 + 0.087 0.9946 + 0.057 0.8415+0.047 | 0.9168 + 0.052
LVIDs (mm) 2.135+£0.20 1.992 + 0.31 3.019 £ 0.18** 2.489 £ 0.19
LVIDd (mm) 3.565+0.11 3.435 +0.22 4278 + 0.11** 3.696 + 0.14+
CI 0.5357 £0.019 | 0.3165 + 0.031+++ | 0.5486 £ 0.024 | 0.5443 £ 0.048**
(ml/min/g BW)
SV (uD) 3544 +£1.54 33.76 + 3.31 42.26 + 2.32* 35.67 +£ 3.88
EF (%) 68.52 + 4.50 68.59 + 4.69 54.69 + 2.92* 60.95 + 3.38
FS (%) 32.16 + 3.79 34.21 £5.09 24.20 + 1.74 27.24 £ 2.20
LV mass 3.838 £ 0.23 2.392 £ 0.10++ 3.404 £ 0.098 2431 £0.21+
(mg/g BW)

IVSs = intraventricular septum length at systole, [VSd = intraventricular septum length at diastole, LVPWs =
left ventricular posterior wall thickness at systole, LVPWd = left ventricular posterior wall thickness at
diastole, LVIDs = left ventricular internal diameter at systole, LVIDd = left ventricular internal diameter at
diastole, CI = cardiac index, SV = stroke volume, EF = ejection fraction, FS = fractional shortening, LV = left
ventricle, BW = body weight. *p < 0.05 versus wild-type, **p < 0.005 versus wild-type; *p < 0.05 versus chow
diet, **p < 0.005 versus chow diet, ***p < 0.001 versus chow diet. Mean is given with SEM.
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Figure 6. FATP6”" mice have cardiac dilation, reduced systolic function, and enhanced
levels of apoptosis in cardiomyocytes.

A On a chow diet, FATP6/- mice show a trend towards decreased left ventricular
posterior wall thickness at systole compared to wild-type mice, and this effect is
reduced in mice fed a high-fat diet (n=5-6). B On a chow diet, FATP6-/- mice have
larger left ventricular internal diameters during systole compared to wild-type mice,
and this effect is reduced in mice fed a high-fat diet (n=5-6). € On a chow diet,
FATP6/- mice have significantly reduced ejection fraction compared to wild-type
mice, and this effect is reduced in mice fed a high-fat diet (n=5-6). D On a chow diet,
FATP6/- mice have significantly increased stroke volume compared to wild-type
mice, and this effect is reduced in mice fed a high-fat diet (n=5-6). E FATP6/- mice
have the same weight-adjusted cardiac output as wild-type mice on a chow diet, but
FATP6/- mice do not have the reduction in cardiac index observed in wild-type mice
on a high-fat diet (n=5-6). F FATP6/- mice on a chow diet have more apoptosis in
cardiomyocytes than wild-type mice, while high-fat diet feeding alleviates this effect
(n=5-6). HFD = high-fat diet, BW = body weight. *p < 0.05 versus wild-type, **p < 0.005 versus

wild-type, *p < 0.05 versus chow diet, **p < 0.005 versus chow diet, ***p < 0.001 versus chow diet.
Error bars represent SEM.
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Discussion

FATP6 facilitates the transport of fatty acids into cells. It is highly expressed
in mouse testes, lung, and placenta, but may mediate fatty acid uptake in other
peripheral tissues. Global deletion of FATP6 resulted in significantly reduced fatty
acid uptake into cardiac tissue and FATP6-/- mice have reduced cardiac triglyceride
and free fatty acid levels. We did not observe altered expression of other fatty acid
transporters in the heart, but we did find a trend towards increased expression of
glucose transporters. FATP6-/- mice show evidence of cardiac dilation, reduced
systolic function, and enhanced cardiomyocyte apoptosis. While we did not directly
measure beta-oxidation, glucose uptake, or glucose oxidation in our mice, our data
suggests that FATP6-/- mice utilize fewer fatty acids in the heart than wild-type mice
and unsuccessfully compensate for this reduction in fatty acid utilization with
enhanced glucose utilization. Taken together, our data reveal a role for FATP6 in
maintaining normal cardiac fatty acid metabolism and function.

FATP6/- mice show evidence of systolic dysfunction suggesting dilated
cardiomyopathy, including dilation of the left ventricle, reduced ejection fraction,
and increased stroke volume. During dilated cardiomyopathy, the stroke volume of
the heart increases to compensate for decreased ejection fraction in order to
maintain cardiac output. Eventually, untreated dilated cardiomyopathy leads to the
development of congestive heart failure>3. This type of cardiomyopathy is the most
prevalent form of cardiomyopathy and is the most common indicator for heart
transplants in the United States>3.

FATP6/- mice also have increased levels of apoptosis in cardiomyocytes.
Although intracellular fatty acid accumulation itself is proposed to contribute to
apoptosis and reduced cardiac function, cardiolipotoxicity is not well-documented
in vivo and the mechanisms remain unclear8. Low levels of apoptosis in the heart
have been shown to lead to dilated cardiomyopathy and heart failure in mice?s.

Feeding FATP6-/- mice a high-fat diet restored cardiac triglyceride and free
fatty acid levels and ameliorated the changes we found in cardiac function,
effectively rescuing the heart phenotype we observed. This suggests that reduced
fatty acid availability in the heart drives the FATP6/- heart phenotype. Hearts
cannot fully compensate for reduced fatty acid oxidation with glucose oxidation?.
Loss of FATP6 expression may result in reduced cardiac fatty acid utilization and
overall reduced energy production, which could lead to cardiac inefficiency, dilated
cardiomyopathy, and cardiomyocyte apoptosis.

Supporting this hypothesis, the FATP6-/- mouse heart phenotype mimics
other mouse models and genetic human diseases in which there is a reduction in
cardiac fatty acid utilization. The heart-specific lipoprotein lipase knockout mouse
has reduced uptake of triglyceride-derived lipids in the heart, reduced palmitate
oxidation, increased GLUT4 expression, increased glucose uptake, and increased
glucose oxidation®1.79. Heart-specific lipoprotein lipase knockout mice also show
evidence of dilated cardiomyopathy, specifically left ventricular dilation and
reduced fractional shortening, and the mice are unable to cope with ischemic
stress®l. CD36 knockout mice have reduced fatty acid uptake and oxidation in the
heart1160.71 as well as reduced cardiac triglyceride levels®® and increased glucose
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oxidation’?, although they do not show signs of cardiomyopathy or reduced cardiac
function. Some researchers have found that CD36 deficiency in humans, which also
results in reduced fatty acid oxidation and enhanced glucose oxidation®9, is
associated with hypertrophic cardiomyopathy, but this finding was not
reproducible®182, Heart-specific fatty acid binding protein knockout mice have
reduced cardiac fatty acid utilization and enhanced glucose utilization as well, but
they develop cardiac hypertrophy rather than dilated cardiomyopathy>°.

Several human genetic disorders that result in reduced expression and
activity of genes involved in fatty acid oxidation result in dilated cardiomyopathy.
Examples include deficiencies in malonyl-CoA decarboxylase, the enzyme that
converts malonyl-CoA, an inhibitor of beta-oxidation, into acetyl-CoA83; deficiencies
in very-long-chain acyl-CoA dehydrogenase, the first enzyme in the beta-oxidation
pathway8485; deficiencies in long-chain 3-hydroxyacyl-CoA dehydrogenase, the
enzyme responsible for the third step in beta-oxidaiton®3, and systemic deficiencies
in carnitine, the molecule that facilitates the transfer of fatty acids across the
mitochondrial membrane®s.

Rodent models that result in increased fatty acid uptake in the heart, like
cardiac overexpression of PPARa®373, FATP141, or acyl-CoA synthetase 165, or
models of obesity like the db/db mouse*8 or obese ZDF rat8¢ tend to result in the
opposite heart phenotype. These mouse models show evidence of enhanced cardiac
lipid accumulation, increased fatty acid oxidation, decreased glucose oxidation, and
cardiac hypertrophy. Unlike the phenotype observed in the FATP6-/- mice, these
metabolic abnormalities result in systolic as well as diastolic dysfunction and more
closely resemble hypertrophic cardiomyopathy than dilated cardiomyopathy.

Clearly, it is important that hearts maintain a normal balance between fatty
acid and glucose utilization and altering cardiac metabolism has profound effects on
heart physiology and function. Equally apparent is that genes that control fatty acid
availability play major roles in overall cardiac metabolism. In fact, it has been
proposed that fatty acid uptake is the rate-limiting step of fatty acid utilization in the
heart#>66, In the aforementioned mouse models and human genetic disorders,
disruption of genes involved in cardiac fatty acid transport led to reduced fatty acid
oxidation and gain-of-function of genes involved in cardiac fatty acid transport led
to increased fatty acid oxidation. Although carnitine palmitoyltransferase-1 is
viewed as the rate-limiting step in fatty acid utilization, its expression and activity
do not correlate with fatty acid oxidation rates in the heart®687-89, Here, a new
mediator of fatty acid availability within cardiac tissue is described and its
expression is shown to affect cardiac metabolism and overall function. To clearly
demonstrate a link between FATP6 expression, fatty acid utilization, and cardiac
function, future studies will need to measure cardiac fuel utilization in FATP6/-
mice.

We did not observe changes in fatty acid uptake in cardiomyocytes isolated
from neonatal FATP6-/- mice compared to cardiomyoctyes from wild-type mice, but
only in adult FATP6/- hearts in vivo. This data, along with our expression data,
suggests that the FATP6-/- mouse heart phenotype may be driven by global loss of
FATP6 expression and not by deletion of FATP6 specifically in cardiac tissue.
Alternatively, this data may indicate that FATP6 only mediates fatty acid uptake in
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the hearts of adult mice rather than in neonatal mice. This hypothesis could be
addressed by measuring fatty acid uptake in cardiomyocytes isolated from adult
wild-type and FATP6-/- mice. It may also be the case that FATP6 activity requires
factors that are present in vivo that we did not recapitulate in tissue culture. In
order to better understand the location and mechanism of FATP6 in the heart,
cardiac-specific FATP6 knockout mice could be generated using our current
transgene and the phenotype of these mice could be compared to that of the whole-
body FATP6 knockout mice.

Our data presents the possibility that FATP6 is playing a role in endothelial
cell fatty acid transport. In support of this hypothesis, we observed a decrease or a
trend towards decreased fatty acid uptake in tissues with continuous, non-porous
endothelium, like the heart, lung, and white adipose tissue, while we did not observe
any difference in fatty acid uptake in the liver, which has fenestrated endothelium.
Fenestrated endothelium may allow albumin-bound fatty acid direct access to
peripheral tissues, while tissues with continuous endothelium require the
dissociation of fatty acids from albumin and the transport of fatty acids across the
endothelial cell membrane prior to the fatty acids having access to peripheral
tissues®6. Secondly, our heart phenotype most closely resembles that of the heart-
specific lipoprotein lipase mouse, which specifically results in reduced fatty acid
availability to cardiomyocytes from the endothelium. Lipoprotein lipase is
produced by peripheral tissues but acts in the surrounding capillaries®. Finally, our
results coincide with a study published on a human FATP6 genetic variant with a
single nucleotide polymorphism in the FATP6 gene that is proposed to result in
constitutive binding of PPARa*2. We would expect enhanced PPARa activity at the
FATP6 promoter to result in increased FATP6 expression. Researchers in this study
found reduced serum triglyercide and free fatty acid levels and increased left
ventricular mass in men with the FATP6 variant compared to controls. While they
did not measure the level or location of FATP6 expression in their subjects, it is
tempting to speculate that the FATP6 variant resulted in increased expression of
FATP6 and increased delivery of fatty acids from circulation into peripheral tissues,
thereby reducing serum lipid levels and causing lipid accumulation and hypertrophy
in the heart.

Researchers do not fully understand how circulating fatty acids traverse the
endothelial wall and get taken up by peripheral tissues, but one study shows that
two FATPs, FATP3 and FATP4, are expressed in endothelial cells and regulated by
vascular endothelial growth factor®l. This group went on to find significant
physiological roles for FATP3 and FATP4 in mediating cellular fatty acid uptake in
peripheral tissues, including the heart, but they did not thoroughly investigate the
role of FATP6. FATP6 may also play a role in endothelial fatty acid transport and
therefore systemic fatty acid availability to peripheral tissues.

Our expression data agrees with unbiased genetic screens in mice that found
that FATP6 transcript is highly expressed in testes and lung®2. This expression
pattern deviates from the FATP6 expression pattern in humans. In humans, FATP6
is reported to be most highly expressed in the heart3®, and unbiased genetic and
proteomic screens in humans confirm this finding®3-°>. While we do not detect
robust expression of FATP6 in mouse heart, FATP6 does mediate fatty acid
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availability in heart and thereby affects cardiac metabolism and physiology. Future
studies will need to address what roles FATP6 plays in tissues where it is highly
expressed in the mouse, like the testes, lung, and placenta.

Like other FATPs*, FATP6 has fatty acid transport and acyl-CoA synthetase
activity in vitro and mediates fatty acid availability in vivo. While we did not
observe increased BODIPY-fatty acid uptake in HEK293 cells overexpressing FATPS,
we did observe BODIPY-fatty acid acyl-CoA snythetase activity and uptake of C14-
oleate in vitro. In vivo, FATP6 mediated rapid BODIPY-fatty acid uptake. These data
suggest that FATP6 does not necessarily have a substrate preference for oleate over
other kinds of fatty acids, but rather that our cell system does not perfectly emulate
biological fatty acid uptake conditions. Indeed, our lab has observed that stable cell
lines expressing FATP6 sometimes lose fatty acid uptake capabilities over time3>.

In summary, FATP6 mediates fatty acid availability in vivo by enhancing the
transport and activation of fatty acids. While it is highly expressed in the testes,
lung, and placenta in the mouse, it is responsible for fatty acid uptake in the heart.
We found that loss-of-function of FATP6 in mice led to reduced cardiac lipid
accumulation, dilated cardiomyopathy, and cardiomyocyte apoptosis. Feeding the
mice a high-fat diet diminished these effects, perhaps by increasing lipid levels
enough to overcome the reduction in fatty acid import caused by lack of FATP6
activity. We hypothesize that FATP6 deletion results in reduced cardiac fatty acid
utilization, which leads to reduced cardiac efficiency, and that this in turn leads to
dilated cardiomyopathy and cell death. These findings constitute the first evidence
for a physiological role of FATP6 in vivo. We are also the first to show that deletion
of a fatty acid transporter results in diminished cardiac function. Targeting fatty
acid transport may prove to be an effective method to restore normal cardiac
metabolism and prevent the development of cardiomyopathy and other cardiac
dysfunction in the event of excess or deficient fatty acid utilization.

Methods

Animal experiments

All animal procedures were approved by the University of California Berkeley
Animal Care and Use Committee. C57BL/6] mice were purchased from the Jackson
Laboratory (#000664). FATP6-/- mice were generated as described below. All
animal experiments were performed in 6- to 24-week-old male mice. Mice were
given free access to water and rodent chow (Harlan Teklad #2018) or 60% fat diet
(Research Diets, Inc. #D12492) and housed under standard conditions. The 60% fat
diet was maintained for 16 weeks. Blood glucose was measured with a glucometer
(NovaMax #14). For serum analyses, 50 pl of blood was collected with a non-
heparinized capillary tube and allowed to coagulate at room temperature for 15-30
minutes. The blood was centrifuged at 1500 x g for 10 minutes at 4°C and the serum
was further analyzed.

Generation of transgenic mice
The FATP6 transgene was designed and developed by the Knockout Mouse
Consortium (Project ID #CSD39430, Fig. 2A). Researchers at the Mouse Biology
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Program at the University of California, Davis electroporated two distinct clones of
knockout-first, promoter-driven vectors into JM8.N4 agouti stem cells and
implanted the stem cells into C57BL/6] blastocysts. The location of the transgene in
the stem cells was verified with long-range PCR (Fig. 2B). Chimeric mice were
produced and bred to C57BL/6] mice to test for germline transmission. Germline
transmission for both clones was confirmed with long-range PCR and quantitative
PCR (Fig. 2B, 2C, and Table S1; primers in Table S2). Heterozygous mice for each
clone were bred together to generate FATP6-/- mice. Both colonies of mice were
used in subsequent studies.

Echocardiography

Echocardiography was performed in mice using the Vevo2100 ultrasound
(VisualSonics). Mice were anesthetized with 3% isoflurane and held under 1.5-2.5%
anesthesia to maintain a heart rate of 400-500 beats per minutes. The fur covering
the thorax was removed with a depilatory cream and body temperature was
maintained at 37°C. Hearts were first imaged in B-mode in a parasternal long-axis
view using a MS 550S transducer and then in M-mode in a short-axis view. At least
two sets of time-lapse images were collected in each view for each mouse. Images
were analyzed using the Vevo2100 software. A left ventricular trace was performed
for B-mode and M-mode images. Intraventricular septum, left ventricular internal
diameter, and left ventricular posterior wall thickness were measured in M-mode in
four tandem cardiac cycles. The Vevo2100 software utilized these measurements to
calculate cardiac output, stroke volume, ejection fraction, fractional shortening, and
left ventricular mass with algorithms detailed in their manual. Replicate
measurements and values were averaged for each mouse. Cardiac output was
adjusted for animal body weight and presented as cardiac index. Left ventricular
mass was also adjusted for animal body weight.

In vivo BODIPY-fatty acid uptake assay

Wild-type and FATP6-/- mice were fasted for three hours and injected with 20 uM
BODIPY-fatty acid (Molecular Probes #D3823) bound to 1% bovine serum albumin
at 0.125 pmol BODIPY per kilogram of body weight. Mice were euthanized and
tissues were harvested 15 minutes later. Tissues were homogenized in
radioimmunoprecipitation assay buffer (150 mM sodium chloride, 1% NP-40, 0.5%
deoxycholic acid, 0.1% sodium dodecyl sulfate, 50 mM Tris, pH 8.0) and the
fluorescence of the lysate was read at an excitation of 488 nm and emission of 515
nm using the SpectraMaxi3 plate reader (Molecular Devices). Protein content was
quantified by the bicinchoninic assay (Pierce #23225). Relative fluorescence values
were adjusted for lysate protein content.

Isolation and culture of neonatal cardiomyocytes

Neonatal mouse cardiomyocytes were isolated using a published protocol®®. Briefly,
hearts were extracted from one- to three-day-old mice and minced and digested
overnight in 0.0125% trypsin supplemented with 20 mM 2,3-butanedione
monoxime (Sigma #B-0753). The next day, hearts were further digested in 1.5
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mg/ml collagenase/dispase (Roche #10269638001) in L-15 media supplemented
with 20 mM 2,3-butanedione monoxime for 30-40 minutes while shaking at 37°C.
The digest was filtered through a 100 pM cell strainer and centrifuged at 100 x g for
5 minutes to pellet cardiomyocytes. Cells were then plated in DMEM media with
19% M-199, 10% horse serum, 5% fetal calf serum, and 1% penicillin-streptomycin
onto tissue culture plates for three hours to allow for the adherence of fibroblasts.
The non-adherent cardiomyocytes were re-plated onto collagen-coated glass culture
dishes (0.1% collagen solution from Sigma #I-6501, glass culture dishes from
MatTek #P35GC-1.0-14-C). After 16 hours, the plating media was replaced with
DMEM media with 17% M-199, 4% horse serum, 1% penicillin-streptomycin, 1 pM
cytosine-B-D-arabinofuranoside hydrochloride (Sigma #C-6645), and 1 uM
isoproterenol (Sigma #1-6501).

