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ABSTRACT
The intestine is recognized as an absorptive organ, facilitating the
internalization of nutrients from the diet for use by the body. In addition to this
canonical role a growing body of research has established the intestine as an
active regulator of energy homeostasis. Through multiple signaling mechanisms
the intestine is capable of modifying whole body energy balance in response to
dietary components such as fatty acids (FA). Altering normal intestinal FA
absorption dysregulates these signaling networks and has the potential to cause
profound physiological changes, including weight loss, improved insulin
sensitivity, improved glucose tolerance, and protection from high fat diet induced
obesity. Despite the influence of the intestine on systemic metabolism, many
intestinal enzymes involved in lipid absorption have poorly defined functions and
their contributions to intestine dependent regulation of whole body energy
metabolism are largely unknown.
The initial phase of cellular FA absorption involves the acylation of FFA to
acyl-CoA by the acyl-CoA long chain synthetase (ACSL) class of proteins.
Intestinal acyl-CoA’s are the precursors for multiple reactions occurring in
intestinal lipid metabolism including esterification of fat soluble Vitamin A,
esterification of Cholesterol, formation of TAG from FA, and oxidation of FA.
ACSL5 is the major ACSL isoform in the intestine. Whole body knockout of
ACSL5 impairs intestinal TAG metabolism and increases whole body energy
metabolism. The underlying molecular mechanisms by which ACSL5 functions in
intestinal lipid handling and regulation of energy expenditure remain undefined.
Thus, the specific aims of this project are (1) to determine the role of enterocyte
ACSL5 in regulating absorption of dietary TAG and cholesterol and (2) to
determine the effects of intestinal ACSL5 on the regulation of energy metabolism.
To determine the role of ACSL5 in lipid absorption and regulation of
energy expenditure we generated a novel, intestine-specific inducible knockout
model of ACSL5 (ACSL5IKO). We found that intestine specific loss of ACSL5
causes delayed gastric emptying and reduced TAG secretion, but does not
cause gross lipid malabsorption. Surprisingly when ACSL5IKO mice are
challenged with a high fat diet (HFD) they experience rapid and sustained
protection from body fat accumulation. We demonstrate that this protection is due
largely to reductions in energy intake caused by increased satiety signaling. Our
data indicate multiple potential mechanisms by which intestine-specific loss of
ACSL5 may alter satiety signaling including an altered bile acid pool composition,
increased release of enteroendocrine hormones, and increased activation of
intestinal peroxisome proliferator activated receptor alpha (PPARα). Importantly,
the observed protection from diet induced obesity in the absence of fecal fat loss
implicates intestinal ACSL5 as a potential therapeutic target for the treatment of
obesity and related metabolic complications.
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1. INTRODUCTION
1.1. Background
Intestinal Lipid Metabolism in Relation to Whole Body Energy Metabolism
The intestine is recognized as an absorptive organ, facilitating the
internalization of nutrients from the diet for use by the body. In addition to this
canonical role a growing body of research has established the intestine as an
active regulator of energy homeostasis. Through a complex communication
network the intestine is able to signal to peripheral tissues to modify energy
balance in response to dietary components such as fatty acids (FA). Altering
normal intestinal FA absorption interrupts these communication networks and
has the potential to cause profound physiological changes, including weight loss,
improved insulin sensitivity, improved glucose tolerance, and protection from high
fat diet induced obesity (Table 1). Despite the influence of intestinal lipid
absorption on systemic metabolism, many intestinal enzymes involved in lipid
absorption have poorly defined functions and their contributions to intestine
dependent regulation of whole body energy metabolism are largely unknown.
The initial phase of cellular FA absorption involves the activation of FA to
acyl-CoA by the acyl-CoA long chain synthetase (ACSL) class of proteins. AcylCoA Synthetase Long Chain 5 (ACSL5) is the most abundant ACSL in the
intestine (1). Despite the abundance of ACSL5 in the intestine little is known
about how this enzyme contributes to intestinal lipid metabolism or intestinal
regulation of systemic energy balance. Experiments in mice demonstrate that
whole body knockout of ACSL5 results in reduced postprandial lipemia in

response to a lipid challenge (2). These results suggest that intestinal ACSL5 is
essential for normal dietary fat absorption and secretion. Additionally, similar to
other knockout models of intestinal proteins involved in lipid metabolism (Table
1), absence of ACSL5 reduces adiposity, increases energy expenditure, and
improves glucose and insulin homeostasis (2). Therefore, we hypothesize that
ACSL5 is both necessary for intestinal lipid absorption and in its absence
dysregulated intestinal lipid metabolism leads to alterations to whole body energy
metabolism.
Normal digestion and absorption of lipid within the intestine requires the
cooperation of many enzymes. Within the intestinal lumen triacylglycerol is
digested by pancreatic lipase to form free fatty acids (FFA) and monoacylglycerol
(MAG) (3). The absorption of FFA and MAG across the brush border membrane
is believed to rely on both passive and protein mediated mechanisms (4, 5).
Although these mechanisms are not fully understood, it is believed that the
intestine utilizes processes similar to those described in other tissues that absorb
FA, such as the liver and adipose. In these tissues absorbed fatty acids are
activated by the acyl-CoA synthetase family of enzymes (ACS) (6, 7). ACS
enzymes attach a Coenzyme A (CoA) group to the carboxy head of absorbed
FFA to form fatty acyl-CoAs. The addition of the CoA group serves two functions,
the first is to capture the fatty acid within the cell, preventing passive secretion
back into the intestinal lumen, and the second is to allow other enzymes to
interact with the fatty acid. It is hypothesized that ACSL5 is the critical enzyme
mediating this step in the intestine.
2

Once absorbed into the enterocyte, FA is reformed into TAG in a
multistep process requiring the enzymes Monoacylglycerol acyl transferase
(MGAT) and Diacylglycerol acyl transferase (DGAT) which cooperate in the
progressive addition of two FAs to MAG. De novo intracellular TAG has two
possible fates: packaging into chylomicrons by microsomal triglyceride transport
protein (MTTP) and subsequent secretion into the lymphatic circulation or
transient storage in cytoplasmic lipid droplets (8, 9) Over the course of six to
twelve hours TAG stored in CLDs is hydrolyzed to FFA, and subsequently used
for oxidation by the enterocyte or for secretion as TAG within CMs (9). A
summary of intestinal lipid metabolism is depicted in Figure 1.
Disruption of any of the aforementioned processes often results in
significant changes in not only intestinal lipid handling, but also whole-body
energy balance. The mechanisms responsible for these systemic changes
include reduced absorption of lipid, increased energy expenditure, and reduced
food intake. A review of the phenotypic effects of interrupting specific steps in
lipid absorption is presented in Table 1.
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Table 1 | Review of Recent Literature Investigating the Effects of Dysregulation of
Intestinal Lipid Metabolism on Whole Body Energy Balance. Abbreviations: ACSL5, AcylCoA Syntetase 5. ATGL, adipose triglyceride lipase. CD36, cluster of differentiation 36. CLD,
cytoplasmic lipid droplet. DGAT1, Acyl-CoA:diacylglycerol acyltransferase 1. ER,
endoplasmic reticulum. FA, fatty acid. FATP4, fatty acid transport protein 4. HFD, high fat
diet. IFABP, intestinal fatty acid binding protein. LFABP, liver fatty acid binding protein.
MGAT2, Acyl-CoA:monoacylglycerol acyltransferase. MTTP, microsomal triglyceride transfer
4
protein. TAG, triglyceride.

Table 1. Review of Recent Literature Investigating the Effects of
Dysregulation of Intestinal Lipid Metabolism on Whole Body Energy Balance
Abbreviations: ACSL5, Acyl-CoA Syntetase 5. ATGL, adipose triglyceride lipase.
CD36, cluster of differentiation 36. CLD, cytoplasmic lipid droplet. DGAT1, AcylCoA:diacylglycerol acyltransferase 1. ER, endoplasmic reticulum. FA, fatty acid.
FATP4, fatty acid transport protein 4. HFD, high fat diet. IFABP, intestinal fatty acid
binding protein. LFABP, liver fatty acid binding protein. MGAT2, AcylCoA:monoacylglycerol acyltransferase. MTTP, microsomal triglyceride transfer
protein. TAG, triglyceride.
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Regulation of Satiety by Dietary Lipid: Influence of Site of Absorption
In contrast to the mechanisms by which intestinal lipid metabolism
regulates energy expenditure, which are not well understand, there is a
substantial body of work delineating the pathways by which intestinal lipid
metabolism regulates food intake. These pathways involve the activation of
hormonal and neurological signaling cascades in the intestine to reduce meal
size, frequency, or food preference and are influenced strongly by the site of
intestinal lipid absorption (22, 23).
Enteroendocrine hormone release following a meal is triggered by the
presence of fatty acids (FA) in the intestinal lumen. Luminal FA are sensed by
the G-protein coupled fatty acid receptors GPR120 and GPR119 located in
enteroendocrine L-cells, GPR40 located in I-cells, and the fatty acid binding
protein, CD36, located in enterocytes (24–29). These cell types are not evenly
distributed along the length of the intestine such that alterations in the spatial
dynamics of intestinal lipid absorption can alter post-prandial enteroendocrine
hormone release. This is exemplified following bariatric surgery in which dietary
nutrients are routed directly into the distal ileum, a site enriched with
enteroendocrine L-cells (30). In both human and animal models of bariatric
surgery, increased FA reaching the distal small intestine increases the release of
L-cell derived satiety hormones, including peptide-YY (PYY) and glucagon-like
peptide 1 (GLP-1) (31–34). As a consequence, food intake and preference for fat
rich foods is substantially reduced, leading to weight loss in obese patients and
protection from diet induced weight gain (35, 36). Interestingly, in several models
7