BODIPY-fatty acid uptake assay in isolated cardiomyocytes

18-24 hours after plating isolated cardiomyocytes, beating cells were imaged for
BODIPY-fatty acid uptake using a Zeiss AxioObserver Z1 microscope. Cell media
was replaced with a solution containing 1 mM trypan blue, 3.5 g/L glucose, 2 pM
BODIPY-fatty acid, and 0.1% bovine serum albumin in Hank’s buffered saline
solution. Images were captured with a 20x objective every 30 seconds for 30
minutes. Images were processed with Image]. The mean fluorescence of individual
cells was plotted over time and linear regression was performed to calculate the
steady-state change in fluorescence.

B-galactosidase activity assay

B-galactosidase activity was measured in mouse tissue using the Galacto-Star™
System (Applied Biosystems #T1012). Wild-type and FATP6/- tissues were
homogenized in lysis buffer. The lysates were incubated at 48°C for one hour to
inactivate endogenouse [3-galactosidase activity. The lysates were diluted 1:10 into
Galacto-Star™ reaction buffer and incubated for 30 minutes. The luminescence of
each sample was detected with a SpecrtraMax i3 plate reader with an integration
time of 0.1-1 second/well. Light signal was adjusted for protein concentration.

B-galactosidase staining

[-galactosidase activity was detected on tissue sections using a standard protocol.
Wild-type and FATP6-/- mice were sacrificed and perfused with 50 ml of ice-cold 4%
paraformaldehyde (Electron Microscopy Sciences #15710) through the left
ventricle of the heart. Each organ was dissected and fixed in 4% paraformaldehyde
for an additional 30 minutes at 4°C, washed in phosphate-buffered saline, then
equilibrated in 30% sucrose overnight at 4°C. The tissues were cryopreserved in
0.C.T Compound (Sakura #4583) in a cryomold and sectioned at 10 pM onto
charged glass slides with a Leica CM3050S cryostat at -20°C. The resulting slides
were stained in a solution containing 2 mM magnesium chloride, 0.01% deoxycholic
acid, 0.02% IGEPAL CA-630, 0.1% 5-bromo-4-chloro-3-indolyl 3-D-
galactopyranoside (X-gal, Sigma #B4254) in dimethylfluoride, 5 mM potassium
ferrocyanide, and 5 mM potassium ferricyanide overnight at 37°C. The slides were
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rinsed in phosphate-buffered saline, post-fixed in 4% paraformaldehyde for one
hour at 4°C, and counter-stained in Nuclear Fast Red (Sigma #N3020) for one
minute. The slides were dehydrated in 50% ethanol, 70% ethanol, and 100%
ethanol in succession, cleared in Xylenes, and mounted in Permount (Fisher #SP15-
100). The slides were imaged with a Zeiss Axioimager M1 microscope.

Apoptosis assay

Hearts were dissected and fixed in 4% paraformaldehyde for one hour at 4°C,
washed in phosphate-buffered saline, then equilibrated in 30% sucrose overnight at
4°C. The tissues were cryopreserved in O.C.T Compound in a cryomold and
sectioned at 10 pM onto charged glass slides at -20°C. Heart sections were stained
for apoptotic cells using the In Situ Cell Death Detection Kit (Roche #11684795910).
Briefly, the slides were post-fixed in 4% paraformaldehyde for 20 minutes at room
temperature, permeabilized with 0.1% Triton X-100 (Sigma Aldrich #234729) in
0.1% sodium-citrate for 5 minutes at room temperature, then incubated in TUNEL
reaction mixture at 37°C for one hour. As a positive control for the reaction, a heart
section was treated with DNase I for 10 minutes before the TUNEL stain. Slides
were mounted in DAPI mountant (Life Technologies P36971) and imaged with a
Zeiss LSM710 laser scanning confocal microscope. TUNEL-positive apoptotic cells
and total number of cells were quantified with IMARIS.

Cell culture

HEK?293 cells (ATCC #CRL-1573) were maintained in DMEM supplemented with
10% fetal bovine serum and 1% penicillin-streptomyocin and incubated at 37°C
with 5% COz. The human FATP6 gene was cloned into pIRES-neo (Addgene
#10835) and transfected into HEK293 cells with Fugene HD (Promega #E2311).
FATP6-expressing cells were selected by growing cells in media containing G418
(Sigma #A1720). Cells were serially diluted to obtain single colonies of clonal cells.
The clone expressing the highest level of FATP6 transcript was used in subsequent
assays. Cells expressing human FATP5 were previously generated in the lab*? and
cells expressing ACSL4 were generated by transient transfection of the mouse
ACSL4 gene into HEK293 cells.

Quencher-based real-time BODIPY-fatty acid uptake assay

The real-time fatty acid uptake assay was based on a previously published assay?’.
Cells were plated in a 96-well plate with 30,000 cells per well the day before the
assay. Cell media was replaced with uptake solution containing 1 mM trypan blue,
3.5 g/L glucose, 2 uM BODIPY-fatty acid, and 0.1% bovine serum albumin in Hank’s
buffered saline solution. The cells were immediately placed into a SpectraMax i3
plate reader and the fluorescence was read at an excitation of 488 nm and emission
of 515 nm every minute for two hours. The steady-state change in fluorescence
over time was plotted.
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C'*-oleate uptake assay

Cells were plated in a six-well plate the day before the assay. Cell media was
replaced with uptake solution containing 20 uM C14-oleate in 0.1% bovine serum
albumin. The cells were incubated with uptake solution for ten minutes and the
reaction was stopped by addition of ice-cold 0.2% bovine serum albumin. Cells
were homogenized in radioimmunoprecipitation assay buffer and radiation was
quantified in the cell lysate with a liquid scintillation counter. The values were
adjusted for protein content.

BODIPY-fatty acyl CoA synthetase activity assay

Cells were trypsinized and lysed in 300 mM sucrose supplemented with 2 mM
MOPS-sodium hydroxide, pH 7.4. The cell lysate was incubated with a solution
containing 2 uM BODIPY-fatty acid (Molecular Probes #D3821), 20 uM Coenzyme A
(Sigma #C3144), 10 mM ATP (Sigma #A2383), 10 mM magnesium chloride, and 150
mM tris-hydrochloride for 20 minutes at 37°C. The reaction was stopped by moving
the lysates to Dole’s reagent containing heptane:isopropanol:2 N sulfuric acid in a
10:40:1 ratio. Fatty acids were extracted by vortexing the lysates with Dole’s
reagent and centrifuging the samples to create an aqueous and organic layer. The
aqueous layer was washed two times with additional heptane. The fluorescence of
the aqueous layer was measured using a SpectraMax i3 plate reader at an excitation
of 488 nm and emission of 515 nm. The values were adjusted for the protein
content of the original lysates.

Quantitative PCR

1 pl of cDNA was used in a 20 pl PCR reaction along with 1 pl PrimeTime qPCR assay
[Integrated DNA Technologies #Mm.PT.39a.1 for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), #Hs.PT.58.40136242 for hsFATP6, #Mm.PT.58.43265938
for mmFATP6, #Mm.PT.53a.33622420 for mmFATP1, #Mm.PT.58.12375764 for
mmCD36, #Mm.PT.58.7020742 for mmPPARa, #Mm.PT.58.9683859 for mmGLUT1,
and #Mm.PT.58.9683859 for mmGLUT4] and 10 pl TagMan Universal Master Mix Il
(Thermo Fisher Scientific #4440040). The PCR reactions were run and cycle
thresholds were calculated with the Applied Biosystems 7500 Real Time PCR
System. Fold change was calculated by comparing the difference in cycle thresholds
between the gene of interest and the housekeeping gene for treated samples and
control samples. For placenta samples, RNA was collected from e12.5 placentas.

Quantification of triglycerides, free fatty acids, and insulin in tissue lysate and serum
Triglycerides were quantified with the Infinity Triglycerides reagent
(ThermoFisher Scientific #TR22421) according to the manufacturer’s protocol.
Serum or lysate samples were diluted 1:100 into the reagent and incubated for five
minutes at 37°C. The absorbance of the samples was read at 500 nm with a
SpectraMax i3 plate reader. Absolute triglyceride values were calculated by
comparing the sample absorbance values to a known standard absorbance value.
Tissue triglyceride content was adjusted for protein content.
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Free fatty acids were quantified using the HR Series NEFA-HR (2) (Wako #999-
34691, #999-34791, #999-34891, #999-35191) according to the manufacturer’s
protocol. The serum or lysate samples were diluted into color reagent A 1:50 and
incubated for five minutes at 37°C. Color reagent B was added to the solutions at
half the volume of color reagent A and allowed to incubate for five additional
minutes at 37°C. The absorbance of the samples was read at 550 nm. Absolute free
fatty acid values were calculated by comparing sample absorbance values to the
absorbance values of oleic acid standards.

Insulin was quantified with a mouse insulin ELISA (CrystalChem #90080) according
to the manufacturer’s protocol. Serum samples were diluted into sample diluent
and allowed to incubate on the microplate for 2 hours at 4°C. After extensive
washing of the plate, anti-enzyme conjugate was added to each well and allowed to
incubate for 30 minutes at room temperature. After more washing, enzyme
substrate solution was added to the microplate and allowed to incubate for 40
minutes. The reaction was stopped by the addition of enzyme reaction stop solution
and the absorbance of each well was measured at 450 nm using a plate reader.
Absolute insulin values were calculated by comparing sample absorbance values to
the absorbance values of insulin standards.

Statistical analysis

Differences between two groups were determined using an unpaired Student’s ¢ test
with Welch’s correction. Linear regression analysis was used to determine the
change of values over time. Data are presented as mean values with error bars
representing the standard error of the mean. Asterisks and plus signs indicate
significant differences (*p < 0.05 versus wild-type or another group, **p < 0.005
versus wild-type or another group, **p<0.001 versus wild-type or another group,

*p < 0.05 versus chow diet, **p < 0.005 versus chow diet, ***p < 0.001 versus chow
diet).
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Supplemental Data

Supplemental Table 1. Genotyping strategy used to detect FATP6 transgene.

Genotyping Strategy

Genotype

Forward Primer

Reverse Primer

Amplicon size (bp)

Floxed CSD-loxF CSD-SIc27a6-R 333
Pre-Cre CSD-neoF CSD-Slc27a6-ttR 584
Post-Cre CSD-lacF CSD-Slc27a6-R 631
Wild-type CSD-SIc27a6-F CSD-SIc27a6-ttR 591
Post-Flp CSD-Slc27a6-F CSD-Slc27a6-ttR 767
Post-Flp & -Cre | CSD-Slc27a6-F CSD-SIc27a6-R 809
3’ verification | CSD-LoxPcomF1 LR-Slc27a6-R3 5128
5’ verification | 5’ Gene Specific (GF4) | 5’ Universal (LAR3) | 5376

Supplemental Table 2. Genotyping primers used to detect FATP6 transgene.

Genotyping Primers

CSD-lacF: GCTACCATTACCAGTTGGTCTGGTGTC

CSD-neoF: GGGATCTCATGCTGGAGTTCTTCG

CSD-loxF: GAGATGGCGCAACGCAATTAATG

CSD-Slc27a6-R: AACAAAACCGAACAGGAATGCACCC

CSD-SIc27a6-ttR: AGCCCTGAAAGCATGTGAATACTGC

CSD-SIc27a6-F: TTGATGGCCAAGAGAAGAAGCAAGC

LR-Slc27a6-R3: ACACTGGCAAGCAGACACTCTCC

CSD-LoxPcomF1: GAGATGGCGCAACGCAATTAAT

5’ Universal (LAR3): CACAACGGGTTCTTCTGTTAGTCC

5’ Gene Specific (GF4): GATCAGGATTCTCTAATAAGGTAATCTCAG

Supplemental Table 3. Homozygous and heterozygous FATP6 transgenic mouse
breeding from two clones of stem cells.

Clone #1 Clone #1 Clone #2 Clone #2
FATP6/-x | FATP6/-x FATP6/- x FATP6 /- x
FATPG6 /- FATP6/+ FATP6 /- FATP6/+
# of litters 8 4 3 4
Avg # of pups 6.25 7 5.67 6.25
% Male 36% 41% 53% 52%
% Female 64% 59% 47% 48%
% Heterozygous 61% 52%
% Knockout 39% 48%

Supplemental Video 1. Cultured neonatal mouse cardiomyocytes are viable and

functional.

Supplemental Video 2. Neonatal mouse cardiomyocytes take up BODIPY-fatty acid
and form intracellular lipid droplets over the course of 30 minutes.
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Chapter 2: Deletion of FATP1 or FATP6 does not alter cardiac
function in STZ-induced diabetic mice

Rationale

Nearly one-tenth of the United States population is diabetic, and rates of
diabetes are expected to continue to rise over the next 20 years due to the
prevalence of obesity and the metabolic syndrome®8°°. Heart disease in the leading
cause of morbidity and mortality in both type I and type II diabetic patients100.
While heart failure is often a result of ischemic heart disease or hypertension in
diabetic patients, it is estimated that nearly half of diabetic patients have diastolic
dysfunction!®®. Impaired left ventricular function in the absence of coronary artery
disease or hypertension has been clinically observed in diabetic patients101.102 and is
now recognized as a distinct clinical manifestation of diabetes termed diabetic
cardiomyopathy39.99.103, Diabetic cardiomyopathy is characterized by cardiac
hypertrophy104-106 and diastolic dysfunction107.108 with or without systolic
dysfunction!?. One-third of patients with diabetic cardiomyopathy develop heart
failure or die within nine years of diagnosis'°1.

The systemic metabolic changes during diabetes, including hyperglycemia,
hyperlipidemia, insulin resistance in the case of type II diabetes, and
hypoinsulinemia in the case of type I diabetes, lead to molecular changes within
cardiac tissue that cause structural and functional abnormalities in the heart®899.103,
One of the molecular hallmarks of diabetic cardiomyopathy is increased fatty acid
utilization>0.110-113, The human heart normally relies on fatty acids for 70% of
oxidative metabolism#3-4> and can adapt to ischemic conditions or increased
workload by shifting to enhanced glucose or lactate utilization55114115 During
diabetic cardiomyopathy, the heart loses metabolic flexibility and nearly 100% of
ATP production comes from fatty acid oxidation3%116, [n both type I and type II
diabetes, lack of insulin action results in reduced glucose uptake, glycolysis, and
glucose oxidation!13.117-120_ This reduced glucose utilization and the increased
substrate availability from elevated triglyceride and fatty acid levels leads to
enhanced fatty acid uptake, storage, and oxidation39.98.99,

Rodent models have provided evidence that increased fatty acid utilization
independently causes cardiac dysfunction in diabetes383°. Lipid accumulation has
been well-documented in patients>0121.122 and in rodent models123-125 and is an
independent predictor of diastolic dysfunction in humans!26. In rodents, lipid
accumulation precedes the development of diabetic cardiomyopathy125127,
Reducing lipid accumulation by reducing fatty acid uptake®4, increasing intracellular
triglyceride stores!28, or increasing fatty acid oxidation alleviates cardiac
dysfunction??. Conversely, enhancing lipid accumulation causes cardiac
hypertrophy in mice865129, Enhanced fatty acid utilization causes an increase in
oxygen consumption without an increase in cardiac contractility and therefore
results in reduced cardiac efficiency3899.130, Metabolic inflexibility also impairs the
heart’s ability to adapt to hypoxia or exercise83. It is thought that toxic lipid
intermediates like ceramides, diacylglycerol, and oxidized phospholipids cause
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cellular stress and cardiomyocte apoptosis and necrosis rather than neutral
intracellular lipid stores themselves8°.

Fatty acid transport into cardiomyocytes is proposed to be the rate-limiting
step in fatty acid utilization in the heart*>6687-89, Fatty acid uptake across the
sarcolemma membrane is saturable and primarily regulated by the activity of fatty
acid transporters like fatty acid translocase (CD36), plasma membrane fatty acid
binding protein (FABPpm), and fatty acid transport proteins 1 and 6 (FATP1,
FATP6)66-70, Cardiac fatty acid transporter expression levels are upregulated in
diabetic rats®670.131, Much work has been done on the role of CD36 in cardiac fatty
acid transport in the context of diabetes. Constitutive, rather than regulated,
expression of CD36 on the sarcolemma membrane drives excess fatty acid import in
the ZDF diabetic rat'32 and CD36 expression is correlated with the severity of insulin
deficiency in streptozotocin-injected rats!33. In a mouse model of diabetic
cardiomyopathy in which peroxisome proliferator-activated receptor a (PPARa)
was overexpressed in cardiac tissue, loss-of-function of CD36 reduced cardiac lipid
accumulation, increased glucose utilization, diminished cardiac hypertrophy, and
enhanced systolic function®.

Less is known about the role of FATPs in the context of diabetes. One group
overexpressed FATP1 in cardiac tissue and found increased fatty acid uptake and
lipid accumulation in the hearts of transgenic mice as well as evidence of cardiac
hypertrophy and diastolic dysfunction*!. However, no one has investigated whether
loss-of-function of FATP1 affects the heart phenotype in diabetic cardiomyopathy.
FATPG6 is also expressed in the heart3> but has not been as thoroughly studied as
other FATPs. In fact, we are the first to show evidence for a physiological role for
FATP6 in cardiac fatty acid transport in vivo (Chapter 1). To better understand the
impact of FATP1 and FATP6 expression on the development of diabetic
cardiomyopathy, we developed a mouse model of diabetes, characterized the heart
phenotype in this model, and evaluated the effect of loss-of-function of FATP1 and
FATP®6 in this context. Our diabetic mouse model did not result in sufficient changes
in cardiac function to adequately test the role of FATPs and a more robust model of
diabetic cardiomyopathy will have to be developed.

Results

A high-fat diet and two low-dose STZ injections results in diabetes

We chose to induce diabetes with two low-dose streptozotocin (STZ) injections in
the context of a high-fat diet. STZ is a toxic glucose analog that is primarily taken up
by pancreatic beta cells, selectively destroying the insulin-producing cells!34. While
elimination of beta cells more closely resembles a type I diabetic phenotype rather
than a type II diabetic phenotype, we fed the mice a high-fat diet before and after the
STZ injections to induce insulin resistance and maintain hyperlipidemia®34. We also
chose to inject the mice with two low doses of STZ rather than one high dose in
order to preserve a portion of the beta cell mass?3>,

After testing several different durations of high-fat diet feeding prior to STZ
injections, we found that feeding mice a high-fat diet for a minimum of four weeks
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prior to STZ injections reliably resulted in hyperglycemia, while feeding mice a high-
fat diet for less than four weeks did not always make beta cells sufficiently sensitive
to STZ-induced cell death (data not shown). As shown in Figure 1A, four weeks of a
high-fat diet resulted in significant weight gain in mice. Four weeks of a high-fat diet
followed by two low-dose STZ injections resulted in significant hyperglycemia
within days of STZ injections, while feeding mice a high-fat diet alone or giving mice
two low-dose STZ injections alone did not produce hyperglycemia (Fig. 1B).
Diabetic mice lost body weight immediately after STZ injections, but maintained
normal body weights for the rest of the study (Fig. 1A).

In addition to blood glucose levels, we measured glucose tolerance four weeks after
the STZ injections. Compared to chow-fed mice, eight weeks of a high-fat diet and
two low-dose STZ injections independently produced glucose intolerance in mice,
but giving mice STZ injections in the context of a high-fat diet resulted in an even
greater reduction in glucose tolerance (Fig. 1C).

Four weeks after the STZ injections, we measured insulin levels in the mice. Only
the mice given STZ injections in the context of a high-fat diet had significantly
reduced serum insulin levels compared to chow-fed mice (Fig. 1D). To investigate
how STZ injections affected insulin production in pancreatic beta cells, we
performed immunohistochemistry for insulin on sections of pancreas from the mice.
As expected, we found that STZ injections in chow- and high-fat diet-fed mice
decreased beta cell insulin content, while high-fat diet feeding without STZ
injections resulted in increased beta cell insulin content (Fig. 1E and F).

Diabetes results in enhanced expression of fatty acid transport proteins and reduced
expression of glucose transport proteins in the heart

During diabetic cardiomyopathy, fatty acid utilization increases and glucose
utilization decreases in the heart50110-113_ This is associated with increased cardiac
expression of fatty acid transport proteins and decreased cardiac expression of
glucose transport proteins®®7073, To assess whether we see evidence of this
metabolic switch in our mouse model of diabetes, we measured the expression of
fatty acid transport proteins and glucose transport proteins as well as the
expression of PPARa. PPARa is a transcription factor that regulates the expression
of many metabolic genes and its expression in increased in the heart in diabetic
cardiomyopathy®37273, For this assay, we fed mice a high-fat diet for two weeks
prior to STZ injections and measured changes in gene expression four weeks after
STZ injections. This protocol to induce diabetes resulted in increased expression of
the fatty acid transporters FATP1, FATP6, and CD36, enhanced expression of
PPARq, and reduced expression of glucose transporter 1 (GLUT1) and glucose
transporter 4 (GLUT4) (Fig.2A). Cumulatively, these results suggest a shift towards
increased fatty acid utilization and decreased glucose utilization in our mouse
model of diabetes.
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Diabetic mice do not develop cardiac hypertrophy

If cardiac fatty acid uptake exceeds fatty acid oxidation, lipids accumulate in
cardiomyocytes*1.65, Lipid accumulation is a hallmark of diabetic cardiomyopathy
and is associated with cardiac hypertrophy®6>129, lipotoxicity®, and cardiac
dysfunction!?6. We fed mice a high-fat diet for four weeks, injected the mice with
two low-doses of STZ, and measured cardiac lipid accumulation and heart weight
twelve weeks later. We found a trend towards increased heart triglycerides in
diabetic mice, although this increase was not significant (Fig. 2B). Heart weight
relative to total body weight decreased in mice fed a high-fat diet, but relative heart
weight was restored in diabetic mice (Fig. 2C). We also measured left ventricular
mass relative to body weight using echocardiocardiography. We found that both
high-fat diet-fed mice and diabetic mice had decreased left ventricular mass
compared to non-diabetic chow-fed mice, but that diabetic mice had greater relative
left ventricular mass than high-fat diet-fed mice (Fig. 2D and Table 1). These
changes in relative heart weight and left ventricular mass seem driven more by
changes in body weight than by diet or diabetes. Taken together, these data suggest
that although we see a trend towards enhanced cardiac triglyceride content, we do
not see evidence of cardiac hypertrophy in our diabetic mouse model.

Diabetic mice do not show evidence of lipotoxicity

To further assess the effects of diabetes on cardiomyocytes, we measured levels of
apoptosis and fibrosis 12 weeks after inducing diabetes in mice. Using a TUNEL
stain for apoptotic cells, we did not detect changes in the rate of cardiomyocyte
apoptosis in the context of a high-fat diet or diabetes (Fig. 2E). Using a Masson'’s
Trichrome stain we also did not detect induction of fibrosis in high-fat diet-fed or
diabetic mice (Fig. 2F). So, although we found evidence for increased fatty acid
utilization in our mouse model of diabetes, we did not detect evidence for
lipotoxicity.

Diabetic mice do show evidence of altered cardiac function

To assess cardiac function in diabetic mice, we performed echocardiography in mice
12 weeks after inducing diabetes. Echocardiography is the standard technique used
to measure cardiac function in vivo and is now routinely and reliably performed in
small rodents74-77. We found no difference in left ventricular wall thickness or left
ventricular diameter with high-fat diet feeding or diabetes (Table 1). We found a
significant decrease in weight-adjusted cardiac output in mice fed a high-fat diet, but
weight-adjusted cardiac output was restored in diabetic mice. Again, this change
seemed driven by changes in body weight rather than by induction of diabetes. We
found no differences in measures of systolic function, including stroke volume,
ejection fraction, or fractional shortening.

To summarize, although feeding mice a high-fat diet for four weeks and injecting

with two low doses of STZ results in robust hyperglycemia and hypoinsulinemia as
well as transcriptional changes suggesting increased fatty acid utilization, this
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protocol does not produce cardiac hypertrophy, cardiolipotoxicity, or
cardiomyopathy.

FATP1” mice develop diabetes like wild-type mice

Despite the fact that we did not observe a striking heart phenotype indicative of
diabetic cardiomyopathy in mice made diabetic with our protocol, we evaluated the
role of FATP1 and FATP6 within this context. We induced diabetes in wild-type and
whole-body FATP1 and FATP6 knockout (FATP1-/- and FATP6/-) mice and assessed
the hearts of these mice.

As shown in Figure 3B, STZ injections in the context of a high-fat diet produce
hyperglycemia in FATP1-/- mice as in wild-type mice. For this study we fed mice a
high-fat diet for only two weeks prior to STZ injections and analyzed the heart
phenotypes of the mice eight weeks after STZ injections. FATP1~/- mice had similar
body weights and serum insulin levels as wild-type mice (Fig. 3A and 3C).

FATP1”" mice have a diabetic heart phenotype comparable to wild-type mice

We assessed the heart phenotype in diabetic FATP1-/- and wild-type mice using the
aforementioned assays. Diabetic FATP1-/- mice expressed other fatty acid transport
proteins, glucose transport proteins, and PPARa at similar levels as diabetic wild-
type mice, although there was an insignificant trend towards reduced expression of
CD36 and PPARa in FATP1-/-mice (Fig. 4A). FATP1~/- mice also had similar cardiac
triglyceride levels and relative heart weights as wild-type mice (Fig. 4B and C).
FATP1-/- mice had a trend towards reduced rates of apoptosis in cardiomyocytes,
but this difference was not significant (Fig. 4D). We did not detect appreciable
levels of fibrosis in FATP1-/- or wild-type mice (Fig. 4E). Taken together, our data
suggest that there is no difference in the heart phenotype of FATP1-/- mice
compared to wild-type mice in the context of diabetes. It is important to point out
that we had high variation in our findings and that this variation may be masking
the effects of loss-of-function of FATP1.

FATP6” mice develop diabetes like wild-type mice

We also investigated the effect of FATP6 expression on the development of diabetic
cardiomyopathy. For this study, we fed mice a high-fat diet for four weeks, injected
mice with two low-doses of STZ, and analyzed the heart phenotypes of the mice 12
weeks after the STZ injections. As shown in Figure 5B, FATP6-/- mice develop
hyperglycemia to the same extent as wild-type mice. Diabetic FATP6-/- mice have
similar body weights and serum insulin, triglyceride, and free fatty acid levels as
diabetic wild-type mice (Fig. 5A and C-E).

Diabetic FATP6”" mice have dilated hearts compared to wild-type mice

FATP6/- mice expressed fatty acid transporters, PPARq, and glucose transporters in
the heart at the same level as wild-type mice in the context of diabetes (Fig. 6A).
Diabetic FATP6/- mice had similar cardiac triglyceride levels, relative heart weights,
and left ventricular mass as wild-type mice (Fig. 6B-D). Surprisingly, diabetic
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FATP6/- mice showed a trend towards elevated levels of cardiomyocyte apoptosis,
but this difference was not significant (Fig. 6E). We did not detect appreciable
levels of fibrosis in either FATP6/- or wild-type mice (Fig. 6F).

Using echocardiography, we found that FATP6~/- mice had thinner left ventricular
walls and enhanced left ventricular internal diameters compared to wild-type mice
in the context of diabetes (Fig. 6G and H and Table 2). These anatomical
differences in FATP6/- hearts did not translate into changes in systolic function in
diabetic mice (Table 2). Weight-adjusted cardiac output, stroke volume, ejection
fraction, and fractional shortening were similar between diabetic FATP6/- and wild-
type mice.
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Figure 1. Four weeks of a high-fat diet followed by two low-dose STZ injections results
in the onset on diabetes.

A Mice fed a high-fat diet for four weeks gain body weight. Weight gain in mice is
attenuated by STZ injections (n=6). B Mice fed a high-fat diet for four weeks and
injected with two low-doses of STZ develop hyperglycemia within days of STZ
injections (n=6). € High-fat diet feeding as well as STZ injections independently
produce glucose intolerance in mice, while high-fat diet feeding followed by STZ
injections results in robust glucose intolerance (n=6). D Four weeks of a high-fat
diet followed by two low-dose STZ injections results in reduced serum insulin levels
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four weeks after STZ injections (n=6). E Eight weeks of a high-fat diet increases
pancreatic beta cell insulin content, while injecting mice with two low doses of STZ
reduces beta cell insulin content as measured by immunohistochemistry for insulin

in pancreatic sections (representative images). F Quantification of (E) (n=6). HFD =
high-fat diet, INS = insulin, SST = somatostatin. *p < 0.05, **p < 0.005, ***p < 0.001. Error bars
represent SEM.
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Figure 2. Diabetic mice show evidence for increased fatty acid utilization but do not
develop cardiac hypertrophy or lipotoxicity.

A Feeding mice a high-fat diet for two weeks followed by two low-dose STZ
injections results in increased fatty acid transporter and PPARa expression and
decreased glucose transporter expression within four weeks of STZ injections (n=3).
B Heart triglyceride content does not significantly change with 16 weeks of a high-
fat diet or 12 weeks of diabetes (n=6). € Mice fed a high-fat diet have reduced heart
weight in proportion to body weight, while diabetic mice have hearts of similar
weight to chow-fed mice (n=6). D Both high-fat diet feeding and diabetes result in
reduced left ventricular mass in proportion to total body weight (n=6). E Neither
high-fat diet-fed mice nor diabetic mice show significant rates of apoptosis in
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cardiomyocytes (n=6). F Neither high-fat diet-fed mice nor diabetic mice develop

significant levels of fibrosis in the heart (representative images, n=6). HFD = high-fat
diet. *p < 0.05, **p < 0.005, ***p < 0.001. Error bars represent SEM.
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Table 1. Echocardiography in high-fat diet-fed and diabetic mice compared to chow-

fed mice.
Chow HFD HFD + STZ
IVSs (mm) 1.586 + 0.096 1.684 + 0.091 1.587 + 0.082
IVSd (mm) 1.048 £+ 0.073 1.158 + 0.045 1.012 + 0.042+
LVPWs (mm) 1.463 £ 0.12 1.461 + 0.11 1.466 + 0.10
LVPWd (mm) 0.9701 + 0.087 0.9946 + 0.057 0.9652 £ 0.036
LVIDs (mm) 2.135+0.20 1.992 + 0.31 1.998 + 0.19
LVIDd (mm) 3.565+0.11 3.435+0.22 3.419 £ 0.11
CI (ml/min/g BW) 0.5357 £0.019 | 0.3165+0.031*** | 0.4633 £ 0.040*
SV (u]) 35.44 + 1.55 33.76 £ 3.31 34.94 + 2.35
EF (%) 68.52 +4.50 68.59 *+ 4.69 70.54 £ 4.01
FS (%) 32.16 £ 3.79 34.21 £5.09 33.79 £ 2.83
LV mass (mg/g BW) 3.838 £ 0.23 2.392 + 0.10*** 2.989 + 0.16*/+

IVSs = intraventricular septum length at systole, IVSd = intraventricular septum length at diastole,
LVPWs = left ventricular posterior wall thickness at systole, LVPWd = left ventricular posterior
wall thickness at diastole, LVIDs = left ventricular internal diameter at systole, LVIDd = left
ventricular internal diameter at diastole, CI = cardiac index, SV = stroke volume, EF = ejection
fraction, FS = fractional shortening, LV = left ventricle, BW = body weight. *p < 0.05, **p < 0.005,
***p < 0.001 versus chow-fed mice. *p<0.05 versus high-fat diet fed mice. Mean is given with

SEM.
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Figure 3. FATP1”" mice become as diabetic as wild-type mice when fed a high-fat diet
and injected with two low doses of STZ.

A After STZ injections, body weights were variable within each genotype, but there
was no significant difference between wild-type and FATP1-/- mice (n=4). B Blood
glucose levels increased for both wild-type and FATP1-/- mice after STZ injections
(n=4). € Serum insulin levels were not significantly different between diabetic wild-
type and FATP1-/- mice (n=4). Error bars represent SEM.
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Figure 4. FATP1” mice have a similar diabetic heart phenotype as wild-type mice.

A FATP1-/-mice have the same expression of fatty acid transporters and glucose
transporters in the heart as wild-type mice in the context of diabetes (n=4).

B Cardiac triglyceride levels are similar between diabetic wild-type and FATP1-/-
mice (n=4). € The proportional weight of the heart in diabetic FATP1~/- mice is
comparable to that of diabetic wild-type mice (n=4). D FATP1-/- diabetic hearts
show a trend towards reduced levels of cardiomyocyte apoptosis as measured by a
TUNEL stain, although this difference is not significant (n=4). E Neither FATP1-/-
nor wild-type diabetic mice show evidence of fibrosis as detected by a Masson'’s
Trichrome stain (representative images, n=4). Error bars represent SEM.

41



>
-}

401 600
Wild-type =
- FATP6" T - - 5 g
_ > rn-sr 8 i
2 L N
£ 35'5[ Ewd F W\h‘/
g Y /"
> NL. - 1 1 I T [o— e | 1] = 4
g s WA J."'J_'/'* + 11 S 2001
o I <]
°
o
25 T T T T 0 T T T T
40 60 80 100 40 60 80 100
Days after HFD initiation Days after HFD initiation
C D E
1. I 400 s 2
= E E
£
=) £ 300 g 2.
£ 1, 3 ]
£ 2 R K
H g 200 £ —
£ > o 1
g 0. 2 o
2 100 &
o £ g 0.
@ 2 2
0.0 r h o r B 0.0 I
Wild-type FATP6™ Wild-type FATP6™ Wild-type FATP6™

Figure 5. FATP6”" mice become as diabetic as wild-type mice when fed a high-fat diet
and given two low doses of STZ.

A Wild-type and FATP6-/- mice fed a high-fat diet and injected with two low doses of
STZ have similar body weights (n=5-6). B Both wild-type and FATP6/- mice
develop hyperglycemia with our protocol to induce diabetes (n=5-6). € Wild-type
and FATP6/- diabetic mice have comparable serum insulin levels (n=5-6). D Wild-
type and FATP67/- diabetic mice have comparable serum triglyceride levels (n=5-6).
E Wild-type and FATP6-/- diabetic mice have comparable serum free fatty acid levels
(n=5-6). Error bars represent SEM.
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Figure 6. FATP6”" diabetic mice show evidence for cardiac dilation, but the overall
diabetic phenotype is similar to that of wild-type mice.

A FATP67/-mice have the same expression of fatty acid transporters and glucose
transporters in the heart as wild-type mice in the context of diabetes (n=5-6). B
Cardiac triglyceride levels are similar between diabetic wild-type and FATP6/- mice
(n=5-6). € The proportional weight of the heart in diabetic FATP6/- mice is
comparable to that of diabetic wild-type mice (n=5-6). D Diabetic FATP6~/- mice and
wild-type mice have comparable relative left ventricular mass (n=5-6). E Diabetic
FATP6/- mice show a trend towards elevated levels of apoptosis in cardiomyocytes,
but this difference is not significant (n=5-6). F Neither wild-type nor FATP6-/- mice
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develop significant levels of fibrosis in the heart in the context of diabetes
(representative images, n=5-6). G During systole, diabetic FATP6-/- mice have
thinner left ventricular posterior walls than wild-type diabetic mice (n=5-6). H
During systole and diastole, FATP6-/- diabetic mice have larger left ventricular

internal diameters than diabetic wild-type mice (n=5-6). *p < 0.05. Error bars represent
SEM.
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Table 2. Echocardiography in diabetic wild-type and FATP6” mice.

Wild-type FATP6/-

IVSs (mm) 1.587 £+ 0.082 | 1.448 +0.081
1IVSd (mm) 1.012 £ 0.042 | 0.9272 % 0.020
LVPWSs (mm) 1466+0.10 | 1.085 * 0.063*
LVPWd (mm) 0.9652 + 0.037 | 0.8612 + 0.054
LVIDS (mm) 1.998 + 0.19 2.738 £ 0.18*
LVIDd (mm) 3.419 £0.11 3.964 £ 0.16*
CI (ml/min/g BW) 04633 +0.040 | 0.3430 +0.037
SV (ul) 34.94 £ 2.35 38.65 + 3.41

EF (%) 70.54 £ 4.01 57.95 + 5.069
FS (%) 33.79 + 2.83 25.36 + 3.56

LV mass (mg/gBW) | 2.989 £ 0.16 3.558 + 0.29

IVSs = intraventricular septum length at systole, IVSd = intraventricular septum length at diastole,
LVPWs = left ventricular posterior wall thickness at systole, LVPWd = left ventricular posterior
wall thickness at diastole, LVIDs = left ventricular internal diameter at systole, LVIDd = left
ventricular internal diameter at diastole, CI = cardiac index, SV = stroke volume, EF = ejection
fraction, FS = fractional shortening, LV = left ventricle, BW = body weight. *p < 0.05. Mean is
given with SEM.

45



Discussion

Feeding mice a high-fat diet and injecting with two low-doses of STZ results
in diabetes, however, it does not produce diabetic cardiomyopathy. Using this
model, we found genetic evidence of increased fatty acid utilization and decreased
glucose utilization, but we did not see evidence of structural or functional changes in
the heart. Unlike clinical cases of diabetic cardiomyopathy or other rodent models
of diabetes136.137 we did not observe enhanced lipid accumulation, cardiac
hypertrophy, apoptosis, fibrosis, systolic dysfunction, or diastolic dysfunction. Loss-
of-function of FATP1 and FATP6 did not significantly affect the heart phenotype of
our diabetic mice. Because we did not observe robust diabetic cardiomyopathy in
our mouse model of diabetes, we cannot make conclusions about the role of FATP1
and FATP6 in the development of this condition.

Fatty acid transporter proteins may still affect cardiac fatty acid utilization
and cardiac function in the context of severe diabetic cardiac dysfunction. Loss-of-
function of CD36 protects mice from diabetic cardiomyopathy produced by cardiac
overexpression of PPARa. However, CD36 knockout mice do not show evidence of
altered cardiac function in the absence of diabetes8, despite having reduced cardiac
fatty acid utilization and reduced cardiac lipid levels!1.60.71 Aged wild-type mice
show evidence of cardiac hypertrophy and systolic dysfunction and deletion of CD36
protects mice from these age-associated changes in heart structure and function?38.
Taken together, these studies suggest that manipulating CD36 activity only results
in functional changes in the heart in the context of overt cardiac dysfunction.
Clearly, CD36 is playing a physiological role in mediating fatty acid availability in
vivo, but targeting CD36 only results in cardiac functional changes in a
pathophysiological setting where fatty acid utilization is dysregulated. Similarly, we
may expect to only see changes in cardiac function with loss-of-function of FATP1 or
FATP6 in potent pathophysiological settings where fatty acid utilization is
dysregulated. FATP1 expression is sufficient to drive cardiac fatty acid uptake and
cardiac dysfunction as evidenced by a transgenic mouse model in which FATP1 was
overexpressed in the heart*l. FATP6 overexpression in the heart may also enhance
fatty acid uptake and result in changes in cardiac function. To address this, a
transgenic mouse model with cardiac-specific expression of FATP6 could be
generated.

FATP1-/- mice and FATP67/- mice developed diabetes to the same extent as
wild-type mice in our studies. All mice developed hyperglycemia within days of STZ
injections. All mice had reduced serum insulin levels like type I diabetic patients,
but we fed them a high-fat diet throughout the study to maintain elevated lipid
levels in the blood and induce insulin resistance. We expected that reduced insulin
action would result in reduced glucose utilization and that this, along with increased
fatty acid availability, would result in increased fatty acid utilization398°, Indeed,
we found increased expression of FATP1, FATP6, CD36, and PPARa and reduced
expression of GLUT1 and GLUT4 in our mice. This gene expression pattern is also
observed in other mouse models of diabetes, including the ZDF rat86132 and mice
overexpressing PPARa in the heart®373. These results suggest a shift towards
increased cardiac fatty acid utilization and decreased cardiac glucose utilization in
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our diabetic mouse model; however, we did not directly measure fatty acid or
glucose uptake or oxidation. We observed a trend towards enhanced cardiac lipid
accumulation in diabetic mice compared to control mice, but this difference was not
significant. In the absence of marked lipid accumulation, we did not expect to see
cardiac hypertrophy®865129 lipotoxicity8, or diastolic dysfunction?829126, We did not
directly measure mitral valve function or left ventricle filling efficiency in order to
assess diastolic dysfunction in our mice, but we did measure several parameters of
systolic function. We did not observe any differences in the structure of function of
the left ventricle in our diabetic mice compared to control mice.