of altered intestinal lipid absorption increased GLP-1 and PYY was reported
alongside protection from diet induced obesity (14, 15, 19, 20, 37). These results
suggest that altering intestinal lipid metabolism may shift lipid absorption distally,
leading to increased satiety signaling, reduced energy intake and weight loss.
How intestinal ACSL5 impacts both the spatial dynamics of intestinal lipid
absorption and the postprandial secretion of enteroendocrine hormones is not
known.
In addition to peptide hormones, lipid signaling molecules released from
the intestine during the postprandial period serve as potent satiety factors (38).
Following ingestion of dietary fat, production of the lipid amide,
oleoylethanolamide (OEA), is potently upregulated in the intestinal epithelium,
ultimately leading to suppression of food intake (29, 39–42). OEA is produced
from dietary oleic acid in a multistep reaction requiring transfer of oleic acid from
phosphatidylcholine (PC) to phosphatidylethanolamine (PE) to form Nacylphosphatidylethanolamine (NAPE) (43). Subsequent cleavage of
phosphatidic acid from NAPE results in the lipid amide OEA. Interestingly,
although other dietary fatty acids are capable of forming lipid amides, the oleic
acid derived OEA and the structurally similar linoleoylethanolamide (LEA), are
the only lipid amide species upregulated by feeding and capable of producing
satiety (40).
How OEA stimulates satiety is not completely understand, but, as feeding
increases OEA only in the intestine and not circulation, the effects of OEA on
satiety are believed to mediated by a paracrine mechanism (40, 44). In line with
8

this hypothesis, surgical removal of the vagus nerve, which innervates the
gastrointestinal tract and relays gut derived signals to the brain, is required for
OEA induced satiety (36, 44, 45). Furthermore, OEA dependent reductions in
food intake are abrogated in the absence of PPARα, suggesting that activation of
this transcription factor is an important intermediate in the OEA signaling
cascade (44). In addition to stimulation of vagal afferents, OEA was found to bind
GPR119 on L-cells leading to an increase in GLP-1 secretion (26, 46). However,
whether GLP-1 is necessary for the anorectic effects of OEA has not been
determined (47, 48).
It was previously believed that feeding increased OEA production only in
the proximal intestine (40). However, more recent studies in rodents undergoing
bariatric surgery have demonstrated that the ileum is also capable of producing
OEA. Moreover, postprandial OEA levels in the ileum of gastric bypass treated
rats is 2-3x higher than the OEA levels in the duodenum and jejunum of sham
operated controls, despite lower fat intake in the gastric bypass group (36).
These data suggest two interesting possibilities: (i) that the ileum is not only
capable of producing OEA, but potentially has both a higher capacity for OEA
production and higher sensitivity to dietary lipid, with respect to OEA production,
than the duodenum and jejunum; and (ii) shifting lipid absorption to the distal
intestine potently increases OEA production.
In summary, postprandial release of enteroendocrine hormones as well as
diet derived lipid mediators regulates satiety. The production and secretion of
these factors is affected by the spatial dynamics of intestinal lipid absorption such
9

that shifting lipid absorption to the distal intestine increases the concentrations
locally, in the case of OEA, and in circulation, in the case of enteroendocrine
hormones. Although these signaling mechanisms are increased in other models
of altered intestinal lipid absorption, how intestinal ACSL5 affects the site of lipid
absorption and the activation satiety signaling is not known.
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Intestinal Bile Acid Metabolism in Relation to Whole Body Energy
Metabolism
In addition to its role in lipid absorption, the intestine is also involved in the
regulation of bile acid metabolism, a process involved in both the absorption of
dietary lipid as well as the regulation of energy metabolism. Bile acids are
amphipathic sterols produced in the liver from cholesterol and stored in the
gallbladder (49). During a meal, food components in the intestinal lumen
stimulate the release of enteroendocrine peptides, ultimately leading to
contraction of the gallbladder and the release of bile acids into the proximal
intestine. Here bile acids act as an essential component of dietary lipid
absorption by solubilizing lipid into micelles.
Bile acids within the intestinal lumen are either reabsorbed by the intestine
or excreted from the body in feces. Within the enterocyte, reabsorbed bile acids
act as potent natural ligands for farnesoid X receptor (FXR), a nuclear
transcription factor. Activation of FXR in the intestine by bile acids increases the
transcription of the endocrine peptide fibroblast growth factor 15 (FGF-15). FGF15 is secreted into circulation where it binds FGF receptor 4 (FGFR4) in the liver
triggering a reduction in hepatic bile acid production. In this manner the intestine
contributes to feedback regulation of bile acid formation in the liver. Disruptions in
this pathway lead to changes in bile acid pool composition and size, changes that
have the potential to modulate whole body energy metabolism.
The regulatory effects of BAs on energy metabolism are determined by
the composition and size of the bile acid pool. The properties of the BA pool are
12

controlled by a series of hepatic and microbiome driven reactions that occur
during normal bile acid metabolism. Bile acid formation begins in the liver where
cholesterol is converted to cholic acid (CA) and chenodeoxycholic acid (CDCA)
(as well as muricholic acid (MCA) specifically in mice) (50). These primary bile
acids are then amidated to either taurine or glycine, increasing their solubility and
reducing their toxicity, before being secreted into the gallbladder (50). During a
meal the gallbladder contracts and bile is secreted into the intestine. Here
microbial enzymes in the distal ileum metabolize CA and CDCA into the
secondary bile acids, deoxycholic acid (DCA), lithocholic acid (LCA), and
ursodeoxycholic acid (UDCA) (50).
Each of these bile acid species has unique structural and biochemical
properties. These properties impart bile acids with different affinities for activating
the major bile acid receptors. Hydrophobic bile acids such as LCA strongly
activate TGR5, a G protein coupled receptor expressed in a wide range of
tissues, notably intestine, skeletal muscle, liver and brown adipose tissue (51–
53). Likewise, the bile acids CDCA, DCA, LCA, and CA are potent activators of
intestinal and hepatic FXR while MCA and UDCA act as FXR antagonists (54,
55). Activation of these receptors results in numerous changes to systemic
energy metabolism. Activation of TGR5 leads to increased intestinal incretin
release, improved insulin sensitivity and glucose disposal in response to HFD,
and increased energy expenditure (52, 56, 57). Similarly, activation of FXR by
CA protects against HFD induced weight gain, insulin resistance, glucose
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intolerance, and steatosis (52, 58). Figures 2 and 3 detail the molecular
mechanisms underlying these effects.
In summary, BA serve not only as an aide to lipid digestion, but also act as
potent signaling molecules capable of modifying metabolism and energy balance.
Changes in both the size and composition of the bile acid pool affect the
activation of the bile acid sensitive transcription factor, FXR, as well as the BA
receptor TGR5. One consequence of hepatic FXR activation is increased release
of the peptide hormone FGF-21. Interestingly, ACSL5 whole body knockout mice
present with significantly increased circulating FGF-21 along with many of the
metabolic effects associated with changes in bile acid signaling, including
improved insulin-glucose homeostasis and increased metabolic rate (2).
Preliminary studies investigating the role of BA in the phenotype of the whole
body ACSL5 knockout mice revealed significant elevations in hepatic CYP7A1,
increased GLP-1 secretion in the postprandial state, as well as a shift to a more
hydrophilic, TGR5-activating, BA pool composition (unpublished data). However,
the contribution of BA to the metabolic phenotype of the whole-body knockout
ACSL5 knockout mouse remains to be determined. Additionally, the role of
intestinal ACSL5 in bile acid physiology is currently unknown.
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peroxisome proliferator activated receptor alpha (PPARα), leading to release of
the peptide hormone fibroblast growth factor 21 (FGF-21). Increased FGF-21 is
associated with improvements in insulin-glucose homeostasis and increased WAT
lipolysis. (iii) Hepatic FXR activation also reduces sterol regulatory element binding
protein 1 c (SREBP1c) expression leading to reduced lipogenesis.
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Figure 4. Bile Acids Activate TGR5 To Alter Metabolism
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rate.
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1.2. Research Objectives
The initial phase of cellular FA absorption involves the acylation of FFA to
acyl-CoA by the acyl-CoA long chain synthetase (ACSL) class of proteins. The
most abundant ACSL is the intestine is ACSL5, which comprises roughly 90% of
total ACSL activity (2). The importance of ACSL5 in intestinal lipid absorption
was demonstrated in global ACSL5 knockout mice which present with
significantly reduced rates of TAG secretion following an oral oil challenge (2).
However, the exact role of ACSL5 in intestinal lipid metabolism remains
undefined.
In addition to alterations in lipid metabolism, ACSL5 whole body knockout
mice present with reduced adiposity and improved insulin sensitivity.
Interestingly, recent studies implicate the involvement of intestinal lipid
absorption in the regulation of energy balance, suggesting a potential link
between loss intestinal ACSL5 and the observed metabolic phenotyping of the
ACSL5 whole body knockout mouse. Despite this implication, the role of
intestinal ACSL5 in energy balance is not known. Thus, the objectives of this
project are:

1. To determine the role of enterocyte ACSL5 in regulating absorption
of dietary lipid.
We hypothesize that ACSL5 is a critical regulator of FFA activation
within enterocytes and modulates the ability and rate at which
dietary fat is absorbed.
17

2. To determine the effects of intestinal ACSL5 on the regulation of
energy metabolism.
We hypothesize that absence of intestinal ACSL5 will lead to
increased whole-body energy expenditure and reduced body fat
accumulation.
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2. INTESTINE SPECIFIC ABLATION OF ACYL-COA SYNTHETASE 5
(ACSL5) PROTECTS AGAINST DIET INDUCED OBESITY BY REDUCING
FOOD INTAKE

2.1. Introduction
The intestine is the major absorptive organ, facilitating the delivery of
nutrients from the diet for use by the body. In addition to this canonical role a
growing body of research has established that the intestine contributes
significantly to the regulation of energy homeostasis (1–3). Exemplifying the
importance of intestinal lipid absorption on energy balance, several mouse
models in which expression or activity of lipid absorption enzymes have been
altered by genetic manipulation or drug targeting show protection from diet
induced obesity (DIO) (4–8). Such results implicate intestinal lipid absorption as
an important therapeutic target for treating the growing epidemic of obesity and
obesity associated metabolic complications.
Lipid absorption begins with the digestion of triacylglycerol (TAG) to fatty
acid (FA) and monoacylglycerol (MAG). In the intestinal lumen FA are absorbed
across the apical border of the enterocyte and activated via the addition of a
coenzyme-A (CoA) by the acyl-CoA synthetase long chain (ACSL) class of
enzymes. The activation of absorbed FA to FA-CoA both traps the FA within the
enterocyte, preventing its passive diffusion back into the intestinal lumen, and
allows the FA to be utilized in downstream reactions necessary for lipid
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absorption including synthesis of TAG and cholesterol ester for secretion in
chylomicron (9, 10).
ACSL5 is the most abundantly expressed ACSL isoform in the small
intestine, comprising 90% of total ACSL activity (11). The importance of ACSL5
in intestinal lipid absorption was demonstrated in global ACSL5 knockout mice
which present with significantly reduced rates of TAG secretion following an oral
oil challenge (11). Furthermore, global ablation of ACSL5 resulted in a surprising
metabolic phenotype including reduced adiposity, improved insulin sensitivity,
and increased energy expenditure. However, although ACSL5 is most
abundantly expressed in the small intestine, whether intestinal ACSL5
contributes to these effects is not well understood.
To test the hypothesis that intestinal ACSL5 is involved in the regulation of
energy homeostasis we generated a tamoxifen inducible, intestine specific
ACSL5 knockout mouse model (ACSL5IKO) and examined whether intestine
specific ablation of ACSL5 protects mice from diet induced obesity. Our results
indicate that absence of intestinal ACSL5 results in significant, early and
sustained protection from high fat diet induced weight gain largely due to
increases in satiety signaling.
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2.2. Materials & Methods
Generation of Mice With Intestine Specific Loss of ACSL5
Mice harboring loxP sequences flanking exons 16 and 17 of the ACSL5
gene (ACSL5loxP/loxP) were generated as previously described (11). To begin
generating a mouse line in which ACSL5 is ablated specifically in the intestine,
ACSL5loxP/loxP mice were mated with C57BL6/J mice carrying an intestinal
epithelial specific, tamoxifen (TAM) inducible Cre transgene, villin-Cre-ERT2, to
yield heterozygous ACSL5wildtype/vilCRE-ERT2 mice (12). Heterozygotes carrying the
inducible villin-Cre transgene were subsequently mated to ACSL5loxP/loxP mice to
generate ACSL5loxP/loxP homozygotes carying inducible villin-Cre (ACSL5IKO). At
12 weeks of age both ACSL5loxP/loxP and ACSL5IKO mice were treated with 100ul
of TAM (Sigma) in sunflower oil (Sigma) via oral gavage once per day for three
days. During initial experiments TAM was administered at 2.0mg/day. In later
experiments, we discovered that both 0.5mg/day (“low-dose”) and 2.0mg/day
(“high-dose”) TAM were equally effective at reducing ACSL5 gene expression for
up to 12 weeks (Supplemental Figure 1). As such, low-dose TAM was used for
subsequent experiments. Use of high-dose TAM is specified in the figure legends
where appropriate. Following TAM treatment, animals were allowed 10 days to
recover from possible acute, negative side effects of TAM administration (13).
With respect to selection of experimental controls, we did not observe any
independent effects of TAM treatment, dose, or the presence of the Cre
transgene on ACSL5 gene expression or body composition (Supplemental Figure
2). Thus, all experiments described herein were performed following TAM
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treatment with TAM treated ACSl5loxP/loxP mice lacking villin-Cre-ERT2 serving as
controls. ACSL5 and Cre genotypes of animals were determined by PCR.

Animal Care
All experiments were conducted at the Jean Mayer U.S. Department of
Agriculture Human Nutrition Research Center on Aging in accordance with
guidelines and regulations approved by the Institutional Animal Care and Use
Committee of Tufts University. ACSL5loxP/loxP and ACSL5IKO littermates were
individually housed at 10 weeks of age. Following TAM treatment, animals were
randomized into experimental groups. For diet studies animals were either
maintained on chow (Teklad, 2016S) or placed on a 60% high fat diet (HFD,
Research Diets RD12492). Prior to euthanasia food was removed at the start of
the light cycle. Animals were euthanized in the “fed state”, defined as two hours
after the start of the light cycle, or “fasted state”, defined as 6 hours after the start
of the light cycle. Fasting time is indicated in figure legends. Animals were
euthanized under isoflurane anesthesia by exsanguination and subsequent
cervical dislocation. Blood was collected in EDTA coated tubes, centrifuged at
2,000g for 20min at 4°C and the plasma fraction was collected and stored at 80°C. Tissues were collected and flash frozen in liquid nitrogen. For mucosal
scrapings, the intestine was removed, flushed in ice cold phosphate buffered
saline (PBS), cut into five equal length sections, and mucosa was scraped using
a glass slide and flash frozen in liquid nitrogen. The most proximal section,
section 1, was designated as duodenum, sections 2 & 3 were pooled and
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designated as jejunum, and the most distal sections, sections 4 & 5, were pooled
and designated as ileum. Prior to analysis all tissues were pulverized under liquid
nitrogen.

Western Blot
75-100mg of pulverized intestinal tissue was homogenized in 500ul of ice
cold RIPA Buffer (50 mM Tris–HCl, pH 7.4; 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) containing protease inhibitors (Thermo
Scientific) with ten strokes of a dounce homogenizer. Samples were incubated
on ice for 30min and spun at 16,000g for 10min at 4°C. The infranatant was
collected and passed through a 26G needle for 30 strokes. Protein
concentrations of homogenate were determined by BCA Assay (Thermo
Scientific). Homogenate was added to 2x Laemmle Sample Buffer (BioRad) and
denatured by boiling for 5min at 95°C. 25ug of samples was loaded onto a 7.5%
SDS-Page gel (Biorad) and proteins were separated by SDS-PAGE at 100V for
90min. Protein was transferred to a 45𝜇m nitrocellulose membrane for 1 hour at
350mA at 4°C, blocked in 5% milk at room temperature (RT), and incubated with
primary antibody (AB) overnight. Following primary AB incubation, membranes
were washed in PBS with 0.1% Tween-20, incubated with secondary AB for 1hr
at RT and washed again. Blots were subsequently treated with ECL Reagent
(Thermo Scientific) and proteins were visualized using autoradiography.

Real Time Quantitative PCR Analysis
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30-50mg of pulverized liver and intestine, or 250mg of adipose was
mechanically homogenized in TRIzol (Invitrogen) and total RNA was extracted
with RNeasy Mini columns (Qiagen) per the manufacturer’s instructions. RNA
concentration and purity of extracts were determined using a Nanodrop 100
spectrophotometer. cDNA was generated from 2𝜇g RNA using a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative real-time
PCR (qPCR) was performed using SYBR Green (Applied Biosystems) on an
Applied Biosystems 7300 Real-Time PCR System. Relative expression was
quantified using the 2-DDCt method (14).

Metabolic Phenotyping
The body composition of mice was determined by magnetic resonance
imaging (EchoMRI) within 4 hours of the start of the light cycle. Energy
expenditure was determined using indirect calorimetry (TSE Systems). Briefly,
animals were placed in metabolic chambers and allowed to acclimate for 72hrs
prior to data collection. Oxygen consumption (VO2) was recorded for a minimum
of 72hrs, and hourly averages were determined by pooling this data. VO2 was
normalized by kg lean mass.

Triglyceride Secretion
16wk old male mice (4 weeks post TAM treatment) maintained on a chow
diet were fasted for 6 hours and 100𝜇l of blood from a tail vein puncture was
collected in a K2-EDTA coated tube to serve as a baseline for serum triglyceride.
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Mice were then injected with 500mg/kg of tyloxapol and 30 minutes later were
gavaged with 300𝜇l for olive oil. Blood was collected at 2 and 4 hours post
gavage. Following experiment blood was spun at 100g for 10 minutes and serum
TAG was determined using a colorimetric assay (Wako Diagnostics)

Distribution of Intestinal Fat Absorption
Male mice 18-20wk of age maintained on a chow diet were fasted for 6hr
before receiving 1𝜇Ci of carboxy-14C labeled triolein suspended in olive oil. Two
hours following gavage animals were euthanized via cervical dislocation, small
intestine was removed from base of stomach to ileocecal junction and divided
into five equal length sections. Each section was opened, washed in 0.5mM
sodium taurocholate for 30sec, and digested in 1ml 1N NaOH for 1hr at 65C.
Following digestion 10𝜇l of sample was saved for protein normalization via BCA
Assay and remaining sample was mixed with 5ml of scintillation buffer. Sample
was equilibrated in scintillation buffer overnight at 4°C before counts were
measured via scintillation counter.

Rate of Gastric Emptying
Male mice 18-20wk of age maintained on a chow diet were fasted for 6hr
before receiving 1𝜇Ci of carboxy-14C labeled triolein suspended in olive oil. Two
or four hours following gavage animals were euthanized via cervical dislocation,
and both stomach and small intestine were removed. The stomach was opened,
solid contents were removed, and both contents and stomach lumen were
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washed in 0.5mM sodium taurocholate for 30sec by gently mixing in a 2ml
Eppendorf tube. Stomach tissue was subsequently discarded. Small intestine
was opened and washed in 0.5mM sodium taurocholate for 30sec by gentle
mixing in a 2ml Eppendorf tube. Intestinal tissue was discarded following
washing. Wash solutions from stomach and intestinal lumen were separately
mixed with 5ml of scintillation buffer and equilibrated overnight at 4°C before
counts were measured via scintillation counter.

Fecal Lipid
Two weeks following tamoxifen treatment male mice were placed on a
60% HFD. At four weeks on diet animals were individually caged in wire bottom
cages for five days. Animals were acclimated to wire bottom housing for 2 days
before feces were collected on the mornings of days 3-5. Fecal pellets were
freeze dried and subsequently pulverized using a mortar & pestle on dry ice.
Lipid from 200-300mg of dry feces was extracted using a modified Folch
Extraction (15). Lipid extracts were dried under nitrogen gas and gross lipid
weight was measured on a microgram balance. Lipid content (%w/w) of feces
was determined by dividing weight of dried lipid extract by weight of feces used
for extraction.