We chose to make mice diabetic with high-fat diet feeding and two low-dose
STZ injections for several reasons. First, STZ-induced diabetic mice have been
reported to produce heart phenotypes with evidence of diabetic cardiomyopathy,
including a metabolic shift towards enhanced fatty acid utilization in the heart,
cardiac lipid accumulation, reduced cardiac efficiency, and reduced cardiac
function3¢, Importantly, as seen in our study, cardiac hypertrophy is not observed
in STZ-induced diabetic mice, so some of the downstream effects of cardiac
hypertrophy, like diastolic dysfunction, would also not be expected in our mice3¢,
We also chose STZ-induced diabetes as a model because it allowed us to investigate
the effect of cardiac expression of FATPs in the context of diabetes without directly
manipulating fatty acid metabolism to produce diabetic cardiomyopathy. The most
striking mouse models of diabetic cardiomyopathy are models in which genes
involved in fatty acid metabolism, like PPARa®373, acyl-CoA synthetase 165 or
FATP141, are overexpressed in the heart. Evaluating the effects of deleting FATP1 or
FATP6 in these contexts would be parallel to overexpressing a gene, and then
deleting it to return to a normal level of expression. This would not provide us with
useful information that can be applied to clinical cases of diabetic cardiomyopathy.
We opted to investigate the role of FATP1 and FATP6 in the heart in a more
physiological context by inducing systemic diabetes in our mice. Finally,
pharmacological induction of diabetes with STZ injections provided a way for us to
circumvent issues with genetic models of type Il diabetes. FATP1-/- mice are
resistant to high-fat diet-induced insulin resistance!” and may not have developed
diabetes to the same extent as control mice if we used a genetic model of type II
diabetes like the db/db mouse or ob/ob mouse. These mouse models would also
require more complicated crossbreeding strategies. However, despite these
complications, db/db and ob/ob mice provide excellent models of diabetic
cardiomyopathy. These mice increase fatty acid utilization in the heart, accumulate
cardiac lipids, develop cardiac hypertrophy, have reduced cardiac efficiency, and
have diastolic dysfunction, better mimicking the clinical manifestations of diabetic
cardiomyopathy in humans than STZ-induced diabetic mouse models!3°.

We did observe some changes in left ventricle structure in diabetic FATP6-/-
mice compared to wild-type diabetic mice, including reduced left ventricular
posterior wall thickness and increased left ventricular internal diameter. These
changes also occur in chow-fed, non-diabetic FATP6-/- mice compared to wild-type
mice (Chapter 1). In Chapter 1, we proposed that loss-of-function of FATP6 reduces
fatty acid availability in the heart, causing cardiac dilation, perhaps by reducing fatty
acid utilization and cardiac efficiency. Cardiac dilation is a hallmark of dilated
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cardiomyopathy, not diabetic cardiomyopathy3953. In the context of severe diabetic
cardiomyopathy, loss-of-function of FATP6 may cause beneficial rather than
detrimental effects on cardiac function by reducing fatty acid utilization and thereby
reducing lipid accumulation, hypertrophy, and diastolic dysfunction. Future studies
will need to address the role of FATP6 in a more robust model of diabetic
cardiomyopathy than the model used in this study.

In summary, mice made diabetic by high-fat diet feeding and low-dose STZ
injections do not develop diabetic cardiomyopathy. Using this mouse model, we
could not determine the effects of FATP1 and FATP6 expression on the development
of diabetic cardiomyopathy. It is clear that enhanced fatty acid utilization leads to
lipid accumulation in diabetic hearts and that fatty acid transport is an important
determinant of overall cardiac fatty acid utilization. It is highly likely that FATPs are
involved in this process and that targeting these proteins would reduce the
development or severity of diabetic cardiomyopathy. The effect of FATP1 and
FATP6 activity should be evaluated in a more robust model of this condition.

Methods

Animal experiments

All animal procedures were approved by the University of California Berkeley
Animal Care and Use Committee. C57BL/6] mice were purchased from the Jackson
Laboratory (#000664). FATP1-/- mice were generated and maintained as previously
described!3°. FATP6/- mice were generated and maintained as described in Chapter
1. All animal experiments were performed in 6- to 24-week-old male mice. Mice
were given free access to water and rodent chow (Harlan Teklad #2018) or 60% fat
diet (Research Diets, Inc. #D12492) and housed under standard conditions.

Body weight and blood glucose were measured each week after STZ injections until
the mice were sacrificed. Blood glucose was measured with a glucometer (NovaMax
#14). Mice were sacrificed four to 12 weeks after STZ injections.

For serum analyses, 50 pl blood was collected with a non-heparinized capillary tube
and allowed to coagulate at room temperature for 15-30 minutes. The blood was
centrifuged at 1500 x g for 10 minutes at 4°C and the serum was further analyzed.

STZ injections

The high-fat diet was given to mice for six to 16 weeks and mice were injected with
STZ or vehicle alone after zero to four weeks of high-fat diet feeding. For STZ
injections, mice were fasted the day before the injections. Mice were anesthetized,
then intraperitoneally injected with 75 mg STZ (Sigma-Aldrich #S0130) per kg body
weight in a 0.1 M sodium citrate buffer, pH 4.5 and then given access to food.
Injections were repeated 24 hours later at the same dose.

Glucose tolerance test
Mice were fasted the day before the assay. Mice were anesthetized, then

intraperitoneally injected with 2 mg of glucose per g body weight. Blood glucose
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was measured with a glucometer before the injection, and 15, 30, 60, and 120
minutes after the injections.

Echocardiography

Echocardiography was performed in mice using the Vevo2100 (VisualSonics). Mice
were anesthetized with 3% isoflurane and held under 1.5-2.5% anesthesia to
maintain a heart rate of 400-500 beats per minutes. The fur covering the thorax
was removed with a depilatory cream and body temperature was maintained at
37°C. Hearts were first imaged in B-mode in a parasternal long-axis view using a MS
550S transducer and then in M-mode in a short-axis view. At least two sets of time-
lapse images were collected in each view for each mouse. Images were analyzed
using the Vevo2100 software. A left ventricular trace was performed for B-mode
and M-mode images. Intraventricular septum, left ventricular internal diameter,
and left ventricular posterior wall thickness were measured in M-mode in four
tandem cardiac cycles. The Vevo2100 software utilized these measurements to
calculate cardiac output, stroke volume, ejection fraction, fractional shortening, and
left ventricular mass with algorithms detailed in their manual. Replicate
measurements and values were averaged for each mouse. Cardiac output was
adjusted for animal body weight and presented as cardiac index. Left ventricular
mass was also adjusted for animal body weight.

Tissue fixation, cryopreservation, and cryosectioning

Pancreases and hearts were dissected and fixed in 4% paraformaldehyde (Electron
Microscopy Sciences #15710) for one hour at 4°C, washed in phosphate-buffered
saline, and then equilibrated in 30% sucrose overnight at 4°C. The tissues were
cryopreserved in O.C.T Compound (Sakura #4583) in a cryomold and sectioned at
10 uM onto charged glass slides at -20°C.

Immunohistochemistry

Pancreas sections were post-fixed in 4% paraformaldehyde for 20 minutes at room
temperature in a humidified chamber and blocked for one hour at room
temperature in blocking buffer (3% normal donkey serum, .05% saponin, 1%
bovine serum albumin, and 10% fetal bovine serum in PBS). Slides were then
incubated in a solution containing antibodies for insulin and somatostatin (Abcam
anti-insulin + proinsulin #ab8304 and anti-somatostatin #ab103790) in blocking
buffer overnight at 4°C. Slides were then incubated with secondary antibodies to
the primary antibodies [donkey anti-mouse or donkey anti-rabbit IgG (H+L)
conjugated to Alexa Fluor 488 or 647, Thermo Fisher Scientific #A-21206 and #A-
31573] and mounted in DAPI mountant (Life Technologies #P36971). Slides were
imaged with a Zeiss LSM710 laser scanning confocal microscope. Images were
processed on the software IMARIS.

Apoptosis assay

Heart sections were stained for apoptotic cells using the In Situ Cell Death Detection
Kit (Roche #11684795910). Briefly, the slides were post-fixed in 4%
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paraformaldehyde for 20 minutes at room temperature, permeabilized with 0.1%
Triton X-100 (Sigma Aldrich #234729) in 0.1% sodium-citrate for 5 minutes at
room temperature, then incubated in TUNEL reaction mixture at 37°C for one hour.
As a positive control for the reaction, a heart section was treated with DNase I for 10
minutes before the TUNEL stain. Slides were mounted in DAPI mountant (Life
Technologies P36971) and imaged with a Zeiss LSM710 laser scanning confocal
microscope. TUNEL-positive apoptotic cells and total number of cells were
quantified with IMARIS.

Masson’s Trichrome stain for fibrosis

Heart sections were stained for fibrosis using a Masson’s Trichrome staining kit
(Thermo Scientific #87019). Briefly, slides were rinsed in phosphate buffered
saline, then incubated in Boudin’s Fluid for one hour, then washed in deionized
water, then incubated in Working Weigert’s Iron Hematoxylin Stain for ten minutes,
then rinsed in deionized water, then incubated in Beibrich Scarlet-Acid Fuchsin
Solution for seven minutes, then rinsed in deionized water, then incubated in
Phosphotungstic-Phosphomolybdic Acid Solution for five minutes, then incubated in
Aniline Blue Stain Solution for seven minutes, then incubated in 1% acetic acid for
one minute, then rinsed in deionized water, then dehydrated in two changes of 95%
ethanol, then dehydrated in two changes of 100% ethanol, then cleared in Xylenes,
and finally, mounted in Permount (Fisher Chemical #SP15-100). Images were
captured with a Zeiss Axiolmager M1. Images shown are representative of each
group analyzed.

Quantitative PCR

1 pl of cDNA was used in a 20 pl PCR reaction along with 1 pl PrimeTime qPCR assay
[Integrated DNA Technologies #Mm.PT.39a.1 for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), #Mm.PT.58.43265938 for FATP6, #Mm.PT.53a.33622420
for FATP1, #Mm.PT.58.12375764 for CD36, #Mm.PT.58.7020742 for PPARa,
#Mm.PT.58.9683859 for GLUT1, and #Mm.PT.58.9683859 for GLUT4] and 10 pl
TagMan Universal Master Mix II (Thermo Fisher Scientific #4440040). The PCR
reactions were run and cycle thresholds were calculated with the Applied
Biosystems 7500 Real Time PCR System. Fold change was calculated by comparing
the difference in cycle thresholds between the gene of interest and the
housekeeping gene for treated samples and control samples.

Quantification of triglycerides, free fatty acids, and insulin in tissue lysate and serum
Triglycerides were quantified with the Infinity Triglycerides reagent
(ThermoFisher Scientific #TR22421) according to the manufacturer’s protocol.
Serum or lysate samples were diluted 1:100 into the reagent and incubated for five
minutes at 37°C. The absorbance of the samples was read at 500 nm with a
SpectraMax i3 plate reader (Molecular Devices). Absolute triglyceride values were
calculated by comparing the sample absorbance values to a known standard
absorbance value. Tissue triglyceride content was adjusted for protein content.
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Free fatty acids were quantified using the HR Series NEFA-HR (2) (Wako #999-
34691, #999-34791, #999-34891, #999-35191) according to the manufacturer’s
protocol. Lysate samples were diluted into color reagent A 1:50 and incubated for
five minutes at 37°C. Color reagent B was added to the solutions at half the volume
of color reagent A and allowed to incubate for five additional minutes at 37°C. The
absorbance of the samples was read at 550 nm. Absolute free fatty acid values were
calculated by comparing sample absorbance values to the absorbance values of oleic
acid standards.

Insulin was quantified with a mouse insulin ELISA (CrystalChem #90080) according
to the manufacturer’s protocol. Serum samples were diluted into sample diluent
and allowed to incubate on the microplate for 2 hours at 4°C. After extensive
washing of the plate, anti-enzyme conjugate was added to each well and allowed to
incubate for 30 minutes at room temperature. After more washing, enzyme
substrate solution was added to the microplate and allowed to incubate for 40
minutes. The reaction was stopped by the addition of enzyme reaction stop solution
and the absorbance of each well was measured at 450 nm using a plate reader.
Absolute insulin values were calculated by comparing sample absorbance values to
the absorbance values of insulin standards.

Statistical analysis

Differences between two groups were determined using an unpaired Student’s ¢ test
with Welch’s correction. Data are presented as mean values with error bars
representing the standard error of the mean. Asterisks and plus signs indicate
significant differences (*p < 0.05 versus wild-type or another group, **p < 0.005
versus wild-type or another group, **p<0.001 versus wild-type or another group,

*p < 0.05 versus chow diet, **p < 0.005 versus chow diet, ***p < 0.001 versus chow
diet).
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Chapter 3: Deletion of fatty acid transport protein 1 protects
beta cells from palmitate-induced apoptosis

Rationale

According to the most recent National Diabetes Fact Sheet, 21.3 million
people in the Unites States have diabetes and 90 to 95 percent are type II diabetic3.
The diabetes incidence rate has increased so drastically that if trends continue, by
2050, one in three people will have the disorder. While it is clear that there is a
genetic predisposition to the disease, obesity is the most significant environmental
risk factor. Ectopic fat accumulation in obesity causes peripheral insulin resistance
that the body compensates for by increasing insulin secretion from the pancreatic
beta cells. Eventually, the beta cells cannot handle the insulin demand and blood
glucose levels rise, resulting in diabetes. The increased fatty acid levels in the
plasma during obesity can also directly affect beta cell function. While short-term
exposure of beta cells to fatty acids can induce insulin secretion, long-term exposure
inhibits glucose-stimulated insulin secretion and induces beta cell apoptosis, further
contributing to the development of diabetes49-142, Although one mechanism by
which fatty acids can alter insulin secretion is by binding to cell surface receptors,
the lipotoxic effects of fatty acids are thought to be dependent on their entry into the
Celll41—144_

Fatty acid-induced apoptosis of pancreatic beta cells has been extensively
demonstrated in vitro and in vivo142.145-148_Specifically, chronically elevated
saturated fatty acid levels concurrent with elevated glucose levels leads to beta cell
lipotoxicity144149, A variety of mechanisms have been proposed to explain how fatty
acids contribute to beta cell lipotoxicity, including fatty acid induction of ER
stress,150-153 ceramide formation,!>3-155 reactive oxygen species production,142.153
and a reduction in autophagy°3. Induction of intracellular triglyceride formation
and fatty acid oxidation are actually protective against fatty acid-induced cell
death144,149_

[t is not yet understood how beta cells take up fatty acids. Although fatty
acids are hydrophobic molecules that can potentially diffuse across the plasma
membrane, the majority of long-chain fatty acid uptake is believed to be protein-
mediated*%10. Fatty acid transport proteins (FATPs) are a group of six
transmembrane proteins shown to mediate long-chain fatty acid uptake and fatty
acid activation in vitro and in vivo*1>. FATP loss-of-function studies in animals have
shown that targeted deletion of these proteins can protect against high-fat induced
insulin resistance and hepatic steatosis,”1° while overexpression of FATP1 in the
heart leads to cardiomyopathy*1.

Due to the physiological importance of FATPs in other metabolic tissues, we
investigated whether fatty acid transport proteins mediated fatty acid uptake in
pancreatic beta cells and therefore played a role in beta cell lipotoxicity and the
development of diabetes. We found that FATPs are differentially expressed in the
endocrine pancreas, with FATP1 localizing to beta cells, FATP3 to delta cells, and
FATP4 to alpha cells. Loss-of-function of FATP1 protected beta cells from palmitate-
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induced lipotoxicity despite normal levels of fatty acid uptake and palmitate-
induced ER stress.

Results

Long-term exposure of islets to palmitate induces apoptosis

To verify that we see induction of apoptosis in pancreatic beta cells in response to
chronic palmitate treatment, we incubated whole islets isolated from male
C57BL/6] mice with 1 mM palmitate complexed to albumin for 48 hours. We then
fixed, cryopreserved, and sectioned the islets and performed an in situ TUNEL assay
to stain apoptotic cells. We quantified apoptotic cells and adjusted for total cell
number with the program IMARIS. We found that islets exposed to palmitate had
about 3.5 times more apoptotic cells than islets incubated with albumin only (Fig.
1A and B).

It has also been reported that islets are more susceptible to apoptosis when exposed
to high levels of palmitate in the presence of high levels of glucose, a phenomenon
termed glucolipotoxicity56157, We incubated islets in 1 mM palmitate, 30 mM
glucose, 1 mM plamitate and 30 mM glucose, or bovine serum albumin alone for 48
hours and quantified apoptosis using the in situ TUNEL assay described. Islets
incubated with both palmitate and glucose had about four times more apoptotic
cells than islets incubated with albumin alone (Fig. 1C) and had more apoptotic cells
than islets incubated with glucose or palmitate alone.

Long-term exposure of MING cells to palmitate induces cell death

MING cells are an islet-derived mouse cell line commonly used to study beta cell
biology!°8. To study palmitate effects on MING6 cells, we incubated the cells with
1mM palmitate for the indicated time and quantified apoptosis using the Cell Death
Detection Kit (Roche). After 24 hours of palmitate exposure, MIN6 cells exposed to
palmitate had 1.5 times higher levels of apoptosis as cells incubated in albumin only
(Fig. 1D).

Since we did not see as robust of an induction of apoptosis in response to long-term
palmitate treatment in MING6 cells as we observed in islets, we tested whether the
cells were susceptible to general cell death with a cell viability assay. We exposed
MING cells to 1 mM palmitate complexed to albumin at increasing palmitate to
albumin molar ratios to create a gradient of free fatty acid levels. After 48 hours, we
saw a dose-dependent decrease in cell viability, with a 75% reduction in cell
viability in the cells exposed to 5:1 palmitate:albumin compared to cells exposed to
albumin only (Fig 1E).

We also tested whether MIN6 cells are more susceptible to glucolipotoxicity than
lipotoxicity. We incubated MING6 cells with 1 mM palmitate, 30 mM glucose, 1 mM
palmitate and 30 mM glucose, or albumin only for 16, 24, or 48 hours and measured
cell viability with an XTT assay. The cells exposed to palmitate alone and palmitate
with gluose had a similar time-dependent reduction in cell viability compared to
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cells exposed to albumin only (Fig. 1F), suggesting that unlike isolated islets, MIN6
cells are no more susceptible to glucolipotoxicity than lipotoxicity.

FATP1, FATP3, and FATP4 are expressed in pancreatic islets

While it is clear that excess fatty acids affect beta cell biology, no one has reported
whether members of the fatty acid transport protein family play a role in beta cell
function. We first determined whether fatty acid transport proteins were expressed
in pancreatic islets by collecting RNA from islets isolated from male C57BL/6] mice
and performing quantitative PCR for all six members of the FATP family. While we
could not detect expression of FATP2, FATP5, and FATP6, we did detect expression
of FATP1, FATP3, and FATP4 (data not shown).

We then measured the copy number of each FATP transcript by performing absolute
quantification PCR and generating standard curves for each transporter and a
housekeeping gene (Fig. S1). FATP1 seemed to be the most highly expressed FATP,
followed by FATP4 and FATP3 (Fig. 2A). The FATP transcript levels in MING6 cells
were similar to those in islets, although in MING6 cells, FATP4 seemed to be the most
highly expressed (Fig. 2A). We also compared the amount of FATP transcripts in
isolated islets to the amount in tissues known to express high levels of each
transporter. The levels of FATP transcript in islets were lower than the levels of
FATP transcripts in the control tissues (Fig. 2B).