Food Intake & Pair Feeding
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Chow food intake was recorded from 14wk old male mice maintained in
normal housing conditions. HFD food intake was recorded in 18wk old male mice
following 4 weeks of diet feeding. Daily intake was averaged over 72hr.
For fasting/refeeding studies, 18wk old mice maintained on a chow diet
were fasted overnight for 16 hours with free access to water. Following the fast,
chow diet was re-introduced and food intake was recorded every 2hrs for the
12hrs and at 24hrs. Animals were maintained on chow until bodyweight returned
to pre-experiment levels (approximately 5-7 days). 10 days following chow
fasting/refeed, animals were fasted overnight for 16hrs and refed with 60% HFD.
Food intake was recorded as indicated above. Bodyweight was recorded before
food removal, following the 16hr fast, and 12, 24, and 48hrs post refeed.
For pair-feeding studies, 16wk old chow fed mice were randomized into
bodyweight matched groups and acclimated to twice daily handling for 1wk.
Following acclimation, on Day 1, ACSL5loxP/loxP and ACSL5IKO mice were started
on ad-libitum HFD feeding and food intake was recorded every 12hr. Starting on
Day 3, the 12hr average group intake of the ACSL5IKO ad-libitum mice was
administered to all ACSL5loxP/loxP pair-fed animals. After 1 week of acclimation to
restricted food intake, pair-fed mice were transitioned to once daily feeding. At
this time ACSL5IKO group average daily intake was given to all pair-fed mice at
the start of the dark cycle. During pair feeding experiments body weight was
recorded every 72hrs at the start of the light cycle. Body composition was
recorded every 2 weeks within the first 4 hours of the start of the light cycle.
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Postprandial GLP-1 Secretion
24wk old mice (12 weeks following TAM treatment) were placed on a 60%
high fat diet for 2 weeks. Animals were fasted overnight prior to treatment with
300𝜇l olive oil delivered via oral gavage. 3 and 6 hours following gavage blood
was collected via cardiac puncture, stored in in K2-EDTA tubes, and gently mixed
with 10ul DPP4 Inhibitor (Millipore, DPP4-010). Active GLP-1 was measured via
immunoassay (Meso Scale Discovery).

Bile Acid Pool Size & Composition
Intestine, liver, gallbladder and common bile duct were harvested en bloc
in the fed state from mice maintained on HFF for 2wks. Tissues were flash frozen
and conjugated bile acid species were measured as previously described (16).
Blood was collected at the same time as enterohepatic organs, added to EDTA
coated tubes, centrifuged at 1,500g x 20 min, and serum was collected and
frozen at -80°C prior to analysis. Serum BA were analyzed by LC-MS/MS as
previously described (17).

Statistical Analysis
Values are expressed as means ± standard error of the mean. Two-way
analysis of variance (ANOVA) followed by Tukey’s HSD post-hoc testing was
performed using R (version 3.5.0) with tidyverse (version 1.2.1). Values of
p≤0.05 were considered significant.
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2.3. Results
ACSL5 Is Specifically Ablated In The Intestine of ACSL5IKO Mice
To examine the effects of intestine specific loss of ACSL5 we generated a
line of mice with loxP sites flanking exons 16 and 17 of the ACSL5 gene and
harboring a Cre recombinase under the control of both the intestine specific villin
promotor and a modified estrogen receptor binding domain (vilin-Cre-ERT2) (11,
12). When these mice are treated with the estrogen analogue, tamoxifen (TAM),
Cre is activated in the intestinal epithelial cells leading to ablation of ACSL5.
To ensure TAM treatment effectively and specifically ablated ACSL5 in the
intestine of ACSL5IKO mice we probed for ACSL5 in the jejunal mucosa twelve
weeks following TAM administration in animals fed a 60% high fat diet (HFD). We
found that ACSL5IKO mice had undetectable levels of ACSL5 protein in jejunal
mucosa (Figure 1A). In addition, ACSL5 gene expression was significantly
reduced in all intestinal segments compared to TAM treated ACSL5loxP/loxP mice,
while liver ACSL5 expression was not different between groups (Figure 1b),
confirming the specificity of the knockout. Notably, we did not observe any
independent effects of TAM treatment or the presence of villin-Cre-ERT2 on
ACSL5 expression or body composition (Supplementary Figure 2).
To explore whether absence of ACSL5 in the intestine resulted in
compensatory upregulation of other ACSL isoforms we measured the mRNA of
ACSL1-6, as well as fatty acid transport protein 4 (FATP4), which has been
reported to have ACS activity (18). We found that ablation of intestinal ACSL5 did
not cause a significant increase in the expression of any ACS in jejunal mucosa
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of HFD fed ACSL5IKO mice, but, surprisingly, resulted in a significant reduction in
both ACSL3 and ACSL6 expression (Figure 1c). However, the cause of the
reduction in these ACSL isoforms is unknown. In sum, these results suggest that
ACSL5 ablation is not compensated for by upregulation of other ACS enzymes.

Intestinal ACSL5 Ablation Delays Gastric Emptying, But Does Not Affect
Gross Lipid Absorption
We have previously reported that global ablation of ACSL5 results in
delayed triglyceride (TG) secretion following an oil gavage, suggesting that
ACSL5 is required for normal intestinal TG absorption and secretion (11). To
better understand the contribution of intestinal ACSL5 to the rate of TG secretion
we challenged 6hr fasted mice with an oil gavage. We found that serum TG was
reduced by roughly 40% 4 hours following gavage in ACSL5IKO compared to
ACSL5loxP/loxP controls (Figure 2a).
The reduced TG appearance in the absence of ACSL5 could be caused
by (i) impaired lipid uptake from the lumen, (ii) a reduced rate of lipid delivery
from the stomach to the intestinal lumen, or (iii) a reduced rate of lipid secretion
from the intestine into circulation. To better understand the cause of the reduced
TG secretion, we challenged mice with a gavage of racemic 14C-triolein mixed in
olive oil and measured radioactivity in the intestinal mucosa post-gavage. We
found that total intestinal tissue lipid content, as measured by radioactive counts,
was reduced by over 50% in ACSL5IKO mice compared to ACSL5loxP/loxP mcie
(Figure 2b). This reduction in total intestinal lipid was accounted for by significant
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reductions in the lipid content of intestinal segments 2-4, largely representing the
jejunum and proximal ileum (Figure 2c).
Although these data are suggestive of impaired lipid uptake in the
absence of intestinal ACSL5, they could be explained by a reduced rate of
gastric emptying. To examine the rate of gastric emptying animals were again
challenged with a gavage of 14C-triolein mixed in olive oil. At 2hr and 4hr postgavage the contents of the intestine and gastric lumens were collected and lipid
content was determined. We found that total intestinal lumen lipid was reduced
by 65% 2 hours following gavage in the absence of intestinal ACSL5, which in
combination with the reduced tissue lipid content, strongly suggests the precense
of a reduced rate of gastric emptying (Figure 2d). This was confirmed by a
significant, 2 fold increase in gastric lipid content observed in ACSL5IKO mice 4hr
post gavage compared to ACSL5lox/loxP controls (Figure 2e). In sum, these data
indicate that in the absence of ACSL5 gastric emptying is reduced and
contributes to a reduced rate of TG secretion into circulation.
Given that absence of intestinal ACSL5 reduces the rate of gastric
emptying and, therefore, the rate of lipid delivery to the lumen, it is not possible to
determine definitively from the aforementioned experiments whether absence of
ACSL5 impairs lipid uptake from the intestinal lumen. To better understand if
dietary lipid uptake is compromised in the absence of intestinal ACSL5 we
housed mice in wire bottom cages to eliminate interference from coproghagic
behavior and collected feces during HFD feeding. We found that ACSL5IKO and
ACSL5loxP/loxP mice had a similar level of lipid excretion when challenge with a
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HFD, suggesting that intestinal ACSL5 is dispensable for complete dietary lipid
absorption (Figure 2f).

Mice Lacking Intestinal ACSL5 Are Protected From High Fat Diet Induced
Obesity
We have previously demonstrated that whole-body knockdown of ACSL5
results in reduced adiposity and increased energy expenditure (11). As ACSL5
is abundantly expressed in the intestine, we hypothesized that absence of
ACSL5 specfically in the intestine may contribute to the changes in metabolism
observed in ACSL5 whole-body knockout mice. To investigate this hypothesis we
measured body composition in response to both chow and 60% high fat diet
feeding. During chow diet feeding, ACSL5IKO and ACSL5loxP/loxP mice had similar
rates of body weight and fat mass gain (Figure 3a & b). Surprisingly, we found
that while control animals rapidly gain both body weight and fat mass in response
to 60% HFD feeding, ACSL5IKO mice experience early protection from the
development of diet induced obesity such that body weight and fat mass gain is
significantly reduced compared to ACSL5loxP/loxP controls as early as 1wk after the
start of diet (Figure 3a & 3b). This protection from diet induced obesity in mice
lacking ACSL5 is sustained for up to 12wks of diet treatment (Supplemental
Figure 5).

Increased Metabolic Rate Does Not Contribute To Protection From Diet
Induced Obesity In ACSL5IKO Mice
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We next sought to identify the mechanisms by which the absence of
intestinal ACSL5 reduces energy balance and protects against diet induced
obesity. Having ruled out the possibility of increased energy loss in the feces due
to lipid malabsorption, we explored the possibility that ablation of intestinal
ACSL5 leads to an increase in metabolic rate. Using indirect calorimetry we
found that ACSL5IKO mice have a similar metabolic rate to ACSL5loxP/loxP mice
during chow feeding (Figure 4a-c). However, following 1wk of HFD feeding, the
metabolic rate of ACSL5loxP/loxP is slightly, but non-significantly increased while
the metabolic rate of ACSL5IKO mice is slightly, but non-significantly decreased,
compared to each group’s respective chow fed values. This differential response
to diet treatment between groups ultimately resulted in a significantly reduced
metabolic rate in ACSL5IKO mice compared to ACSL5loxP/loxP mice after 1wk of
HFD feeding (Figure 4d-e). No differences in metabolic rate are observed
following 12wks of HFD feeding (Supplemental Figure 5)
Although the cause of these small shifts in metabolic rate in response to HFD are
unknown, these experiments confirm that increased energy expenditure is not
responsible for the protection against HFD induced obesity observed in
ACSL5IKO mice.