FATP1 expression is induced in response to glucose and palmitate treatment

FATPs are differentially regulated and some FATPs are regulated by metabolic
signals*. We measured FATP transcript levels in response to short-term and long-
term glucose and palmitate treatments using the conditions we employed in our
apoptosis assays. We incubated isolated islets with 30 mM glucose, 1 mM palmitate,
or albumin only for five or 24 hours, collected RNA, and then performed
quantitative PCR for the fatty acid transport proteins. FATP1 expression was
induced in a time-dependent manner in response to both glucose and palmitate
treatment, although the magnitude of induction in response to glucose was much
larger (Fig. 2C). FATP3 and FATP4 expression were not affected by glucose or
palmitate treatment.

FATP1 is expressed in beta cells, FATP3 in delta cells, and FATP4 in alpha cells

We used immunohistochemistry to identify where our fatty acid transport proteins
are expressed within pancreatic islets. We fixed, cryopreserved, and sectioned
isolated islets, then stained the islets for each fatty acid transport protein. Islets are
made up of four different cell types, each secreting a unique hormone. We co-
stained for individual hormones to identify specific cell types within pancreatic
islets. We found that FATP1 colocalized with insulin, FATP3 colocalized with
somatostatin, and FATP4 colocalized with glucagon, indicating that FATP1 is
expressed in beta cells, FATP3 in delta cells, and FATP4 in alpha cells (Fig. 2D).
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Loss of FATP1 protects beta cells from palmitate-induced apoptosis.

Because of the role of beta cell lipotoxicity in the development of diabetes, we were
particularly interested in FATP1 expression in beta cells. We decided to utilize
whole-body FATP1-/- mice!3° to study the effects of loss-of-function of FATP1 in
pancreatic beta cells. We first confirmed loss of FATP1 protein in islets by running a
Western blot for FATP1 in islets isolated from wild-type and FATP1-/- mice. We
used white adipose tissue as a control for FATP1 expression. We detected FATP1
protein in wild-type islets, while it is absent in islets isolated from FATP1-/- mice
(Fig. 3A).

FATP1 mediates long-chain fatty acid uptake in vivo!>?. We hypothesized that
FATP1 would mediate intracellular fatty acid availability in beta cells and therefore
promote beta cell lipotoxicity. We first investigated whether loss-of-function of
FATP1 affected palmitate-induced apoptosis in isolated islets. We exposed islets
isolated from wild-type and FATP1~/- mice to 1 mM palmitate for 48 hours and
performed the in situ TUNEL assay previously described. We found that palmitate-
induced apoptosis was abolished in FATP1-/- islets (Fig. 3B). Deletion of FATP1
protected beta cells from lipotoxicity.

Loss of FATP1 does not affect fatty acid uptake in islets

To test whether loss-of-function of FATP1 resulted in changes in intracellular fatty
acid availability, we evaluated islet fatty acid uptake in vivo and ex vivo. For the in
vivo assay, we injected mice with 20 mM BODIPY-fatty acid bound to 1% bovine
serum albumin. After an indicated amount of time, we isolated islets from the mice,
homogenized the islets in RIPA buffer, and then measured the tissue lysate for
fluorescence using a plate reader. We saw an increase in lysate fluorescence over
time in the wild-type mice (Fig. S2A), indicating an accumulation of the BODIPY-
fatty acid in the tissue. We performed the in vivo uptake assay in wild-type and
FATP1-/- mice, collecting islets one hour after injection of the BODIPY-fatty acid. We
did not detect a significant difference in islet lysate fluorescence from wild-type and
FATP1-/- mice (Fig. 3C), suggesting that the FATP1-/- mice maintained normal levels
of fatty acid uptake in the endocrine pancreas, despite loss of the transport protein.

We also evaluated fatty acid uptake in islets isolated from wild-type and FATP1-/-
mice using a novel fatty acid uptake assay we developed in our lab. We crossed
FATP1-/- mice with L2G85 mice expressing luciferase (luc*). We then isolated islets
from wild-type luc* and FATP1-/- luc* mice, incubated the islets with a fatty acid
conjugated to luciferin’®®, and measured the amount of light emitted from the islets
with a luminometer. The amount of light emitted corresponds to the amount of
luciferin-fatty acid being processed by the luciferase enzyme within the islet cells.
When we incubated wild-type luc* islets with increasing concentrations of the
luciferin-fatty acid, we saw a dose-dependent increase in emitted light (Fig. S2B).
We incubated wild-type luc* and FATP1-/- luc* islets with 20 uM luciferin-fatty acid
bound to 0.2% bovine serum albumin for one hour and did not see a difference in
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the light emitted between the two groups (Fig. 3D), suggesting that loss of FATP1
also does not affect ex vivo islet fatty acid uptake.

Compared to wild-type islets, FATP1 islets differentially store lipids in response to
long-term palmitate treatment

We also measured lipid accumulation in isolated islets treated with palmitate or
albumin alone. We incubated wild-type and FATP1-/- islets with 1 mM palmitate or
albumin only for 48 hours, and then fixed, cryopreserved, sectioned, and stained the
islets with BODIPY neutral lipid stain. We found that wild-type islets store neutral
lipid in the basal state and that lipid levels are reduced in response to palmitate
treatment (Fig. 3E and F). FATP1-/- islets have lower levels of intracellular lipid
than wild-type islets in the basal state, but accumulate, rather than reduce,
intraceullar lipid after palmitate treatment. Therefore, deletion of FATP1 reduces
basal lipid accumulation, but results in differential lipid storage in response to
palmitate treatment.

Like wild-type islets, FATP1” islets undergo ER stress in response to palmitate
treatment

One of the proposed mechanisms for palmitate-induced apoptosis is an induction of
ER stress in response to chronic exposure to excess lipids1°0-153, We wanted to
investigate whether FATP1-/- islets were protected from palmitate-mediated ER
stress since they are protected from palmitate-induced apoptosis. To this end, we
incubated islets isolated from wild-type and FATP1-/- mice with palmitate for 48
hours, homogenized the islets, then ran a Western blot for CCAAT/-enhancer-
binding protein homologous protein (CHOP), a protein upregulated in palmitate-
induced ER stress. CHOP expression was induced in both wild-type and FATP1-/
islets in response to palmitate treatment (Fig. 3E), suggesting that FATP1-/- islets
undergo palmitate-mediated ER stress to the same extent as wild-type islets.

In summary, FATP1-/- islets are protected from palmitate-induced apoptosis. This
protection from cell death is not mediated by a reduction in islet fatty acid uptake or
palmitate-mediated ER stress, but may be due to reduced lipid accumulation in the
basal state or differential storage or metabolism of lipids upon palmitate treatment.

Gain-of-function of FATP1 in MING cells leads to enhanced fatty acid uptake

In an attempt to better understand the role of FATP1 in beta cells, we created a gain-
of-function model in MING6 cells. We cloned the mouse FATP1 gene into a lentiviral
vector, created lentivirus containing the FATP1 gene or vector only, and infected
MING cells with the lentivirus. We isolated individual clones of infected cells and
used a clone with robust transcript (Fig. 4A) and protein (Fig. 4B and C) expression
of FATP1 for our studies. We then evaluated fatty acid uptake in MIN6 cells
expressing FATP1. We incubated MING6 cells expressing FATP1 or vector only with
2 uM BODIPY-fatty acid bound to 0.1% bovine serum albumin for one hour and
measured cell fluorescence using a flow cytometer. Cells expressing FATP1
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accumulated significantly more BODIPY-fatty acid than cells expressing vector alone
(Fig. 4D), showing that FATP1 facilitates fatty acid uptake in MING6 cells.

Gain-of-function of FATP1 in MING cells does not affect susceptibility to palmitate-
induced cell death

We hypothesized that gain-of-function of FATP1, which leads to increased fatty acid
uptake, would lead to enhanced beta cell sensitivity to palmitate-induced cell death.
To test this, we incubated MIN6 cells expressing FATP1 or vector only with
increasing amounts of palmitate for 48 hours and measured cell viability with an
XTT assay. The cells expressing FATP1 were just as susceptible to palmitate-
induced cell death as cells expressing vector only (Fig. 4E).

We also evaluated how FATP1-expressing cells accumulated lipid when exposed to
palmitate. We incubated MING6 cells expressing FATP1 or vector only with
increasing amounts of palmitate and stained the cells with BODIPY neutral lipid
stain. Both cell types accumulated lipid in a dose-dependent manner to a similar
degree, although there was a trend toward reduced lipid accumulation in FATP1-
expressing cells exposed to the highest concentration of palmitate (p=0.06) (Fig.
4F).

In summary, MING6 cells overexpressing FATP1 are susceptible to palmitate-induced

cell death, despite having enhanced fatty acid uptake. They show a trend towards
reduced lipid accumulation in response to palmitate treatment.
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Figure 1. Treating isolated islets or MING6 cells with 1 mM palmitate induces cell
apoptosis.

A Islets isolated from mice and exposed to 1 mM palmitate for 48 hours have higher
levels of apoptosis than islets exposed to albumin only as measured by an in situ
TUNEL assay (representative images). B Quantification of (A) (n=8). € Isolated
islets incubated with elevated glucose and palmitate levels for 48 hours have more
apoptotic cells than islets incubated with glucose or palmitate alone (n=4). D MIN6
cells exposed to 1 mM palmitate for at least 24 hours undergo more apoptosis than
MING cells exposed to albumin only (n=3). E MING6 cells exhibit reduced cell
viability in response to palmitate treatment in a dose-dependent manner (n=3). F
Elevated glucose and palmitate levels do not induce more cell death in MIN6 cells

than elevated palmitate levels alone (n=3). BSA =bovine serum albumin. *p < 0.05,
**¥p < 0.005, **p < 0.001. Error bars represent SEM.
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Figure 2. FATPs are differentially expressed in the endocrine pancreas.

A FATP1, FATP3, and FATP4 transcript is expressed in isolated islets and MIN6 cells
as determined by absolute quantification PCR (n=3). B The amount of FATP
transcript expressed in isolated islets is lower than the amount expressed in control
tissues for FATP1, FATP3, and FATP4 (n=3). € FATP1 expression is induced in
response to glucose and palmitate treatment (n=3). D FATP1 is expressed in beta
cells, FATP3 is expressed in delta cells, and FATP4 is expressed in alpha cells of
pancreatic islets, as determined by the colocalization of FATPs with the hormones

secreted by those cells. WAT = white adipose tissue, BSA = bovine serum albumin, INS = insulin,
SST = somatostatin, GLC = glucagon. *p < 0.05, **p < 0.005, ***p < 0.001. Error bars represent SEM.
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Figure 3. FATP1” islets are protected from palmitate-induced apoptosis and
differentially accumulate lipids in response to metabolic signals.

A FATP1 protein is expressed in isolated islets and absent from FATP1-/- islets.

B FATP1-/- islets are protected from palmitate-induced apoptosis (n=3). € Wild-
type and FATP1-/- islets take up the same amount of BODIPY-fatty acid in vivo (n=6).
D Islets isolated from wild-type luc* and FATP1-/- luc* mice take up the same
amount of luciferin-fatty acid (n=3). E Wild-type islets and FATP1-/- islets
differentially accumulate lipid in response to palmitate treatment (representative
images). F Quantification of (E) (n=4). G Wild-type and FATP1-/- islets both

undergo palmitate-induced ER stress. WAT = white adipose tissue, BSA = bovine serum
albumin, RFU = relative fluorescent units, RLU = relative luminescent units. *p < 0.05, **p < 0.005,
Error bars represent SEM.

60



200 pLJM1 FATP1

160 FATP1

*kk
D

Fold change relative
to pLUM1

| | l

© =N

L]
LJM1 FATP1
c P
800+
ox
600+
3
S 4004
[
(4
200+
pLIM1 FATP1 | |
o T
pLJM1 FATP1
E F
150+ 10+
3 BSA
- sk sk )
- x O3 1:1Paimitate >, g
§2 1004 = 3:1 Palmitate 3
28 BN 51Pamitate S 6
Z2e =
R O 4
© 2 504 =)
=E T
° X 2
S
[ 0+
pLJM1 FATP1 pLJM1 FATP1

Figure 4. MING cells overexpressing FATP1 have enhanced fatty acid uptake but are
just as susceptible to palmitate-induced cell death as cells expressing empty vector

A MING cells infected with FATP1 lentivirus express more FATP1 transcript than
cells infected with empty vector (n=6). B MIN6 cells infected with FATP1 lentivirus
express more FATP1 protein than cells infected with empty vector, as measured by
Western blot. € MING6 cells infected with FATP1 lentivirus express more FATP1
protein than cells infected with empty vector, as measured by
immunohistochemistry. D MING6 cells overexpressing FATP1 show enhanced
BODIPY-fatty acid uptake compared to cells expressing vector alone (n=6).

E FATP1-expressing MIN6 cells are just as susceptible to palmitate-induced cell
death as cells expressing vector alone (n=3). F FATP1-expressing MIN6 cells show a
trend towards reduced lipid accumulation when incubated with palmitate (p=0.06)

(n=3). RFU = relative fluorescent units, BSA = bovine serum albumin. *p < 0.05, **p < 0.005,
*#*p < 0.001. Error bars represent SEM.
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Discussion

FATPs are expressed in the endocrine pancreas, with FATP1 localizing to
pancreatic beta cells, FATP3 to delta cells, and FATP4 to alpha cells. Loss-of-
function of FATP1 protects beta cells from palmitate-induced apoptosis. FATP1-/
islets had the same level of fatty acid uptake as wild-type islets, but differentially
stored intracellular lipid in response to metabolic cues. FATP1-overexpressing
MING cells are just as susceptible to palmitate-induced cell death as control cells, but
also show a trend towards differential lipid storage in response to palmitate. FATP1
seems to be playing a role in directing fatty acids towards specific metabolic fates
within beta cells and may protect beta cells from the lipotoxic effects of fatty acids.

We are the first to show that FATPs are expressed in the endocrine pancreas.
We detected FATP1, FATP3, and FATP4 transcript in islets isolated from mouse
pancreas. Although the absolute transcript levels of the FATPs were low compared
to the transcript levels we see in other tissues, we were able to localize FATP
protein expression to specific cell types within the pancreas. FATP1 is expressed in
beta cells, FATP3 in delta cells, and FATP4 in alpha cells. Perhaps the reason we see
low absolute levels in whole islets in that we are evaluating RNA from a pool of
various cell types rather than individual cell species.

We focused our attention on FATP1’s role in pancreatic beta cells. While
there is some evidence that dysregulated glucagon secretion plays a role in the
development of diabetes,161-164 and that fatty acids affect alpha cell function,165166
loss of beta cell mass and insulin production, secretion, and action is central to the
development of diabetes'48. Future work will need to address the role of FATP3 and
FATP4 in delta cell and alpha cell metabolism and function respectively. We utilized
FATP1 whole-body knockout micel” to study FATP1’s function in pancreatic beta
cells. FATP1-/- mice have normal weight gain and fatty acid uptake in peripheral
tissues on a chow diet. However, loss of FATP1 protects mice from skeletal muscle
insulin resistance caused by a high-fat diet!”. This is due to a reduction in insulin-
stimulated fatty acid uptake and intracellular lipid accumulation in skeletal muscle
and white adipose tissue in FATP1-/- micel7.21. In order to investigate FATP1 action
specifically in beta cells and to avoid confounding data from FATP1 action in skeletal
muscle and white adipose tissue, we performed the majority of our experiments ex
vivo in islets isolated from FATP1-/- mice. However, it is important to note that the
islets isolated from FATP1-/- mice may have had a lower demand for insulin
production and secretion in vivo than islets isolated from wild-type mice and this
may have resulted in changes in the overall metabolism and function of islets from
FATP1-/- mice.

We hypothesized that loss-of-function of FATP1 would lead to reduced fatty
acid transport into beta cells and therefore reduced lipotoxicity. We found that
indeed, deletion of FATP1 protected pancreatic beta cells from palmitate-induced
apoptosis. To explore the mechanism behind this finding, we examined fatty acid
uptake, lipid accumulation, and induction of ER stress in FATP1-/- islets. First, we
measured fatty acid uptake in wild-type and FATP1-/- islets using an in vivo and ex
vivo assay. We did not detect alterations in fatty acid uptake in FATP1-/- islets in
either assay. FATP1 mediates long-chain fatty acid uptake in vitro!316 and we
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verified this by overexpressing FATP1 in an islet-derived cell line. FATP1-
expressing MIN6 cells showed enhanced BODIPY-fatty acid uptake compared to
cells expressing empty vector. In vivo, there are no changes in basal skeletal muscle
fatty acid uptake in FATP1-~/- mice compared to wild-type mice!”. However, insulin-
stimulated fatty acid uptake is diminished in muscle strips and adipocytes from
FATP1-/- mice?l. We found that FATP1 is transcriptionally regulated by glucose and
palmitate in islets. It may be that as in other tissues, metabolic signals regulate the
majority of beta cell FATP1 activity, and we will not see changes in fatty acid uptake
in the basal state in FATP1-/- islets. Beta cells may maintain optimal glucose sensing
and utilization in the basal state by downregulating other nutrient transporters16’.
It may also be the case that FATP1 expression in beta cells is relatively low and that
global loss of FATP1 expression led to changes in beta cell biology that resulted in
reduced susceptibility of beta cells to palmitate-induced apoptosis ex vivo. In this
case, we would not expect that loss of FATP1 activity in other peripheral tissues like
skeletal muscle and adipose tissue would result in a reduction in fatty acid uptake in
beta cells. To differentiate the effects of FATP1 expression in beta cells from the
effects of whole-body deletion of FATP1, a beta cell-specific FATP1 knockout mouse
model could be developed.

The fatty acid uptake assays we employed measured fatty acid uptake over
the course of one hour. Since we saw changes in apoptosis after incubating islets
with palmitate for 48 hours, we wanted to investigate whether FATP1 affected long-
term lipid accumulation. To this end, we measured lipid levels in wild-type and
FATP1-/- islets, applying the same conditions we used in our apoptosis assays. We
found that in the basal state, FATP1-/- islets store fewer intracellular lipids than
wild-type islets, suggesting that lack of FATP1 activity results in reduced lipid
uptake and storage. Interestingly, when we treat wild-type islets with palmitate, we
see a reduction in lipid stores compared to the basal state, but in FATP1/- islets, we
see an increase in lipid stores. Also, in our MING6 cell model, FATP1-overexpressing
cells had a trend towards reduced lipid accumulation in response to palmitate
compared to control cells. It seems that FATP1 expression is inversely correlated
with palmitate-induced intraceullular lipid stores. Palmitate does not form
intracellular triglycerides in islets as readily as unsaturated fatty acids like oleatel4,
and actually, the ability of islets to form neutral lipid stores may help protect beta
cells from toxic lipid intermediates that lead to apoptosis. Cnop et al. found an
inverse correlation between apoptosis rates and triglyceride accumulation in islet
cells49. It is not well understood where fatty acids are channeled within a cell and
what regulates the metabolic fate of specific fatty acids1%8. In wild-type islets,
palmitate taken up by the beta cells may be oxidized directly or turned into toxic
lipid intermediates that in turn lead to apoptosis. In FATP1-/- islets, fatty acids may
not be targeted to these lipotoxic metabolic fates. Perhaps other fatty acid
transporters are upregulated that direct palmitate to neutral lipid stores, thereby
protecting beta cells from palmitate-induced apoptosis. Future work needs to
address which fatty acid species change in FATP1-/- islets in the basal state as well as
in lipotoxic conditions and what compensatory mechanisms may be responsible for
these changes.
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Finally, we also evaluated whether FATP1 affected palmitate-induced ER
stress in beta cells. Long-term exposure of beta cells to saturated fatty acid induces
ER stress and this is sufficient, although not necessary, to cause beta cell
apoptosis1®9-171, CHOP is the most well studied molecular target linking ER stress to
lipotoxicity. We measured CHOP protein levels as a way to quantify ER stress in
islets. We found that both wild-type and FATP1-/- islets upregulate expression of
CHOP, suggesting that FATP1-/- islets are not protected from palmitate-induced ER
stress. We did not measure ER stress by other methods, but more recently, studies
have demonstrated CHOP-independent mechanisms linking lipotoxicity to ER stress
that might also be at work in our model?2. Also, since ER stress is not the sole
mechanism by which saturated fatty acids induce apoptosis, FATP1 expression may
have more directly affected other pathways responsible for lipotoxicity, such as
ceramide or reactive oxygen species formation.