Reduced Food Intake In ACSL5IKO Mice Is Responsible For Reduced
Obesity
Having ruled out both energy loss in feces and increased energy
expenditure as contributors to the altered body composition observed in HFD fed
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ACSL5IKO mice, we next examined the contribution of energy intake to the
ACSL5IKO phenotype. In agreement with the lack of differences in body
composition between chow fed groups, we observed no significant differences in
energy intake between chow fed ACSL5IKO mice and ACSL5loxP/loxP mice (Figure
5a). However, in the context of HFD feeding we found that ablation of intestinal
ACSL5 causes a significant 15% reduction in average daily energy intake
compared to control animals. The reduced energy intake in ACSL5IKO mice
began immediately following the start of HFD feeding and persisted for the
duration of diet treatment, resulting in significant reductions in cumulative energy
intake at all observed timepoints (Figure 5b).
To explore whether reduced energy intake alone was sufficient to explain
the reduced body weight and fat mass observed in ACSL5IKO mice we pair-fed
ACSL5loxP/loxP mice to ad-libitum fed ACSL5IKO mice and monitored body
composition. We found that when ACSL5loxP/loxP mice received the same amount
of food as ACSL5IKO animals they gained significantly less body weight and fat
mass than ACSL5loxP/loxP ad-libitum fed controls (Figure 5c-e). Importantly, there
were no differences in body weight or fat mass gain between pair-fed
ACSL5loxP/loxP and ACSL5IKO mice during 4wk of pair feeding, suggesting that
reduced energy intake is indeed the sole contributor to the protection from diet
induced obesity in ACSL5IKO mice.

Absence of Intestinal ACSL5 Increases Satiety
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Alterations to normal intestinal physiology can result in changes in satiety
signaling, as observed following gastric bypass surgery in which the transit of
dietary nutrients is routed more directly to the distal intestine and postprandial
release of intestinal satiety hormones is increased (19). To examine whether
increases in satiety are responsible for the reduced food intake observed in
ACSL5IKO mice, we starved animals with an overnight fast and measured energy
intake following re-introduction of diet. We found that during the 2hr period
immediately following re-introducing chow diet, ACSL5IKO mice experienced a
small, but significant 25% reduction in energy intake compared to ACSL5loxP/loxP
mice. This reduction was compensated for by an increase in energy intake during
the proceeding 2hr period (Figure 6a). Additionally, for the remainder of the chow
refeeding period, there were no differences in energy intake between groups. As
such both ACSL5loxP/loxP and ACSL5IKO mice had similar total energy intake at the
completion of the chow refeeding study (Figure 6b). Furthermore, following reintroduction of chow diet, both groups regained body weight lost from the
overnight fast at a similar rate (Supplemental Figure 6a & b). In contrast to chow
refeeding, following re-introduction of HFD ACSL5IKO mice experienced a
significant 60% reduction in initial energy intake relative to ACSL5loxP/loxP mice.
This large initial reduction in energy intake was not compensated for during later
timepoints (Figure 6c). Furthermore, the food intake of ACSL5IKO mice was also
significantly reduced during the period from 8-24hrs following re-introduction of
HFD. Ultimately, the absence of ACSL5IKO resulted in significantly reduced
cumulative energy intake in the 24 hour period following reintroduction of HFD
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and prevented ACSL5IKO mice from regaining body weight lost during the
overnight fast (Figure 6d and Supplemental Figure 6c & d). The results from
these fasting/refeeding experiments strongly implicate an increase in satiety
signaling following HFD feeding in mice lacking intestinal ACSL5.
To further investigate the hypothesis that absence of ACSL5 in the
intestine leads to increased satiety signaling, we measured circulating glucagonlike peptide 1 (GLP-1), a peptide hormone secreted from intestinal L-cells that
contributes to increases in satiety (20). We observed that circulating active GLP1 was increased by over 150% 3hrs following an oil gavage in ACSL5IKO mice
compared to ACSL5loxP/loxP controls (Figure 6e). Surprisingly, circulating active
GLP-1 continued to increase over the course of the experiment such that by 6hrs
post-gavage active GLP-1 was over 550% higher in ACSL5IKO mice than
ACSL5loxP/loxP mice.
In sum, these experiments strongly suggest that the absence of ACSL5
increases satiety signaling following a meal, leading to reduced food intake.

Expression of PPARαand Downstream Targets Are Increased In ACSL5IKO
mice
In addition to GLP-1, activation of the transcription factor peroxisome
proliferator activator receptor alpha (PPARα) within the causes reduced food
intake (21, 22). To explore whether the absence of intestinal ACSL5 increases
PPARα activation we measured the expression PPAR isoforms as well as
PPARα target genes in the ileum of mice in the fed state. We found that the
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expression of PPARα is increased in both chow and HFD fed ACSL5IKO mice
relative to within diet controls. We did not detect any changes in the transcript
levels of levels of other PPARα isoforms (Figure 7a). In line with the observed
changes in PPARα expression, the expression of PPARα downstream target
genes was robustly increased by the absence of intestinal ACSL5 during both
chow and HFD feeding (Figure 7b). We also observed that HFD feeding
independently increased the expression of downstream PPARα target genes and
that this effect was magnified by the absence of ACSL5, potentially indicating an
interaction between absence of ACSL5 and dietary fat content to modulate
PPARα activity.