We utilized another model to investigate the mechanism of FATP1’s role in
pancreatic beta cells. By means of lentiviral infection, we overexpressed FATP1 in
MING cells. We hypothesized that gain-of-function of FATP1 would lead to an
increase in fatty acid uptake and therefore make the cells more susceptible to
palmitate-induced cell death. As expected, overexpression of FATP1 led to
enhanced BODIPY-fatty acid uptake in MIN6 cells compared to cells expressing
empty vector. However, this did not make FATP1-expressing MIN6 cells more
susceptible to palmitate-induced cell death. Other groups have reported a weak
induction of apoptosis in MIN6 cells'72. Lipotoxicitiy mechanisms in MIN6 cells may
be distinct from those in pancreatic islets, and it may be the case that FATP1
mediates specific apoptotic effects in islets but does not impact necrotic pathways in
MING cells.

In summary, beta cell lipotoxicity contributes to the development of diabetes
and targeting fatty acid transport remains a promising therapeutic strategy to
reduce beta cell destruction caused by hyperlipidemial48. We show that FATP1 is
expressed in beta cells and that FATP3 and FATP4 are also expressed in pancreatic
islets. Loss-of-function of FATP1 protects beta cells from palmitate-induced
apoptosis. While the mechanism of this effect remains unclear, it may be due to lack
of FATP1-mediated metabolic targeting of fatty acids to liptoxic fates. Future work
should address which fatty acid-derived metabolites mediate apoptosis in beta cells
and how fatty acid transporters affects overall beta cell fatty acid metabolism.

Methods

Animal experiments

All animal procedures were approved by the University of California Berkeley
Animal Care and Use Committee. C57BL6/] mice were purchased from the Jackson
Laboratory (#000664). FATP1-/- mice were generated as previously described3°.
Heterozygous FATP1-/* mice were bred to produce FATP1-/- and wild-type
littermates. Mice were genotyped using a published PCR assay?3°. FATP1/-luc*
animals were generated by crossing FATP1-/- animals with D1.FVB(Cg)-Tg(CAG-luc,-
GFP)L2G85Chco/Fath] animals (Jackson Laboratory #010548). The resulting litters
were genotyped for the FATP1 transgene as described as well as for the luciferase

64



transgene by following the distributor’s published protocol. All animal experiments
were performed in 6- to 20-week-old male mice. Mice were given free access to
water and rodent chow (Harlan Teklad #2018) and housed under standard
conditions.

Isolation of islets from mice

[slets were isolated by a standard protocoll’3. Briefly, mice were euthanized and the
pancreas was perfused via the bile duct with 3 ml of 0.8 mg/ml collagenase P (Roche
Applied Science) in a washing buffer [10 mM HEPES, 10 pg Dnase I (Roche
#10104159001), 1% penicillin-strepomyocin, 1.7 mM calcium chloride, and 1.2 mM
magnesium chloride in Hank’s buffered saline solution]. Then, the pancreas was
digested at 37°C for 15 minutes. The digested pancreas was washed, strained
through a tea strainer, and then subjected to density centrifugation in Histopaque
(Sigma-Aldrich #11191). The layer containing the islets was moved to a 6-cm
culture plate and the islets were handpicked using a dissecting microscope for
further culture. Islets were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum, 1% penicillin-streptomyocin, 25 mM HEPES, and 1% non-essential
amino acids (Invitrogen 11140) and used in experiments the day after isolation.

Cell culture

MING cells were maintained in DMEM with high glucose supplemented with 15%
fetal bovine serum, 1% penicillin-streptomyocin, and 71.5 uM 2-mercaptoethanol.
Mouse FATP1 was expressed in MING6 cells via lentiviral infection.

Lentiviral expression of FATP1

The mouse FATP1 gene was cloned into the lentiviral vector pLJM1 (Addgene
#19319). To make lentivirus, HEK293 cells were transfected with pL]JM1-FATP1 or
empty vector, and the lentiviral packaging vectors psPAX2 and pMD2.G according to
Addgene’s protocol. Two days later, the media containing lentivirus was obtained
from the cells. MING6 cells were plated in a 6-well plate in media containing 8 pg/ml
polybrene and infected with 500 ul of lentivirus housing FATP1 or empty vector.
After two days, 1 pg/ml puromyocin was added to the maintenance media to select
for cells expressing the infected vector. Single cells were obtained by serial dilution
to make clonal cell lines, and the clone expressing the highest level of FATP1
transcript was used in experiments.

Palmitate preparations and treatments

Albumin-bound palmitate solutions were prepared as previously described74.
Sodium palmitate (Sigma Aldrich #P9767) was dissolved in 1:1 ethanol:water to a
concentration of 150 mM and incubated at 65°C for 15 minutes. This 150 mM
sodium palmitate stock was diluted into a solution containing 10% bovine serum
albumin (Akron Biotech #8909) in serum-free cell maintenance media at a molar
ratio of 5:1 palmitate:albumin. For MING6 cell experiments, 3:1 and 1:1
palmitate:albumin solutions were also prepared. These solutions were incubated
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for 1 hour at 37°C in a shaking water bath. The resulting albumin-bound palmitate
stock solutions were sterile-filtered, aliquoted, and stored at -20°C.

[solated islets were treated with palmitate at a 5:1 palmitate:albumin ratio by
diluting the described 5:1 palmitate:albumin stock to 1 mM in serum-free islet
maintenance media. MING6 cells were incubated with palmitate by diluting the
described 5:1, 3:1, or 1:1 palmitate:albumin stock to 1 mM in serum-free MIN6
maintenance media. Islets and MING6 cells were incubated in 1 mM palmitate, 30
mM glucose (Sigma Aldrich #G6152), 1 mM palmitate plus 30 mM glucose, or bovine
serum albumin alone for up to 72 hours.

RNA isolation

RNA was isolated from 100-500 islets at a time by vortexing islets in 1 ml Trizol,
incubating them for five minutes at room temperature, and then adding 0.2 ml
chloroform and shaking vigorously for 15 seconds. Samples were then centrifuged
at 12,000 x g for 10 minutes at 4°C and the aqueous phase was moved to a new tube.
One volume of 70% ethanol was added to the aqueous phase and the solutions were
mixed by pipetting up and down. This was applied to a column from the Qiagen
RNeasy kit (#74104) and the rest of the isolation was carried out according to the
manufacturer’s protocol, including the on-column DNase digestion. RNA was eluted
from the column in 30 pl RNase-free water. RNA was isolated from other tissues
and cells using the Aurum Total RNA Fatty and Fibrous Tissue Module (Bio Rad
#7326870) according to the manufacturer’s protocol. cDNA was synthesized using
the Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific
#K1642) with 0.5-1 pg RNA per 20 pl reaction.

Absolute and relative quantification PCR

For relative quantification real-time quantitative PCR, 1 pl of cDNA was used in a 20
ul PCR reaction along with 1 pl PrimeTime qPCR assay [Integrated DNA
Technologies #mm.pt.39a.1 for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), #mm.pt.53a.33622420 for FATP1, #mm.pt.53a.7014435.g for FATP3, and
#mm.pt.53a.14045996 for FATP4] and 10 pl TagMan Universal Master Mix 11
(Thermo Fisher Scientific #4440040). The PCR reactions were run and cycle
thresholds were calculated with the Applied Biosystems 7500 Real Time PCR
System. Fold change was calculated by comparing the difference in cycle thresholds
between the gene of interest and the housekeeping gene for treated samples and
control samples.

For absolute quantification PCR, the mass of plasmids containing the mouse GAPDH,
FATP1, FATP3, and FATP4 cDNA were calculated by assuming that each base pair
weighed 1.096 x 10-21 g. The concentration of each plasmid needed to obtain
300,000 copies of the gene of interest per PCR reaction was calculated and the
plasmids were serially diluted ten-fold to obtain 30,000, 3,000, 300, and 30 copies of
the gene per PCR reaction. Standard curves of cycle threshold values were
generated based on the gene copy number in each PCR reaction (Fig. S1). The cycle
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threshold values for individual samples were plotted on the standard curve to
determine the number of copies of the gene for a given amount of RNA.

Immunohistochemistry

[solated islets were fixed in 4% paraformaldehyde (Electron Microscopy Sciences
#15710) for 20 minutes at room temperature, washed in phosphate-buffered saline,
then cryopreserved in O.C.T Compound (Sakura #4583) in a cryomold. Islets were
then sectioned at 10 um onto charged glass slides with a Leica CM3050S cryostat at
-19°C. The resulting slides were post-fixed in 4% paraformaldehyde for 20 minutes
at room temperature in a humidified chamber and blocked for one hour at room
temperature in blocking buffer (3% normal donkey serum, .05% saponin, 1%
bovine serum albumin, and 10% fetal bovine serum in phosphate-buffered saline).
Slides were then incubated in primary antibody solutions in blocking buffer
overnight at 4°C. Polyclonal antibodies against FATPs were developed in housel75.
Monoclonal antibodies against hormone markers of islets cells were purchased from
Abcam (anti-insulin + proinsulin #ab8304, anti-glucagon #ab10988, and anti-
somatostatin #ab103790). Insulin and glucagon were co-stained with the FATPs.
Serial sections of islets were stained for FATPs and somatostatin, since both
antibodies were raised in rabbits. Slides were then incubated with secondary
antibodies to the primary antibodies [donkey anti-rabbit or anti-mouse IgG (H+L)
conjugated to Alexa Fluor 488 or 647, Thermo Fisher Scientific #A-21206 and #A-
31573] and mounted in DAPI mountant (Life Technologies #P36971). Slides were
imaged with a Zeiss LSM710 laser scanning confocal microscope. Images were
processed on the software IMARIS.

MING6 cells were grown on glass coverslips in a 6-well plate and fixed and stained in
the plate. After staining, the coverslips were mounted onto glass slides with DAPI
mountant and imaged as described.

Western blot

Tissues or cells were lysed in radioimmunoprecipitation assay buffer (150 mM
sodium chloride, 1% NP-40, 0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate, 50
mM Tris, pH 8.0). Protein content was quantified by the bicinchoninic assay (Pierce
#23225). 25-50 pg of protein were loaded onto a 4-20% Tris-Glycine gel (Novex
#EC60285) and run at 130 volts in Tris-glycine running buffer (25 mM Tris-HCl, 250
mM glycine, 0.1% sodium dodecyl sulfate) for two hours. The gels were transferred
to nitrocellulose membranes using the iBlot system (Thermo Fischer Scientific).

The membranes were blocked in Odyssey Blocking Buffer (Licor #92740000) for
one hour at room temperature, and then stained in primary antibody solutions in
blocking buffer with 0.1% Tween-20 (Sigma Aldrich P7949) overnight at 4°C. (Anti-
FATP1 antibody developed in housel7>, diluted 1:1000; anti-GADD 153, Santa Cruz
Biotechnology #sc-575, diluted 1:200; anti-beta-tubulin/E7, Developmental Studies
Hybridoma Bank, diluted 1:1000; anti-beta-actin, Santa Cruz Biotechnology #sc-
47778). The membranes were then washed and stained in Licor secondary
antibody (IRDye 680LT #926-68022 or IRDye 800CW #926-32211, diluted
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1:20,000) in blocking buffer with 0.1% Tween-20 for one hour at room temperature.
Western blots were imaged with the Licor Odyssey system.

Apoptosis assay in isolated islets

Isolated islets were treated as indicated. Islets were fixed, cryopreserved, and
sectioned as described. Islet sections were stained for apoptotic cells using the In
Situ Cell Death Detection Kit (Roche #11684795910). Briefly, the slides were post-
fixed in 4% paraformaldehyde for 20 minutes at room temperature, permeabilized
with 1% Triton X-100 (Sigma Aldrich #234729) in 0.1% sodium-citrate for 5
minutes at room temperature, then incubated in TUNEL reaction mixture at 37°C for
one hour. As a positive control for the reaction, islet sections were treated with
DNase I for 10 minutes before the TUNEL stain. After washing slides in phosphate-
buffered saline, the sections were co-stained for insulin as described. Slides were
mounted in DAPI mountant and imaged with a Zeiss LSM710 laser scanning
confocal microscope. TUNEL-positive apoptotic cells, insulin-positive beta cells, and
total number of cells were quantified with IMARIS. Results are shown as percent of
apoptotic cells per islet section.

Apoptosis assay in MING6 cells

MING cells were plated at 70,000 cells per well of a 24-well plate and treated as
indicated. Apoptosis was measured with the Cell Death Detection ELISA PLUS kit
(Roche #11774425001) according to the manufacturer’s protocol. Briefly, cells
were lysed in 250 pl of lysis buffer and 20 pl of the lysate was applied to the ELISA
plate supplied. At the end of the assay, the absorbance in each well was quantified
with a SpectraMaxi3 plate reader (Molecular Devices) and the values for the
experimental samples were given relative to the values for the control samples.

XTT assay in MING cells

MING cells were plated onto a 96-well plate with 50,000 cells per well and treated as
indicated. XTT solution was prepared immediately before the assay according to
the manufacturer’s protocol (Biotium #30007). 25 ul of XTT solution was added to
each well. The cells were incubated with the XTT solution for four hours. The
absorbance of the samples was measured using a SpecrtraMaxi3 plate reader. The
absorbance of the experimental groups was compared to the absorbance of the
samples treated with vehicle only.

In vivo BODIPY-fatty acid uptake assay

Wild-type or FATP1-/- mice were fasted for three hours and injected with 20 pM
BODIPY-fatty acid (Molecular Probes #D3823) bound to 1% bovine serum albumin
at 0.125 pmol BODIPY per kilogram of body weight. After the indicated time, the
mice were euthanized and islets were isolated as described. Islets were
homogenized in radioimmunoprecipitation assay buffer and the fluorescence of the
lysate was read at an excitation of 488 nm and emission of 515 nm using a
SpectraMaxi3 plate reader. Relative fluorescence values were adjusted for lysate
protein content.
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Ex vivo luciferin-fatty acid uptake assay

Islets were isolated from wild-type and FATP1-/-luc* mice as described. Islets were
seeded into a 96-well opaque plate at 10 islets per well and exposed to uptake
solution containing 10 uM luciferin-fatty acid!®? in 0.1% bovine serum albumin. The
emitted luminescence was recorded in real-time using a plate reader (Molecular
Devices SpectraMaxL). Steady-state values were reached within 30 minutes. At the
end of the assay, the islets were homogenized in phosphate-buffered saline
containing 0.1% Tween-20 and 0.2% propidum iodide (Invitrogen #P3566) to
quantify the amount of DNA in each well. The fluorescence was quantified with a
SpectraMaxi3 plate reader. The steady-state relative luminescence values for the
luciferin-fatty acid were adjusted for the relative fluorescence of the propdium
iodide stain.

BODIPY-fatty acid uptake assay by FACS

The day before the assay, MIN6 cells were plated at 250,000 cells per well in a 6-
well plate. Cells were then incubated with uptake solution containing 2 pM BODIPY-
fatty acid and 0.1% bovine serum albumin in Hank’s buffered saline solution for one
hour at 37°C. Cells were trypsinized, washed in ice-cold buffer containing 0.2%
bovine serum albumin, and sent through a flow cytometer (BD FACS Calibur). Cells
were gated on forward and side scatter and the mean FL1 fluorescence was plotted.

Neutral lipid stain

Sections of wild-type and FATP1-/- islets treated with 1 mM palmitate or bovine
serum albumin alone for 48 hours were stained with 10 pg/ml BODIPY neutral lipid
stain (Thermo Fisher Scientific #D3922) for one hour at room temperature. Slides
were washed in PBS, mounted with DAPI mountant, and imaged with a Zeiss
LSM710 laser scanning confocal microscope. The BODIPY and DAPI signals were
quantified with Image] and the BODIPY signal was adjusted for total cell number.

MING cells were treated with palmitate or albumin only as indicated and stained
with 10 pg/ml BODIPY neutral lipid stain for ten minutes at room temperature. The
fluorescence of the samples was quantified with a SpectraMaxi3 plate reader and
the relative fluorescence was adjusted for cell viability.

Statistical analysis

Differences between two groups were determined using unpaired Student’s ¢t test.
Linear regression analysis was used to determine the rate of change of values over
time. Data are presented as mean values with error bars representing the standard
error of the mean. Asterisks indicate significant differences (*p < 0.05, **p < 0.005,
***p < 0.001).
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Supplementary Data
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Supplementary Figure 1. Standard curves for absolute quantification PCR for FATP1,
FATP3, FATP4, and GAPDH.
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Supplementary Figure 2.

A After injecting mice with BODIPY-fatty acid, the fluorescence in isolated islet
lysate increases over time (n=3). B Incubating isolated islets that express luciferase
with a luciferin-fatty acid results in a dose-dependent increase in light production
(n=6).



Chapter 4: Rationally designed FATP inhibitors and 4-aryl-3,4-
dihydropyrimidin-2(1H)-one, an identified FATP4 inhibitor, do
not reduce endogenous FATP-mediated fatty acid uptake

Additional Contributors:
Satoshi Shuto, Hokkaido University - synthesized phospholipid-based compounds

Vladislav Dubikovsky, Intrace Medical - synthesized 4-aryl-3,4-dihydropyrimidin-
2(1H)-one

Rationale

Fatty acids are important molecules that are involved in a variety of
biological processes. Besides being a major fuel source, they also activate
intracellular signal transduction cascades, regulate metabolic enzymes, bind
transcription factors, provide substrates for posttranslational protein modification,
and are precursors to components of the cell membranes and mediators of the
immune response*>. While fatty acids are essential to maintain normal biological
function, excess fatty acids in circulation and in peripheral tissues can become
pathophysiological. Ectopic lipid accumulation in tissues like skeletal muscle, liver,
heart, and pancreatic beta cells can lead to insulin resistance and lipotoxicity.
Although the mechanisms of lipotoxicity are unclear, it seems that excess levels of
fatty acids in these tissues results in the formation of toxic fatty acid intermediates
that induce ER stress and ultimately, apoptosis and cell death#¢-8.

Because of the detrimental effects of excess fatty acids, much effort has been
made to understand how fatty acids enter cells and whether this process is
regulated. We now know that while some fatty acids can diffuse across the plasma
membrane, the majority of fatty acid uptake into cells is protein-mediated+2.10. Fatty
acid transport proteins (FATPs)#, fatty acid translocase (CD36)11, and plasma
membrane fatty acid binding protein (FABPpm)!? have been shown to facilitate fatty
acid uptake into cells. Genetic studies in mice have shown a categorical role for
these proteins in mediating tissue fatty acid uptake and lipid accumulation in vivo*.
In fact, loss-of-function of specific FATPs can protect animals from the development
of insulin resistance!” and hepatosteatosis!?, while overexpression in the heart can
lead to cardiomyopathy#1.

Metabolic diseases like diabetes, heart disease and nonalcoholic fatty liver
disease are globally prevalent and represent a major public health concern. FATPs,
therefore, are an attractive therapeutic target for these conditions. There are six
members of the FATP family*. Because each FATP is uniquely expressed and
regulated, targeting specific FATP’s may be an effective way to target tissue-specific
fatty acid uptake without affecting whole body lipid metabolism and producing
undesirable side effects.

Some effort has been made to find small molecule inhibitors of FATPs. Two
groups have developed high-throughput screening techniques utilizing a fluorescent
BODIPY-fatty acid to identify compounds that reduced fatty acid uptake in cellst76-
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178, Using these techniques, investigators have identified and validated triazole-
based compounds as inhibitors of FATP1179.180 tricyclic, phenothiazine-derived
drugs as inhibitors of FATP2176.181-183 dihydropyrimidinone-based drugs as
inhibitors of FATP4178184 and secondary bile acids as inhibitors of FATP540.178,
Chemically optimized triazole-based FATP1 inhibitors effectively reduced fatty acid
uptake in vitro and were bioavailable in vivo, but did not affect tissue lipid
accumulation in mice!8%, Two phenothiazine-derived FATP2 inhibitors, called
Grassofermata and Lipofermata, have been shown to reduce fatty acid uptake and
lipotoxicity in a variety of cell lines from metabolic tissues!82183, A chemically
optimized FATP4 inhibitor has been shown to reduce fatty acid uptake in 3T3-L1
adipocytes and in isolated enterocytes, which exclusively express FATP4178,
Deoxycholic acid, a secondary bile acid, has been shown to inhibit fatty acid uptake
and lipid accumulation in the liver in vivo4?.

While progress has been made towards finding small molecule inhibitors for
FATPs, we still do not have inhibitors for all of the FATPs and many of the current
inhibitors have not been validated in multiple cell models or in vivo. In order to
address these concerns and to explore other potential inhibitors, we collaborated
with two different groups that created potential FATP inhibitors. One group
rationally designed and developed novel compounds with a phospholipid moiety
and a fatty acid moiety. They predicted that these compounds would be targeted to
cell membranes and would competitively inhibit general FATP activity. Another
group provided our laboratory with one of the dihydropyrimidone-based FATP4
inhibitors that they identified by a high-throughput screen and chemically
optimized to inhibit FATP4. We tested the ability of these compounds to reduce
fatty acid uptake in multiple in vitro and ex vivo models and found that the
phospholipid-based compounds did not inhibit FATP activity at reasonable
concentrations and the dihydropyrimidone-based inhibitor effectively reduced
FATP1- and FATP4-mediated fatty acid uptake in overexpression cell models, but
did not affect endogenous FATP1 or FATP4 activity in other cell models.

Results

Phospholipid-based compounds are cytotoxic at some concentrations

A group of medicinal chemists synthesized six compounds with a phospholipid
moiety conjugated to a fatty acid via an ether bond (unpublished, Fig. 1A) with the
rationale that the phospholipid moiety would insert into the plasma membrane and
the fatty acid moiety would competitively block fatty acid transporters. The six
compounds are distinct in the length of the ether bonds connecting the two moieties
(Fig. S1). Our goal was to test whether the compounds could effectively inhibit
general FATP activity in mammalian cells. The fatty acid moiety in the compounds
is based on arachidic acid, which we have shown competes with BODIPY-fatty acid
in FATP4-expressing cells34. Therefore, we used arachidic acid as a positive control
for competitive inhibition of FATP activity in our cell models.

We first tested the cytotoxicity of these compounds at concentrations ranging from
2 nM to 20 uM in HEK293 cells stably expressing human FATPS5. Using an XTT assay
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for cell viability, we found that treating the cells with compound 1, 2, 4, and 5
reduced cell viability at some but not all of the concentrations of the compounds
tested (Fig. 1B). Compound 6, the compound with the longest ether bond, and
arachidic acid were not toxic to the cells at any of the concentrations tested.

Phospholipid-based compounds do not inhibit FATP5-mediated BODIPY-fatty acid
uptake.

We used HEK293 cells stably expressing human FATP5 as a model to test whether
the synthesized compounds could inhibit general FATP-mediated fatty acid uptake.
These cells consistently show elevated BODIPY-fatty acid uptake relative to cells
expressing an empty vector as measured by a quencher-based real-time uptake
assay (Fig. 1C)%7. This real-time uptake assay is one of the methods used in high-
throughput screens for FATP inhibitors177.178,

We pre-incubated the FATP5-expressing cells for 30 minutes with the compounds
varying in concentration from 2 nM to 20uM to allow the compounds to associate
with the plasma membrane and potentially bind FATPs before we introduced
bovine serum albumin. Albumin may bind phospholipid analogs and prevent them
from incorporating into the plasma membrane!8>. We also incubated the cells with
deoxycholic acid, a bile acid which we have shown inhibits BODIPY-fatty acid uptake
in HEK293 cells expressing FATP540. We replaced the pre-incubation media with
uptake solution containing 2 uM BODIPY-fatty acid bound to 0.1% bovine serum
albumin in the presence of 1 mM quencher and the compounds at the indicated
concentrations. We measured the relative fluorescence emitted from the cells over
the course of two hours and calculated the change in relative fluorescence over time.
While deoxycholic acid effectively reduced BODIPY-fatty acid uptake in the FATP5-
expressing cells, the synthesized compounds and arachidic acid either had no effect
on BODIPY-fatty acid uptake compared to cells treated with vehicle alone or they
enhanced uptake (Fig. 1D).

Phosholipid-based compounds do not inhibit BODIPY-fatty acid uptake in
differentiated 3T3-L1 cells.

Since the synthesized compounds are designed so that the fatty acid moiety will
compete for FATP activity, we only expect the compounds to be effective in model
systems where arachidic acid inhibits FATP-mediated fatty acid uptake. Arachidic
acid did not effectively inhibit FATP5-mediated fatty acid uptake at the
concentrations we tested. Since FATP5 may have a substrate preference for bile
acids rather than fatty acids*%, we turned to a new cell model that expresses
different FATPs to test our compounds.

When differentiated into adipocytes, 3T3-L1 cells show increased expression of
FATP1 and FATP4 and enhanced cellular fatty acid uptake (Fig. 1E)16. To test
whether our phospholipid-based compounds could inhibit fatty acid uptake
mediated by FATP1 or FATP4, we treated differentiated 3T3-L1 adipocytes with the
compounds varying in concentration from 2 nM to 20pM and measured subsequent
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BODIPY-fatty acid uptake using the quencher-based assay described. The
compounds did not affect the rate of BODIPY-fatty acid uptake and 20 uM arachidic
acid again increased BODIPY-fatty acid uptake relative to vehicle-treated cells (Fig.
1F).

We have shown that exogenous fatty acids can actually increase labeled fatty acid
uptake when the exogenous fatty acids are only ten times more concentrated than
the labeled fatty acid186. We believe that this increase in uptake is due to fatty acid
competition on albumin, which may result in a higher concentration of free, labeled
fatty acid and therefore make the labeled fatty acid more bioavailable for cellular
uptake. Once exogenous fatty acids are 100 times more concentrated that labeled
fatty acid, exogenous fatty acids can competitively inhibit labeled fatty acid
uptake3+186, Therefore, we tried incubating differentiated 3T3-L1 cells with 200 uM
arachidic acid, 100 times the concentration of the BODIPY-fatty acid. We saw
reduced BODIPY-fatty acid uptake, proving that we need at least 100 times more
exogenous fatty acid than labeled fatty acid in order to competitively inhibit uptake
(Fig. 1F). Like arachidic acid, the synthesized compounds may need to be used at
higher concentrations in order to be effective. Because small molecule inhibitors
are more likely to interact with off-target proteins at higher concentrations'®’, we
did not test whether the compounds were effective at higher doses.

4-aryl-3,4-dihydropyrimidin-2(1H)-one inhibits FATP4-mediated fatty acid uptake
Since we did not detect any inhibition of fatty acid uptake by the phospholipid-
based compounds at feasible concentrations, we next tried a different compound
that was shown to inhibit FATP4 activity. 4-aryl-3,4-dihydropyrimidin-2(1H)-one is
a dihdropyrimidinone-based inhibitor with a cyclopentyl group that was identified
by a high-throughput screen and chemically optimized for specific inhibition of
FATP4 (Fig. 2A)184 We verified that this compound was effective in inhibiting
FATP4 activity in our laboratory by incubating HEK293 cells expressing human
FATP4, human FATPS5, or empty vector with the compound and measuring BODIPY-
fatty acid uptake with the quencher-based method described. We saw a significant
increase in BODIPY-fatty acid uptake in cells expressing FATP4 that was attenuated
by treating the cells with the compound (Fig. 2B). However, the FATP5-mediated
BODIPY-fatty acid uptake was unaffected by treatment with the compound. This
verifies that the compound is effective in inhibiting FATP4- but not FATP5-mediated
BODIPY-fatty acid uptake.

4-aryl-3,4-dihydropyrimidin-2(1H)-one inhibits FATP1-mediated fatty acid uptake

Of all the FATPs, FATP1 and FATP4 are the most homologous and share 60.3% of
their amino acid sequencel®8. Therefore, we wanted to test whether 4-aryl-3,4-
dihydropyrimidin-2(1H)-one could also inhibit FATP1-mediated fatty acid uptake.
To this end, we incubated MING6 cells expressing mouse FATP1 or vector only with
the compound and measured BODIPY-fatty acid uptake using flow cytometry.
FATP1-expressing MING6 cells showed enhanced BODIPY-fatty acid uptake that was
reduced by treating the cells with the compound in a dose-dependent manner (Fig.
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2C). Therefore, 4-aryl-3,4-dihydropyrimidin-2(1H)-one inhibits both FATP1- and
FATP4-mediated fatty acid uptake.

4-aryl-3,4-dihydropyrimidin-2(1H)-one does not inhibit endogenous FATP activity in
3T3-L1 adipocytes

Next, we wanted to test whether 4-aryl-3,4-dihydropyrimidin-2(1H)-one effectively
inhibited endogenous FATP activity. We used 3T3-L1 adipocytes as a model since
these cells endogenously express both FATP1 and FATP4 when differentiated!t. We
incubated 3T3-L1 adipocytes with varying concentrations of the compound and
measured BODIPY-fatty acid uptake with the quencher-based method described.
Again, we saw significantly enhanced BODIPY-fatty acid uptake in differentiated
3T3-L1 cells compared to undifferentiated cells. Counter to what we observed in
the FATP overexpressing models, 0.25 pM 4-aryl-3,4-dihydropyrimidin-2(1H)-one
significantly enhanced BODIPY-fatty acid uptake, while higher concentrations of the
compound did not affect the rate of BODIPY-fatty acid uptake (Fig. 2D). We used
phloretin, a broad fatty acid transporter inhibitor, as a positive control for inhibition
of endogenous FATP activity.

4-aryl-3,4-dihydropyrimidin-2(1H)-one does not inhibit endogenous FATP activity in
isolated enterocytes

We also tested whether the compound could inhibit endogenous FATP4 expression
in isolated enterocytes, which express FATP4 on the apical membrane and exhibit
fatty acid uptake capacity ex vivo34. We incubated isolated enterocytes with the
compound, DMSO alone, or phloretin, and measured BODIPY-fatty acid uptake by
flow cytometry. While BODIPY-fatty acid uptake in isolated enterocytes increases
over time, 12.5 uM 4-aryl-3,4-dihydropyrimidin-2(1H)-one did not affect BODIPY-
fatty acid uptake, while 200 uM phloretin effectively reduced uptake (Fig. 2E).

4-aryl-3,4-dihydropyrimidin-2(1H)-one does not inhibit endogenous FATP activity in
isolated islets

We also tested whether the compound could inhibit endogenous FATP expression in
isolated islets. Islets are mostly made up of beta cells and alpha cells, with fewer
amounts of delta cells and PP-cells'8°. Beta cells express FATP1, while alpha cells
express FATP4, and delta cells express FATP3 (Chapter 3). We incubated isolated
islets with varying concentrations of the dihydroyrimidone-based compound in the
presence of a luciferin-fatty acid analog developed by some of our collaborators18e.
We measured fatty acid uptake in these cells by measuring the accumulation of light
over time. We found that 4-aryl-3,4-dihydropyrimidin-2(1H)-one did not affect
luciferin-fatty acid uptake in isolated islets (Fig 2F).
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Figure 1. Phospholipid-based compounds do not inhibit BODIPY-fatty acid uptake.

A Chemical structure of the phospholipid-based compounds containing a
phospholipid moiety conjugated to a fatty acid moiety with an ether bond. (See
supplementary figures for the structures of the other phospholipid-based
compounds.) B Treating FATP5-overexpressing cells with the compounds resulted
in slightly reduced cell viability for some compounds at some concentrations, while
no changes in cell viability were detected for compound #6 or arachidic acid (n=3).
C HEK293 cells overexpressing FATP5 have significantly enhanced BODIPY-fatty
acid uptake compared to cells expressing empty vector (n=8). D In FATP5-
overexpressing cells, 20 uM of compound #5, compound #6, and arachidic acid
enhanced BODIPY-fatty acid uptake, while 20 uM deoxycholic acid inhibited
BODIPY-fatty acid uptake (n=8). E Differentiated 3T3-L1 cells show significantly
enhanced BODIPY-fatty acid uptake compared to undifferentiated 3T3-L1 cells
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(n=8). F In differentiated 3T3-L1 cells, the phospholipid-based compounds did not
affect BODIPY-fatty acid uptake, while 200 uM oleic acid inhibited BODIPY-fatty acid

uptake (n=8). BSA =bovine serum albumin, RFU = relative fluorescent units. *p < 0.05,
**¥p < 0.005, **p < 0.001. Error bars represent SEM.
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Figure 2. 4-aryl-3,4-dihydropyrimidin-2(1H)-one inhibits exogenous FATP1 and FATP4
activity, but does not inhibit endogenous FATP activity.

A 4-aryl-3,4-dihydropyrimidin-2(1H)-one is a dihdropyrimidinone-based
compound with a cyclopentyl group that has been chemically optimized for
inhibition of FATP4. B HEK293 cells overexpressing FATP4 have significantly
enhanced BODIPY-fatty acid uptake compared to cells expressing empty vector. The
dihydropyrimidinone-based compound specifically inhibits FATP4-mediated
BODIPY-fatty acid uptake (n=8). € MING6 cells overexpressing FATP1 have
enhanced BODIPY-fatty acid uptake compared to cells expressing empty vector. The
dihydropyrimidinone-based compound inhibits FATP1-mediated BODIPY-fatty acid
uptake (n=1, representative of four experiments). D In differentiated 3T3-L1 cells,
the compound enhanced BODIPY-fatty acid uptake at lower concentrations, while
200 pM phloretin significantly reduced BODIPY-fatty acid uptake (n=8). E In
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isolated enterocytes, 12.5 uM compound does not affect BODIPY-fatty acid uptake as
measured by flow cytometry, while 200 uM phloretin reduces uptake (n=1,
representative of five experiments). F In isolated islets, the dihydropyrimidone-

based compound does not affect luciferin-fatty acid uptake (n=4). RFU = relative
fluorescent units, RLU = relative luminescent units. *p < 0.05, **p < 0.005, ***p < 0.001. Error bars
represent SEM.
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Discussion

We tested two different types of compounds for their ability to reduce FATP-
mediated fatty acid uptake in select cell models. One class of compounds was
rationally designed and synthesized by our collaborators. The other compound was
identified by a high-throughput screen for inhibitors of FATP4 and was chemically
optimized for inhibition of fatty acid uptake. The rationally designed phospholipid-
based compounds were not capable of reducing fatty acid uptake at reasonable
concentrations in the cell models tested. The FATP4 inhibitor 4-aryl-3,4-
dihydropyrimidin-2(1H)-one effectively reduced FATP1- and FATP4-mediated fatty
acid uptake in cell models in which the transport proteins were exogenously
expressed, but was unable to reduce fatty acid uptake in cell models with
endogenous expression of FATPs.

We did not observe any inhibition of BODIPY-fatty acid uptake with the
phospholipid-based compounds at concentrations ranging from 2 nM to 20 pM, nor
did we observe a trend towards dose-dependent effects on fatty acid uptake. We did
observe that at 20 pM, the compounds slightly increased BODIPY-fatty acid uptake
in the FATP5-expressing cells and the intensity of this effect seemed dependent on
the length of the ether bond connecting the phospholipid and fatty acid moieties,
with the compounds containing the longer ether bonds showing a more robust
increase in BODIPY-fatty acid uptake. In both the FATP5-expressing cells and the
3T3-L1 adipocytes, arachidic acid increased BODIPY-fatty acid uptake more than
any of the compounds tested. As mentioned, we believe this is due to competition
on albumin in the uptake solution. If arachidic acid outcompetes BODIPY-fatty acid
for albumin binding sites, more free BODIPY-fatty acid would be in the aqueous
solution, effectively increasing the local concentration of the BODIPY-fatty acid that
the cells are exposed to. Indeed, in this study and in previous studies, we have
observed that when we incubate cells with exogenous fatty acids at ten times the
concentration of a labeled fatty acid, we see a spike in labeled fatty acid uptake8é, It
is only when we add exogenous fatty acids at 100 times the concentration of labeled
fatty acid that we see a reduction in fatty acid uptake3+186,

We did not test whether the phospholipid-based compounds were effective
at concentrations higher than 20 pM. Small molecule inhibitors are more likely to
interact with off-target proteins at concentrations higher than 10 uM187. High
concentrations of the compounds may also begin to affect membrane fluidity or
have other unspecific biological effects. We hypothesized that since the compounds
were designed with a phospholipid moiety to target the compounds to the plasma
membrane, we would theoretically enhance the local concentration of the
compounds at the cell surface and therefore be able to dose cells with lower
concentrations of the compounds than are necessary for exogenous free fatty acids
to inhibit FATPs. However, this was not the case.

Different FATPs may prefer different substrates, and the substrate specificity
of FATPs remains largely unknown!?0. FATP5, for example, is unique among the
FATP family in being a bile-CoA ligase and utilizing bile acids as substrates°1.192, For
this reason, we wanted to test our phospholipid-based compounds on a variety of
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cell lines expressing different FATPs. However, the compounds were not effective
against cells expressing FATP1 and FATP4 or FATP5-expressing cells.

The exact mechanism of FATP-mediated fatty acid transport is not clear.
FATPs have fatty acyl-CoA synthetase activity and can activate fatty acids into fatty
acyl-CoA thioesters that can then be further metabolized or used within a cell. Some
of this enzymatic activity may be driving overall fatty acid influx into cells88. It may
be that the phospholipid-based compounds could not be utilized as substrates for
FATP-mediated fatty acid activation. Stahl et al.34 found that while long-chain and
very-long chain fatty acids could compete for FATP4-mediated BODIPY-fatty acid
uptake, esters of long-chain fatty acids and lipid-soluble vitamins and hormones did
not, suggesting that they are not substrates for FATP4. Because we do not have the
crystal structure for any of the FATPs, we do not know which part of a fatty acid a
FATP binds to. The phospholipid compounds may not be able to access FATPs the
way that endogenous fatty acids interact with the proteins.

4-aryl-3,4-dihydropyrimidin-2(1H)-one was identified using a high-
throughput screen for small molecule inhibitors that selectively reduced FATP4-
mediated BODIPY-fatty acid uptake and not FATP2- or FATP5-mediated uptake!8+.
We verified that the compound was specific to FATP4-mediated uptake by testing its
ability to reduce BODIPY-fatty acid uptake in HEK293 cells overexpressing FATP4,
FATPS5, or empty vector. Indeed, the compound inhibited FATP4-, but not FATP5-
mediated BODIPY-fatty acid uptake.

While this compound was chosen for it’s selectivity for FATP4, we wanted to
test whether it could also inhibit FATP1-mediated uptake, since FATP1 shares
60.3% of its amino acid sequence with FATP4188, We found that, indeed, 4-aryl-3,4-
dihydropyrimidin-2(1H)-one did inhibit FATP1-mediated BODIPY-fatty acid uptake
in HEK293 cells overexpressing FATP1. We are the first to show that this type of
compound is effective against FATP1 activity.