Intestinal ACSL5 Ablation Results In Serum and Enterohepatic Bile Acid
Pool Expansion
GLP-1 secretion from the intestinal L-cells is regulated by numerous
factors, including direct stimulation by dietary nutrients, neural/endocrine
feedback, as well as through bile acid (BA) signaling (23–28). In the case of BA,
increases in the circulating BA pool or altering the pool composition can stimulate
GLP-1 release (28). To determine if the bile acid pool is modified in the absence
of intestinal ACSL5 we collected serum and enterohepatic organs from mice in
the fed state and measured the BA pool size and composition. We found that
both serum and enterohepatic BA pools were increased 60% and 30%,
respectively, in ACSL5IKO mice (Figure 8a & 8b). We also observed a 30%
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increase in tauromuricholic acid (TMCA) species in the enterohepatic pool of
ACSL5IKO mice (Figure 8c).
The size and composition of the BA pool is determined by cross-talk
between the intestine and liver via the peptide hormone FGF-15. Absorbed bile
acids bind to the transcription factor, FXR, stimulating the production of the
peptide hormone FGF-15. FGF-15 is secreted into circulation and signals to the
liver to reduce BA production. This occurs by reducing the expression of BA
synthetic enzymes (29). To determine if the feedback loop between liver and
intestine was disrupted in the absence of intestinal ACSL5 we measured the
expression of FXR targets in the intestine as well as BA synthetic enzymes in the
liver. Surprisingly, we found that the expression of FXR targets FGF-15 and SHP
were reduced in the distal ileum of ACSL5IKO mice (Figure 8d). Furthermore,
hepatic expression of BA synthetic enzymes CYP7A1, the rate limiting enzyme in
BA production, and CYP8B1 were significantly increased by intestinal ACSL5
ablation (Figure 8E). These results suggest that absence of ACSL5 increases
hepatic BA production by suppressing FXR activation. Importantly, the observed
elevations in circulating BA suggests a possible mechanistic link between the
absence of intestinal ACSL5 and increased postprandial GLP-1 secretion.
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2.4. Discussion
We have previously demonstrated that global ablation of ACSL5 increases
energy expenditure, reduces adiposity and improves insulin sensitivity during
chow feeding (11). As ACSL5 is most abundantly expressed in the small
intestine, we hypothesized that the reduced intestinal ACSL5 expression in
global ACSL5 knockout mice may be responsible for the metabolic phenotype
observed in these animals. In this study we investigated this hypothesis with the
use of the novel tamoxifen-inducible, intestine specific ACSL5 knockout mouse.
In contrast to our ACSL5 whole-body knockout model we found that ACSL5IKO
mice were phenotypically normal during chow feeding. However, when
challenged with a HFD, ACSL5IKO mice were protected from diet induced weight
gain in the absence of lipid malabsorption. The reduced body weight and fat
mass gain of HFD fed ACSL5IKO mice was attributed to reduced energy intake,
rather than increased oxygen consumption as was observed in chow fed wholebody ACSL5 knockout mice (11). The mechanisms by which satiety is increased
in the absence of intestinal ACSL5 appear dependent on altered lipid absorption
and include increased release of enteroendocrine satiety hormones, the potential
for heightened stimulation of gut-brain satiety pathways and altered bile acid
signaling. In sum, these findings describe a role for intestinal ACSL5 in the
regulation of whole body energy homeostasis and support previous work
demonstrating the importance of intestinal lipid metabolism in energy balance.
The activation of fatty acids by addition of coenzyme A (CoA) is the initial
step in the absorption of dietary fatty acid (FA) from the intestinal lumen.
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Although ACSL5 is responsible for roughly 90% of intestinal FA activation, the
contribution of ACSL5 to intestinal lipid absorption has not previously been
determined. Here, we demonstrate that despite the primacy of FA activation in
intestinal lipid absorption, mice lacking intestinal ACSL5 do not malabsorb lipid
during a HFD challenge. In regard to these findings, it is worth noting that the
intestine is remarkably efficient at assimilating nutrients from the diet into the
body, absorbing approximately 90-95% of dietary lipid in humans and in excess
of 95% in mice during normal feeding (15, 30). In addition, it is estimated that the
intestine has a roughly two-fold reserve capacity for dietary nutrient absorption,
allowing it to maintain efficient absorption even when presented with supraphysiological calorie loads or when absorption is compromised by intestinal
resection (31). Thus, in light of the intestine’s robust capacity for nutrient
absorption, our results suggest that the intestine’s reserve capacity for nutrient
absorption, in combination with residual ACSL activity from other intestinal ACSL
isoforms, is capable of compensating for the loss of ACSL5 to prevent fecal lipid
loss. This is similar to observations in other models of altered intestinal lipid
absorption demonstrating compensation by the intestine to prevent fecal lipid
loss (4, 8)
Under normal physiological conditions most dietary nutrients are absorbed
in the proximal small intestine. However, when absorption is impaired, the
intestine is able to compensate by shifting nutrient absorption distally (31). As a
consequence of nutrients reaching the distal small intestine, the rate of gastric
emptying is delayed, slowing the rate of nutrient delivery to the intestine and
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serving as another level of compensation for impaired lipid absorption (32, 33).
Given that lipid malabsorption is not present in ACSL5IKO mice despite genetic
ablation of the major intestinal ACSL isoform, we suspect that lipid uptake from
the lumen may be impaired, but by shifting absorption to the distal small intestine
ACSL5IKO mice are able to compensate for their reduced ability to absorb lipid.
Although delayed rates of gastric emptying support this hypothesis, the
differences in rates of gastric emptying between ACSL5loxP/loxP and ACSL5IKO
mice prevent us from accurately comparing the spatial dynamics of lipid
absorption following a gavage. Thus, more work is needed to determine
conclusively if ablation of intestinal ACSL5 delays lipid uptake from the lumen
and to determine where lipid is absorbed along the length of the intestine in the
absence of ACSL5.
In addition to delaying rates of gastric emptying, undigested nutrients
reaching the distal intestine are capable of activating a number of signaling
cascades related to satiety (20). With respect to lipid, an increase in fatty acids
reaching the distal small intestine activates enteroendocrine L-cells leading to
release of the peptide hormone, glucagon-like peptide 1 (GLP-1) (24, 34). In
agreement with the hypothesis that intestinal ablation of ACSL5 leads to
increased lipid in the distal small intestine, GLP-1 secretion was increased during
the postprandial period in ACSL5IKO animals. Interestingly, increased postprandial GLP-1 is also observed when the intestinal TAG synthesis enzymes
acyl-CoA:monoacylglycerol acyltransferase 2 (MGAT2) and acylCoA:diacylglycerol acyltransferase 1 (DGAT1) are ablated or pharmacologically
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inhibited suggesting that inhibiting any step in intestinal TAG synthesis results in
more lipid reaching the distal small intestine (4, 35)
In the absence of intestinal ACSL5 we observed a significant increase in
circulating bile acids (BA) during the postprandial period. Serum BA can activate
enteroendocrine L-cells to increase GLP-1 release (27). Thus, an increase in
serum BA represents an alternative pathway by which GLP-1 dependent satiety
signaling may be increased in ACSL5IKO mice. We found that the increase in
circulating BA was related to an expansion in the overall BA pool size. The size
of the BA pool is regulated by an inhibitory feedback loop between the intestine
and liver. In the intestine BA bind to the transcription factor FXR, leading to an
increase in secretion of the peptide hormone, FGF-15. FGF-15 acts in the liver to
reduce the expression of the major bile acid synthetic enzyme, CYP7A1 (29).
Gene expression results in ACSL5IKO livers and intestines suggest that in the
absence of intestinal ACSL5, intestinal FXR activity is reduced leading to a
reduction in FGF-15 production and thereby an increase in hepatic BA
production. How intestinal ACSL5 regulates FXR activity is not clear.
Shifts in the microbial composition of the intestine have been
demonstrated to alter the characteristics of the BA pool (36, 37) . As different BA
species have different activation potentials for FXR, a change in the BA pool
composition secondary to changes in the microbiome can result in altered FXR
signaling (38). This has been shown in germ free mice, which lack a microbiome
capable of deconjugating bile acids. The resulting BA pool is enriched in the
conjugated bile acid tauromuricholic acid (TMCA), a potent FXR antagonist (36).
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Interestingly, the BA pool of ACSL5IKO mice shows a small, but significant
enrichment in TMCA, which may explain the observed reductions in FXR
activation in these mice. Whether the alterations in the BA pool are the result of
changes in the microbiome is not currently known. However, it is well established
that FA act as bacteriostatic agents. Thus, if intestinal ACSL5 ablation leads to
increased FA in the distal intestine, a site enriched in bacteria, the viability of
certain bacterial species may be compromised (39). More work is needed to
understand how the microbiome is altered in the absence of ACSL5 and if such
alterations can influence intestinal FXR signaling.
Roux-en-Y gastric bypass alters normal intestinal physiology by shifting
nutrient absorption to the distal intestine (40). Following gastric bypass surgery,
patients present with marked reductions in energy intake, improved insulinglucose homeostasis, as well as weight loss (19). Recent work suggests that the
reduced energy intake resulting from gastric bypass is dependent on PPARα
activation in the distal intestine and is mediated by activation of the vagus nerve
(22). The necessity of PPARα in intestinal satiety signaling has also been
reported in animal models (21). Interestingly, PPARα activation, as measured by
gene expression, is increased in the distal intestine of mice lacking ACSL5,
suggesting that PPARα dependent regulation of food intake may be present in
our model and further supporting our hypothesis that nutrient absorption is
shifted into the distal intestine following intestinal ACSL5 ablation.
Surprisingly, the increase in PPARα activation in the ileum of ACSL5IKO mice is
present during both chow and HFD feeding despite the fact that alterations in
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food intake are only observed during HFD feeding. This observation raises two
important considerations: (i) nutrients reaching the distal intestine in ACSL5IKO
mice may not be the only factor contributing to increased PPARα activation
during HFD feeding (because increased PPARα activation is present during
chow feeding when, presumably, no changes in the spatial dynamics of lipid
absorption occur) and (ii) as ileal expression of PPARα target genes in ACSL5IKO
mice is higher during HFD than chow feeding, there may be a threshold of
PPARα activation that must be exceeded before satiety signaling reaches a
sufficient intensity to reduce food intake. PPARα is activated by both fibrates and
certain fatty acid species, showing higher activity in the presence of unsaturated
FA than saturated FA (41). However, FA-CoA’s do not have the ability to activity
PPARα. Thus, it can be speculated that in the absence of ACSL5 the
concentration of free FA (unbound to CoA) is increased contributing to the
increased PPARα activation observed in ACSL5IKO mice during both chow and
HFD feeding. It is therefore likely that the increased PPARaα activation observed
during chow feeding is a result of altered intracellular FA metabolism in the
absence of ACSL5 and that HFD feeding, by delivering more FA to the distal
intestine, amplifies this effect.
As would be expected from increased satiety signaling, ACSL5IKO mice
exhibited a marked reduction in energy intake during HFD feeding which results
in rapid and sustained protection from diet induced obesity. Interestingly,
intestine specific knockout of MGAT2 also resulted in a rapid reduction in food
intake during initial exposure to HFD feeding (4). However, this reduction in food
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intake was transient and returned to normal after approximately 20 days. The
reason for this discrepancy in food intake between intestinal loss of ACSL5 and
intestinal loss of MGAT2 is not clear. It is worth noting that MGAT2 intestine
knockout mice also have significant increases in energy expenditure during HFD
feeding, while ACSL5 intestine knockout mice do not. Thus, the increased energy
demands from a higher metabolic rate could be responsible for the observed
rebound in energy consumption in MGAT2 intestine knockout mice.
The lack of changes in oxygen consumption (VO2) during HFD feeding in
ACSL5IKO mice are surprising given that ACSL5 whole-body knockout mice
experience increased energy expenditure. In fact, VO2, as measured by indirect
calorimetry, was lower in ACSL5IKO mice following 1wk of diet feeding compared
to ACSL5loxP/loxP mice. Although this reduction in VO2 appears paradoxical, it is
due largely to small but insignificant increases in the VO2 of ACSL5loxP/loxP mice
fed HFD as compared to chow and small but insignificant decreases in the VO2 of
ACSL5IKO mice fed HFD as compared to chow (analysis not shown). Why the lack
of intestinal ACSL5 causes a slight, transient reduction in oxygen consumption
during acclimation to HFD is not known. The intestine accounts for roughly 510% of the body’s total daily energy expenditure and may increase its relative
energy consumption during the postprandial period (42). As increased lipid
reaching the distal small intestine results in reduced gastrointestinal motility (ie:
smooth muscle contractility), reductions in motility as a result of increased
nutrients in the distal small intestine may explain the small reductions in energy
expenditure observed in ACSL5IKO mice during the initial exposure to HFD.
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The discrepancy in energy expenditure between ACSL5IKO mice and
ACSL5 whole-body knockout mice suggests that other, non-intestinal tissues are
responsible for the increased energy expenditure observed in the whole-body
knockout mice. The phenotype of ACSL5 whole-body knockout animals was
attributed largely to increases in circulating FGF21, a peptide hormone produced
in liver and brown adipose with pleiotropic effects including regulation of energy
metabolism and insulin-glucose homeostasis (43). In contrast, hepatic FGF-21
mRNA expression and circulating FGF-21 were reduced in ACSL5IKO mice
(Supplemental Figure 7) supporting the notion that non-intestinal tissues
contribute to the phenotype of ACSL5 whole-body knockout mice. However, what
tissue contributes to the increased FGF-21 observed in ACSL5 whole body
knockout mice remains unknown. In liver, unsaturated FA stimulate FGF-21
production in a PPARα dependent manner (44). Thus, similar to the hypothesis
regarding intestinal PPARα activation, it can be postulated that loss of hepatic
ACSL5 in whole-body ACSL5 knockout mice leads to increased hepatic free FA
which increases PPARα activation in the liver, ultimately resulting in increased
FGF-21 release. We are presently investigating this possibility in ACSL5 liver
specific knockout mice.
In conclusion, our data demonstrate that intestine specific ablation of
ACSL5 protects mice from diet induced obesity. We present several lines of
evidence suggesting that absence of intestinal ACSL5 shifts lipid absorption to
the distal intestine which stimulates satiety signaling via both direct and indirect
mechanisms, resulting in reductions in food intake. These data support recent
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work highlighting the role of the intestine in energy homeostasis and indicate
intestinal ACSL5 as a possible therapeutic target for the treatment of obesity.
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2.6. Figure Legends
Figure 1 | ACSl5 Is Ablated Specifically Within The Intestine of ACSL5IKO
Mice. (a) Western blot of ACSL5 in jejunum of chow fed mice 12 weeks postTAM treatment (2.0mg/day). (b) Expression of ACSL5 in tissues of mice fed HFD
for 12 weeks, n=14/group. (c) Expression of ACSL isoform in the jejunum of mice
mice fed HFD for 12 weeks, n=14/group. For all experiments mice were
euthanized following a 6hr fast. Data are presented as means ± SEM. * = p £
0.05 via student’s t-test.