While 4-aryl-3,4-dihydropyrimidin-2(1H)-one was effective against FATP1
and FATP4 in the nanomolar range in cell lines overexpressing these transporters,
we could not detect any inhibition of fatty acid uptake in 3T3-L1 adipocytes, isolated
enterocytes, or isolated islets, all cell lines which express FATPs endogenously. Itis
unclear why the inhibitors are not effective against endogenous FATPs. FATP1 is
expressed on the plasma membrane in 3T3-L1 adipocytes, especially in response to
insulin treatment!3.16, Stahl et al.34 found that FATP4 localized to the plasma
membrane in enterocytes, while Milger et al.2? found that FATP4 localized to the ER.
Overexpressing proteins in cell lines often results in accumulation of the protein in
the ER. Perhaps the localization or orientation of the exogenously expressed FATPs
differed from endogenous FATP localization or orientation and the compound could
not access or interact with the endogenous protein.

Blackburn et al.184, the group that originally identified the compound, found
that the compound did not affect intestinal lipid levels in mice. They fed mice a
high-fat diet and treated mice with 4-aryl-3,4-dihydropyrimidin-2(1H)-one. While
they could detect the compound in circulation and within the small intestine, they
did not find differences in intestinal lipid levels in mice treated with the compound
versus mice treated with vehicle alone. Mice treated with Orlistat, a well-known
inhibitor of fat absorption, had decreased fat absorption and reduced lipid levels in
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the small intestine. So 4-aryl-3,4-dihydropyrimidin-2(1H)-one seems to be
ineffective in vivo as well as in our cell models with endogenous expression of
FATP1 and FATPA4.

Another group utilized one of these dihydropyrimidinone-based compounds
identified by Blackburn et al. to validate their high-throughput screen assay for
FATP inhibitors!78. They found that their dihydropyrimidinone-based compound
did inhibit fatty acid uptake in 3T3-L1 adipocytes and isolated enterocytes. The ICso
of the compound in cells overexpressing FATP4 was .63 pM, while the IC50 was 3.6
uM in 3T3-L1 adipocytes and 21 pM in isolated enterocytes. So while the compound
was effective in these cell models, it seemed to be less effective in cell lines with
endogenously expressed FATPs and more effective in the FATP4-overexpressing cell
line. It is unclear which dihydropyrimidinone-based compound this group used, as
they do not provide the chemical structure.

In conclusion, the rationally designed phospholipid-based inhibitors did not
inhibit FATP-mediated BODIPY-fatty acid uptake in the models we tested. Using
fatty acids as part of the FATP inhibitor design may not work unless the compounds
can be specifically targeted to FATPs, otherwise, the concentration of the compound
required to reduce fatty acid uptake will be too high. 4-aryl-3,4-dihydropyrimidin-
2(1H)-one can reduce FATP1- and FATP4-mediated fatty acid uptake in cells
overexpressing these proteins, but it is not effective in cell models that
endogenously express these proteins. Perhaps dihydropyrimidinone-based
compounds can be further optimized to target endogenous FATPs. Developers of
FATP inhibitors should consider that inhibitors of FATP1 might also inhibit FATP4
activity and vice versa. Itis essential that investigations for FATP inhibitors
continue, not only to find potential therapeutic drugs to treat metabolic diseases,
but also to find biological tools for manipulating FATP expression in order to better
understand this important family of proteins.

Methods

Animal experiments

All animal procedures were approved by the University of California Berkeley
Animal Care and Use Committee. C57BL6/] mice and D1.FVB(Cg)-Tg(CAG-luc,-
GFP)L2G85Chco/Fath] were purchased from the Jackson Laboratory (#000664 and
#010548). All animal experiments were performed in 6- to 20-week-old male mice.
Mice were given free access to water and rodent chow (Harlan Teklad #2018) and
housed under standard conditions.

Cell culture

HEK?293 cells (ATCC #CRL-1573) were maintained in DMEM supplemented with
10% fetal bovine serum and 1% penicillin-streptomyocin and incubated at 37°C
with 5% COz. Cells expressing human FATP4 and FATP5 were previously generated
in the lab3440,

Undifferentiated 3T3-L1 cells were maintained in DMEM supplemented with 10%
fetal bovine serum and 1% penicillin-streptomyocin. To differentiate the cells, cells
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were first grown to confluency. Two days later, the maintenance media was
replaced with maintenance media plus 0.25 uM dexamethasone, 0.5 mM 3-isobutyl-
1methylxanthine, and 1 pg/ml insulin. Four days after confluency, this media was
replaced with maintenance media plus 1 pg/ml insulin. Six days after confluency,
this media was again replaced with normal maintenance media. Cells were used in
experiments eight to ten days after confluency.

MING cells were maintained in DMEM with high glucose supplemented with 15%
fetal bovine serum, 1% penicillin-streptomyocin, and 71.5 uM 2-mercaptoethanol.
Mouse FATP1 was expressed in MING6 cells via lentiviral infection.

Lentiviral expression of FATP1

The mouse FATP1 gene was cloned into the lentiviral vector pLJM1 (Addgene
#19319). To make lentivirus, HEK293 cells were transfected with pL]JM1-FATP1 or
empty vector, and the lentiviral packaging vectors psPAX2 and pMD2.G according to
Addgene’s protocol. Two days later, the media containing lentivirus was obtained
from the cells. MING6 cells were plated in a 6-well plate in media containing 8 pg/ml
polybrene and infected with 500 pl of lentivirus housing FATP1 or empty vector.
After two days, 1 pg/ml puromyocin was added to the maintenance media to select
for cells expressing the infected vector. Single cells were obtained by serial dilution
to make clonal cell lines, and the clone expressing the highest level of FATP1
transcript was used in experiments.

Isolation of primary cells

Enterocytes from 2-month old male C57Bl16/] mice were isolated using a standard
protocoll?3. Briefly, small intestines were washed in phosphate-buffered saline,
then cut into 1 cm segments and stirred at room temperature for 30 minutes in
Hank’s buffered saline solution containing 0.1 M sucrose and 20 mM EDTA. Cells
were strained through cheesecloth and a 100 uM cell strainer, then plated in RPMI
1640 supplemented with 10% fetal bovine serum and allowed to recover for 30
minutes before initiation of the assay.

[slets from mice expressing the L2G85 transgene luciferase were isolated by a
standard protocoll73. Briefly, the mice were euthanized and the pancreas was
perfused with 3 ml of 0.8 mg/ml collagenase P (Roche Applied Science) in a washing
buffer [10 mM HEPES, 10 pg Dnase I (Roche #10104159001), 1% penicillin-
strepomyocin, 1.7 mM CaClz, and 1.2 mM MgCl in Hank’s buffered saline solution]
via the bile duct. Then, the pancreas was digested at 37°C for 15 minutes. The
digested pancreas was washed with washing buffer, strained through a tea strainer,
and then subjected to density centrifugation in Histopaque (Sigma-Aldrich #11191).
The layer containing the islets was moved to a 6-cm culture plate and the islets were
handpicked for further culture. Islets were maintained in RPMI 1640 supplemented
with 10% fetal bovine serum, 1% penicillin-streptomyocin, 25 mM HEPES, and 1%
non-essential amino acids (Invitrogen #11140) and used within two days of
isolation.
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Compound solutions

The phospholipid-based compounds (custom synthesis), arachidic acid, and
deoxycholic acid (Sigma-Aldrich #D2510) were dissolved in dimethyl sulfoxide
(DMSO):ethanol 1:1 as a 2 mM stock solution. Compounds were then diluted into
0.1% bovine serum albumin to the desired concentration. 4-aryl-3,4-
dihydropyrimidin-2(1H)-one (Intrace Medical, custom synthesis) was dissolved in
DMSO to make a 12.5 mM stock. This stock was diluted into cell media or uptake
solution to the desired concentration. Phloretin (Sigma-Aldrich #P7912) was
diluted in deionized water to obtain a 200 mM stock.

XTT assay

The day before the assay, HEK293 cells expressing FATP5 were plated onto a 96-
well plate with 20,000 cells per well. Cells were incubated with the indicated
concentration of the phospholipid-based compounds in 100 pl of 0.1% bovine
serum albumin in DMEM for 30 minutes. XTT solution was prepared immediately
before the assay according to the manufacturer’s protocol (Biotium #30007). 25 pl
of XTT solution was added to each well. The cells were incubated with the XTT
solution for four hours. The absorbance of the samples was measured using a plate
reader spectrophotometer (SpectraMax i3, Molecular Devices). The absorbance in
the wells with cells treated with the compounds was compared to the absorbance in
the wells with cells treated with DMSO alone.

Quencher-based real-time BODIPY-fatty acid uptake assay

The assay was based on previously published assay®’. Cells were plated in a 96-well
plate with 30,000 cells per well a day before the assay. Cells were pre-incubated
with the compound of interest for 30 minutes. Then, the media was replaced with
uptake solution containing 1 mM trypan blue, 3.5 g/L glucose, 2 uM BODIPY-fatty
acid (Molecular Probes #D3823), and 0.1% bovine serum albumin in Hank'’s
balanced saline solution with the indicated concentration of compound. The cells
were immediately placed into a SpectraMax i3 plate reader and the fluorescence
was read at an excitation of 488 nm and emission of 515 nm every minute for two
hours. The steady-state change in fluorescence over time was plotted.

BODIPY-fatty acid uptake assay by flow cytometry

The day before the assay, MIN6 cells were plated at 250,000 cells per well in a 6-
well plate. Cells were pre-treated with the compound at the indicated concentration
for 15 minutes. Cells were then incubated with uptake solution containing 2 uM
BODIPY-fatty acid 0.1% bovine serum albumin, and the indicated concentration of
the compound in Hank’s balanced saline solution for one hour at 37°C. Cells were
then trypsinized, washed in ice-cold buffer containing 0.2% bovine serum albumin,
and sent through a flow cytometer (BD FACS Calibur). Cells were gated on forward
and side scatter and the mean FL1 fluorescence was plotted.

Enterocytes were incubated in a 15 ml conical tube containing RPMI 1640 with the
compound of interest or DMSO only at 37°C for 30 minutes. The cells were then

84



resuspended in uptake solution containing 2 pM BODIPY-fatty acid, 0.1% bovine
serum albumin, and the indicated compound in RPMI 1640 and incubated for the
indicated time. To stop the uptake assay, aliquots of the cells were resuspended in
ice-cold 0.2% bovine serum albumin with propidium iodide to label dead cells. The
cells were gated on forward and side scatter as well as for the absence of the FL3
signal from cells stained with propidium iodide. Mean FL1 fluorescence was
plotted.

Luciferin-fatty acid uptake assay

[slets were seeded into a 96-well opaque plate, with 10 islets per well and incubated
with the compound of interest at the indicated concentration in Hank’s buffered
saline solution for 15 minutes. The islets were then exposed to uptake solution
containing 10 uM luciferin-fatty acid in 0.1% bovine serum albumin and placed in a
SpectraMax i3 plate-reader to record luminescence in real-time. Steady-state values
were reached within 30 minutes. At the end of the assay, 1 mM luciferin was added
to the islets to quantify the amount of luciferase-expressing cells. Steady-state
values were reached within 10 minutes. The steady-state relative luminescence
values for the luciferin-fatty acid were adjusted for the steady-state relative
luminescence values for luciferin.

Statistical analysis

Differences between two groups were determined using unpaired Student’s ¢t test.
Linear regression analysis was used to determine the rate of change of values over
time. Data are presented as mean values with error bars representing the standard
error mean. Asterisks indicate significant differences (*p < 0.05, **p < 0.005,

***p < 0.001).
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Supplementary figure 1. Chemical structures of phospholipid-based compounds.
Six different phospholipid-based compounds were synthesized, each with a different
length ether bond between the phospholipid and fatty acid moieties.
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Conclusion

Overall, our work contributes to the growing body of evidence that has
established a role for FATPs in fatty acid transport in vivo and supports the notion
that FATPs are implicated in the development of diet-related diseases. Specifically,
we present a novel role for FATP6 in cardiac metabolism and function and FATP1 in
pancreatic beta cell metabolism and function.

In Chapter 1, the creation of a FATP6 knockout mouse model that we used to
study the physiological role of FATP6 was reported. We found that FATP6 mediated
fatty acid uptake in vivo and was responsible for fatty acid availability in the heart.
Deletion of FATP6 resulted in reduced cardiac lipid levels, cardiac dilation, reduced
systolic function, and elevated rates of apoptosis in cardiomyocytes. This phenotype
resembled dilated cardiomyopathy and was rescued by high-fat diet feeding. While
the location and mechanism of FATP6 activity have not been fully defined, we
hypothesize that lack of FATP6 expression leads to reduced cardiac fatty acid
utilization, which in turn leads to reduced cardiac function. Future studies will need
to clarify the link between FATP6 expression, cardiac fuel utilization, and cardiac
function as well as explore the impact of FATP6 expression on other peripheral
tissues.

In Chapter 2, our efforts to determine the role of FATP1 and FATP6 in the
development of diabetic cardiomyopathy were described. Fatty acid transporters
facilitate fatty acid uptake into the heart and are therefore likely involved in the
development of diabetic cardiomyopathy. We used a combination of a high-fat diet
and two low-dose streptozotocin injections to induce diabetes in wild-type and
FATP1 and FATP6 knockout mice. While this protocol resulted in hyperglycemia, it
did not result in diabetic cardiomyopathy. Without a strong heart phenotype in our
diabetic mice, we were not able to detect significant differences in cardiac
metabolism or function with loss of FATP activity. A more robust model of diabetic
cardiomyopathy is needed in order to adequately evaluate the role of FATP1 and
FATP®6 in this condition.

In Chapter 3, a novel role for FATPs in the endocrine pancreas was
presented. Excess import of saturated fatty acids into pancreatic beta cells leads to
lipotoxicity and is thought to contribute to the development of diabetes. We found
that FATPs are differentially expressed in the endocrine pancreas, with FATP1
localizing to beta cells, FATP3 to delta cells, and FATP4 to alpha cells. Loss-of-
function of FATP1 protected beta cells from palmitate-induced lipotoxicity, despite
the fact that islets from FATP1 knockout mice had normal levels of fatty acid uptake
and palmitate-induced ER stress. Although the mechanism explaining this
protection from lipotoxicity is not clear, it may be due to the fact that islets from
FATP1 knockout mice accumulate neutral lipids differently than islets from wild-
type mice. More work needs to be done in order to better understand FATP-
mediated fatty acid uptake in beta cells and how this process affects the
development of diabetes.

In Chapter 4, our attempts to characterize small molecule inhibitors of FATPs
were portrayed. As membrane-bound proteins that can contribute to the
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development of metabolic diseases, fatty acid transport proteins are enticing
therapeutic targets. Some effort has been made towards finding small molecule
inhibitors of FATPs, but many of the compounds have not been thoroughly tested or
validated in vivo. We investigated the ability of two classes of potential FATP
inhibitors to inhibit FATP activity in FATP-overexpressing cells and in cells that
endogenously express FATPs. The first class of compounds, phospholipid-based
inhibitors, did not reduce FATP-mediated fatty acid uptake at feasible
concentrations. The second class of compound, a dihydropyrimidone-based
inhibitor, effectively reduced FATP1- and FATP4-mediated fatty acid uptake in cell
models overexpressing these proteins but did not affect endogenous FATP1 or
FATP4 activity in other cell models. We still need to discover and verify FATP
inhibitors that effectively reduce endogenous FATP activity and can be used in vivo.

Our work established roles for FATPs in the heart and in beta cells, but it also
presented new questions and left many existing questions unanswered. In the
heart, we found a novel function for FATP6 in mediating cardiac fatty acid uptake.
The heart relies on fatty acids for the majority of its energy production*3-45> and
dysregulated fatty acid utilization is pathophysiological, leading to cardiac
inefficiency*7.50, diabetic cardiomyopathy*8, dilated cardiomyopathy®3, and heart
failure>258, FATP1 is also expressed in the heart and may mediate fatty acid
uptake*!l. Itis unclear how FATP1, FATP6, and other proteins involved in fatty acid
metabolism coordinate in the heart to maintain normal fatty acid uptake rates.
Because fatty acid transport is proposed as the rate-limiting step in fatty acid
utilization in the heart*>%9, it is important to fully understand cardiac fatty acid
uptake and further explore how we can target this process to treat metabolic
diseases. Itis especially pertinent to study FATPs in the context of diabetic
cardiomyopathy due to the prevalence of diabetes? and the unequivocal role of fatty
acid uptake in the development of this condition383°. Unfortunately, we were not
able to analyze the effects of FATP1 and FATP6 expression in the mouse model of
diabetes that we employed.

In both the heart and in beta cells, we found that deletion of FATPs resulted
in reduced intracellular lipid accumulation or a trend towards reduced intracellular
lipid accumulation. In the heart, this was associated with reduced cardiac function,
while in beta cells, reduced lipid stores in the basal state and elevated lipid stores in
lipotoxic conditions were associated with enhanced cell viability. We do not know
whether FATP activity targets fatty acids to specific metabolic fates within cells or
how altering FATP activity changes the overall metabolic profile of cells. Future
studies should address how gain- or loss-of-function of FATPs impacts specific lipid
species within the cell. Formation of neutral lipids and beta-oxidation are important
determinants of whether fatty acids have beneficial or detrimental effects within
cells8144149 5o research should specifically address how FATPs affect triglyceride
formation and fuel utilization in metabolic tissues.

We reported FATP expression in multiple tissues that we have yet to study
further. We discovered FATP6 expression in mouse testes, lung, and placenta,
FATP3 expression in pancreatic delta cells, and FATP4 expression in pancreatic
alpha cells. We still need to delineate how FATP activity affects fatty acid
metabolism in these tissues as well as how that activity affects overall physiology.
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Another tissue that warrants further investigation is the endothelium. The
endothelium is responsible for systemic fatty acid availability and we do not fully
understand how fatty acids are transported across it and how peripheral tissues
regulate that process. Only one other group has reported on FATP activity in the
endothelium®! and based on our findings in FATP6 knockout mice, we hypothesize
that FATP6 may be involved in in this process.

Targeting FATPs remains an attractive therapeutic strategy to treat diet-
related diseases. To adequately assess the potential of FATPs as therapeutic targets,
several advances still need to be made. First, we need a better understanding of the
balance between excess fatty acids and insufficient fatty acids in metabolic tissues.
In the heart, lack of FATP6 activity lead to reduced cardiac function, while in the
pancreas, lack of FATP1 activity protected beta cells from lipotoxicity. Does each
tissue require a specific amount of fatty acid flux to function properly? If so, what is
that amount and how does manipulating FATP activity affect this balance? We also
need to determine how obesity and existing metabolic diseases like diabetes and
cardiovascular disease affect intracellular lipids levels. Secondly, to sufficiently
evaluate FATPs as therapeutic targets, we need better mouse models of metabolic
diseases. Mice are resistant to many diet-related diseases like diabetes and heart
disease and so we rely on genetic models to emulate human conditions. These
models often do not perfectly represent the metabolic environment of the human
disease. For example, inducing diabetes in mice with a high-fat diet and two low-
dose STZ injections did not produce diabetic cardiomyopathy, so we could not
assess the role of FATPs in the development of this condition using this model. We
could more effectively evaluate the potential for FATPs as therapeutic targets in
contexts that better mimic human biology. Finally, we need to make progress in
specifically and effectively targeting FATP activity. We still do not have a small
molecule inhibitor for FATPs that reduces fatty acid uptake in vivo. Also,
compounds may broadly reduce fatty acid transport or distinctly affect the activities
of different FATPs. Ideally, we will find specific inhibitors for each FATP that do not
produce off-target effects on fatty acid metabolism in other tissues.

In summary, this work demonstrates that FATP1 and FATP6 mediate fatty
acid uptake in vivo. It also unveils novel roles for these proteins in cardiac function
and beta cell viability. There are still many unanswered questions regarding how
FATP activity affects physiology and disease. These proteins are important
determinants of intracellular metabolism, are clearly implicated in the development
of diet-related diseases, and are therefore promising therapeutic targets for some of
our country’s most pressing health concerns.
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