Figure 2 | Absence of ACSL5 Delays Gastric Emptying But Does Not Affect
Gross Lipid Absorption. (a) Serum TAG following 300ul olive oil gavage and
tyloxapol treatment in chow fed mice 6wk following TAM treatment, n=5-7/group.
(b) Total lipid content, as measured by scintillation counts, of intestinal tissue 2hr
following a gavage of 1uCi carboxy-14C-triolein in chow fed mice 6-8wk post-TAM
treatment, n=5-7/genotype. (c) Distribution of tissue lipid, as measured by
scintillation counts, along the length of the intestine 2hr following a gavage of
1uCi carboxy-14C-triolein in chow fed mice 6-8wk post-TAM treatment, n=57/group. Each segment represents an approximately 6cm length of intestine. (d
& e) Lipid content of the intestinal (d) or stomach (e) lumen, as measured by
scintillation counts, 2 or 4 hr following a gavage of 1uCi carboxy-14C-triolein in
chow fed mice 6-8wk post-TAM treatment, n=5-6/group/timepoint. (f) Average
daily fecal lipid excretion normalized to food intake (as measured by mg lipid per
mg feces * average mg feces excreted per day / average mass food consumed
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per day) in mice acclimatized for a high fat diet for 4 weeks following TAM
treatment, n=5-6/genotype. Data are presented as means ± SEM. * = p £ 0.05
via student’s t-test.

Figure 3 | ACSL5IKO Mice Are Protect Against Diet Induced Obesity. (a) Body
weight and (b) fat mass of mice fed chow or 60% HFD post-TAM treatment, n =
10-12/group. Data are presented as means ± SEM. * = p £ 0.05 vs Chow ACSL5loxP/loxP, @ = p £ 0.05 vs. HFD - ACSL5loxP/loxP. Data analyzed via twoANOVA and Tukey’s HSD post-hoc testing at each time point.

Figure 4 | Protection Against Diet Induced Obesity in ACSL5IKO Mice Is Not
Due To Increased Energy Expenditure. (a) Representative oxygen
consumption rates of mice fed chow or (d) acclimated to HFD for 1wk. Gray
background indicates dark cycle. Time 0 is midnight of first day. (b) Average daily
oxygen consumption per g lean mass in mice fed chow or (e) acclimated to HFD
for 1wk. Data were averaged over 72hr. (c) Lean mass normalized oxygen
consumption during the dark cycle (7pm-7am, “Dark”), light cycle (7am-7pm,
“Light), and daily total (“Total”) averaged over 72hrs in mice fed chow or (f)
acclimated to HFD for 1wk. n=5-6/group. Data are presented as means ± SEM. *
= p £ 0.05 via student’s t-test.
Figure 5 | Intestinal ACSL5 Ablation Reduces Energy Intake. (a) Average
daily energy intake of mice during chow feeding or 4wks after switching to HFD,
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n=5-6/group, data represent a three day average. (b) Cumulative energy intake
following the start of HFD, n=5-6/group/timepoint. (c) Body weight gain over time
in response to HFD feeding. Pair Fed mice each received the daily average
intake of the ACSL5IKO group, n=10-12/group. (d) Body weight and (e) fat mass
at the start, “baseline”, and 4wk following the start of HFD pair-feeding, n=1012/group. Data are presented as means ± SEM. * = p £ 0.05 via student’s t-test
vs ACSL5loxP/loxP. Each timepoint during time series experiments was analyzed
separately via student’s t-test.

Figure 6 | Absence of Intestinal ACSL5 Increases Satiety. (a & b) Average
periodic and cumulative energy intake following a 16hr overnight fast and
reintroduction of chow or (c & d) 60% HFD, n=5-7/group. (e) Serum active GLP-1
in 16hr overnight fasted mice gavaged with 300ul olive oil, n=3-4/group/timepoint.
Data are presented as means ± SEM. * = p £ 0.05 via student’s t-test. Each
timepoint during time series experiments was analyzed separately via student’s ttest.

Figure 7 | PPARa Activation Is Increased In The Distal Small Intestine of
ACSL5IKO Mice. (a) Gene expression of PPAR isoforms and (b) PPARa target
genes in ileum following 2wk of diet treatment, n=10-12/group. Mice were
euthanized in the “fed state”. Data are presented as means ± SEM. * = p £ 0.05
vs Chow - ACSL5loxP/loxP, @ = p £ 0.05 vs. HFD - ACSL5loxP/loxP. # = p £ 0.05 vs.
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Chow - ACSL5IKO. Data analyzed via two-ANOVA and Tukey’s HSD post-hoc
testing.

Figure 8 | Intestinal ACSL5 Ablation Alters The Size And Composition Of
The Bile Acid Pool. (a) Serum and (b) Enterohepatic (as defined by liver,
gallbladder, and small intestine) bile acid pool size following 2wk of HFD feeding,
serum n=8-10/group, enterophepatic n=5-6/group (c) Conjugated bile acids
species in the enterohepatic pool, n=5-6/group. (d) Gene expression in the ileum
and (e) liver of bile acid regulatory targets in mice following 2wk of HFD feeding,
n=10-12/group. Data are presented as means ± SEM. * = p £ 0.05 via student’s ttest.

Supplemental Figure 1 | 0.5mg/day and 2.0mg/day Tamoxifen Treatments
Are Effective At Reducing Jejunal ACSL5 Expression In ACSL5IKO Mice. (a)
Gene expression in jejunum of chow fed mice 12wk following TAM treatment
(2.0mg/day), n=8-9/group. Data are presented as means ± SEM.

Supplemental Figure 2 | Tamoxifen Treatment & ERT2-Villin-Cre Do Not
Independently Affect Body Composition Or ACSL5 Gene Expression. (a)
Body weight, (b) fat mass, and (c) jejunal ACSL5 expression in chow fed mice
with (+) or without (-) the ERT2-villin-Cre transgene 12wk following treatment with
TAM (0.5mg/day or 2.0mg/day) or Vehicle (-), n=8-9/group. Data are presented
as means ± SEM.
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Supplemental Figure 3 | Gene Expression Of TAG Synthesis Genes Is Not
Affected By Intestinal ACSL5 Ablation. (a) Gene expression in ileum following
2wk of HFD. Mice were euthanized in the “fed state”. Data are presented as
means ± SEM. * = p £ 0.05 vs Chow - ACSL5loxP/loxP, @ = p £ 0.05 vs. HFD ACSL5loxP/loxP. # = p £ 0.05 vs. Chow - ACSL5IKO. Data analyzed via two-ANOVA
and Tukey’s HSD post-hoc testing.

Supplemental Figure 4 | ACSL5IKO Mice Are Protected From HFD Induced
Obesity. (a) Body weight in response to chow or (b) HFD feeding. Weight
collection and start of diet treatment in the case of HFD began 2 weeks following
“high-dose” tamoxifen treatment (2.0mg/day for three days), n=7-9/group. Data
are presented as means ± SEM. * = p £ 0.05 via student’s t-test. Each timepoint
was analyzed separately via student’s t-test.

Supplemental Figure 5 | Energy Expenditure Is Similar In ACSL5loxP/loxP and
ACSL5IKO Mice After 12wk of Diet Treatment. (a) Representative oxygen
consumption rates and (b) average daily oxygen consumption per g lean mass in
mice fed HFD for 12wk. Data were averaged over 72hr. (c) Lean mass
normalized oxygen consumption during the dark cycle (7pm-7am, “Dark”), light
cycle (7am-7pm, “Light), and daily total (“Total”) averaged over 72hrs in mice fed
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HFD for 12wk. n=5-6/group. Data are presented as means ± SEM. * = p £ 0.05
via student’s t-test.

Supplemental Figure 6 | ACSL5IKO Fail To Regain Body Weight Following A
HFD Fast/Refeed Challenge. (a) Body weight prior to food removal for chow
refeeding phase or (c) HFD refeeding phase, n=5-7/group. (b) Body weight
change over time from baseline (before food removal), “fasted”: following 16hr
fast, “12hr” and “24hr”: 12hr and 24hr following food reintroduction, respectively,
n=5-7/group. Data are presented as means ± SEM. * = p £ 0.05 via student’s ttest.

Supplemental Figure 7 | FGF-21 Is Not Elevated In ACSL5IKO Mice. (a) FGF21 expression in liver following 12wk of HFD. (b) Circulating FGF-21 in mice fed
HFD for 12wk. Mice were euthanized in the “fasted state”. Data are presented as
means ± SEM. * = p £ 0.05 via Student’s t-test. Data analyzed via two-ANOVA
and Tukey’s HSD post-hoc testing.
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2.7. Figures
Figure 1. ACSL5 Is Ablated Specifically Within The Intestine of ACSL5IKO
Mice
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Figure 2. Absence of ACSL5 Delays Gastric Emptying But Does Not Affect
Gross Lipid Absorption
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Figure 3. ACSL5IKO Mice Are Protect Against Diet Induced Obesity
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Figure 4. Protection Against Diet Induced Obesity in ACSL5IKO Mice Is Not
Due To Increased Energy Expenditure
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Figure 5. Intestinal ACSL5 Ablation Reduces Energy Intake
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Figure 6. Absence of Intestinal ACSL5 Increases Satiety
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Figure 7. PPARa Activation Is Increased In The Distal Small Intestine of
ACSL5IKO Mice
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Figure 8. Intestinal ACSL5 Ablation Alters The Size And Composition Of
The Bile Acid Pool
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Supplemental Figure 1. 0.5mg/day and 2.0mg/day Tamoxifen Treatments
Are Effective At Reducing Jejunal ACSL5 Expression In ACSL5IKO Mice
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Supplemental Figure 2. Tamoxifen Treatment & ERT2-Villin-Cre Do Not
Supplemental Figure 2 | Tamoxifen Treatment & ERT2-Villin-Cre Do Not Independently
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Supplemental Figure 4. ACSL5IKO Mice Are Protected From HFD Induced
Supplemental Figure 4 | ACSL5IKO Mice Are Protected From HFD Induced Obesity.
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Supplemental Figure 5 | Energy Expenditure Is Similar In ACSL5loxP/loxP and ACSL5IKO
Mice After 12wk of Diet Treatment.
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Supplemental Figure 6. ACSL5IKO Fail To Regain Body Weight Following A
Supplemental Figure 6 | ACSL5IKO Fail To Regain Body Weight Following A HFD
Fast/Refeed Challenge.
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Supplemental Figure 7 | FGF-21 Is Not Elevated In ACSL5IKO Mice.
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3. SUMMARY
3.1. Limitations & Future Directions
The data presented herein provide compelling evidence that intestinal ACSL5
is required for the normal absorption of intestinal lipid. Our data strongly suggest
that in the absence of intestinal ACSL5 lipid absorption is shifted into the distal
intestine resulting in an increase in satiety signaling through multiple potential
mechanisms. However, despite the strength of these data more work is required
to confirm the validity of our model as well as to understand the relative
contribution of the various mechanisms we have proposed to the phenotype of
the ACSL5IKO mice.
Our data suggest that absence of intestinal ACSL5 impairs the uptake of
lipid from the intestinal lumen. However, we have yet to demonstrate this directly.
Although our data showing reduced rates of TAG secretion and reduced lipid
content in the intestinal epithelium following a gavage are suggestive of impaired
uptake in ACSL5IKO mice, it is possible these observations could be due to
reduced rates of gastric emptying. Given the alterations in gastric emptying we
observed in vivo following a gavage, isolating the ACSL5 specific effects on lipid
uptake will require the use of alternate in vivo models, ex vivo models, or in vitro
models. Such model systems include ligated intestinal pouches, cultured
intestinal explants, everted intestinal sacs, and isolated enterocytes (1–4). In
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future experiments we will employ these models to accurately determine the FA
uptake kinetics in the absence of ACSL5.
Although we have presented several lines of evidence suggesting that
lipid absorption is shifted into the distal small intestine in the absence of ACSL5,
we have not demonstrated this conclusively. Our attempts to define the spatial
dynamics of lipid absorption in ACSL5IKO mice were confounded by differences in
the rate of gastric emptying between experimental groups. To avoid interference
due to altered rates of gastric emptying, intraduodenal delivery of a lipid bolus is
often employed (5–7). In this procedure the stomach is bypassed during lipid
delivery, allowing for direct control of the rate at which lipid is delivered to the
intestine. We intend to employ this method to more accurately characterize the
sites of lipid absorption in the absence of intestinal ACSL5. We hypothesize that
using this approach will allow us to observe an increase in the lipid content of the
distal segments of the small intestine of ACSL5IKO mice (segments 4 & 5 as in
Figure 2c).
Intestine specific ablation of ACSL5 results in a remarkable reduction in
food intake. This occurred alongside increased post-prandial release of GLP-1, a
peptide hormone with an established function in increasing satiety. The
observation that intestinal PPARα was also elevated in the absence of ACSL5
further underscores our conclusion that ACSL5IKO mice experience an increase
in satiety signaling. However, the interaction between the gut and satiety centers
of the brain is complex and involves additional mechanisms beyond just GLP-1
and PPARα (8). Following a meal, a cascade of peptide hormones are released
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from the intestine including Cholecystokinin (CCK), Peptide YY (PYY), and
Oxyntomodulin (OXM), that are all capable of stimulating satiety locally, via
activation of the vagus nerve, as well as distally by direct stimulation of satiety
centers in the brain. Whether these signals are elevated in ACSL5IKO mice and
the relative contribution of these signals to satiety remains to be determined. We
intend to expand our analysis to measure several of these satiety signaling
intermediates in future studies.
Following a meal, in addition to producing peptide hormones, the intestine
also produces lipid signaling molecules, such as oleylethanolamide (OEA) (9).
Intestine derived OEA is formed intracellularly from dietary oleic acid (10). In
response to a lipid-rich meal OEA production is upregulated, leading to activation
of the gut brain-satiety network in a PPARα dependent manner (10–12).
Although we did not measure OEA in these studies, we suspect that OEA may
be contributing to the increased PPARα activation observed in the distal intestine
of ACSL5IKO mice. We suspect that in the absence of ACSL5, an increase in free
FA (FA unbound to CoA) will increase the substrate availability for the OEA
synthetic pathway leading to an increase in OEA production. In future
experiments we will determine how the production of OEA following a FA
challenge is influenced by the absence of ACSL5. These experiments will be
performed in vivo (using intraduodenal injection) and validated using ex-vivo and
in-vitro models (intestinal explants and isolated enterocytes).
ACSL5IKO mice present with an expanded BA pool with relative increases
in tauromuicholic acid (T-MCA), however the origins of these changes are not
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clear. We have speculated that alterations to the BA pool may be derived from
alterations to the microbiome (see Discussion), but additional mechanisms may
also be responsible. It was recently demonstrated that fat soluble vitamins A & D
interact with intestinal FXR to induce FGF-15 secretion (2). As both vitamins are
esterified to some extent prior to absorption, a reduction in FA-CoA, a substrate
necessary for esterification, due to the absence of ACSL5 may reduce their
absorption (13). We have not yet determined the vitamin A and D status of
ACSL5IKO mice and therefore have not ruled out altered fat soluble vitamin
absorption as a contributor to alterations in the BA pool. However, given that
ACSL5IKO mice appear phenotypically normal, we do not anticipate fat soluble
vitamin absorption will be affected by the absence of ACSL5.
Although we observed a significant increase in GLP-1 in ACSL5IKO mice
following a gavage, we do not fully understand the mechanism underlaying this
phenomenon. We have suggested two non-mutually exclusive possibilities: (i)
increased circulating BA in the postprandial period leading to increased
stimulation of the BA receptor, TGR5, on the basolateral pole of enteroendocrine
L-cells and (ii) increased FA in the distal ileum leading to increased activation of
the fatty acid receptor, GPR119, on the apical pole of L-cells. In future studies, to
explore the relative contribution of changes in the BA pool to GLP-1 secretion we
intend to employ the use of a TGR5KO-ACSL5IKO double knockout mouse model.
We hypothesize that in the absence of TGR5, GLP-1 secretion will be slightly,
but not completely blunted in mice also lacking intestinal ACSL5 suggesting that
alterations to the BA pool contribute incompletely to increased GLP-1 release in
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ACSL5IKO mice. Alternatively, we may elect to treat mice with recombinant FGF15, which we hypothesize will normalize the BA pool size and composition
between ACSL5fl/fl mice and ACSL5IKO mice, prior to measuring postprandial
secretion of GLP-1 (14–17).
Our data suggest that both GLP-1 and increased intestinal PPARα
activation are responsible for the increased satiety observed in ACSL5IKO mice.
However, we do not understand the extent to which each of these mechanisms
independently contribute to reduced food intake. To gain insight into the relative
contribution of these mechanisms to the phenotype of ACSL5IKO mice we intend
to use several innovative strategies, including both genetic knockout and drug
treatment models. To understand the importance of GLP-1 secretion we plan to
deliver the GLP-1R antagonist, exendin 9, continuously via subdermal
implantation of mini-osmotic pumps, or through successive daily intraperitoneal
injections (as described in Appendix B) (18). To explore the role of intestinal
PPARα in the phenotype of the ACSL5IKO mice we propose the use of either
PPARαIKO-ACSL5IKO double knockout mice, a novel line that has not previously
been investigated, or delivery of a PPARα antagonist directly into the intestine
(19). We hypothesize that by inhibiting or blocking the respective signaling
pathways associated with GLP-1 and PPARα we will see food intake restored in
ACSL5IKO mice. By evaluating the extent to which food intake is restored in the
aforementioned models, we will reveal the contribution of GLP-1 and PPARα to
satiety.
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In conclusion, although our data provide compelling evidence that
intestinal ACSL5 is involved in regulating energy intake, the mechanisms by
which this occurs are unclear. In future studies we hope to both identify the
specific satiety signaling pathways affected by the absence of intestinal ACSL5
and clarify our understanding of how deletion of ACSL5 dysregulates those
pathways.

3.2. A Model Of Intestinal ACSL5 Dependent Regulation Of Satiety
The data presented herein demonstrate that absence of intestinal ACSL5
alters intestinal lipid absorption leading, ultimately, to a reduction in food intake.
Our data suggest that this response is due largely to a shift in intestinal lipid
absorption to the distal intestine. However, our data do not preclude the
possibility of altered intracellular fatty acid processing contributing to these
effects (ie: less CoA activation of incoming FA leading to more intracellular free
FA). In the absence of intestinal ACSL5, potential alterations to the spatial
dynamics of lipid absorption, along with any changes to intracellular FA
processing, lead to dysregulation of three major systems that could influence
satiety signaling including: (i) microbial metabolism of bile acids, (ii) nutrient
stimulated release of satiety factors, (iii) vagal activation and stimulation of
central satiety networks.
First, we observed a significant increase in the bile acid pool of ACSL5
intestine specific knockout mice, the cause of which remains unknown, but may
be due to an altered microbiome. We hypothesize that in the absence of
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intestinal ACSL5, FA reaching the distal small intestine act as bacteriostatic
agents, altering the composition of the microbiome resulting in decreased
bacterial BA deconjugation. This has the effect of increasing BA species capable
of inhibiting FXR, and thereby causing an increase in the bile acid pool.
Furthermore, increasing the BA pool in the presence of impaired BA
deconjugation creates a positive feedback loop: conjugated BA (such as T-MCA)
concentrations rise, increasing FXR inhibition, further increasing BA production
and the amount of deconjugated BA species. With regard to satiety, circulating
BA bind to TGR5 on enteroendocrine L-cells leading to release of GLP-1. Thus,
increase circulating BA in the absence of ACSL5 may increase GLP-1 release
and contribute to increased satiety.
Secondly, luminal FA can increase post-prandial GLP-1 release by binding
to the fatty acid receptor, GPR119. Our data suggest that absence of ACSL5
leads to an increase in the amount of FA reaching the distal intestine following a
meal, leading to an increase in GLP-1, which may contribute to increase satiety.
In addition to GLP-1, increased FA in the ileum potently increases other satiety
factors including OEA and PYY, which may also contribute to increase satiety in
the absence of ACSL5.
Finally, we observed increased PPARα activation in the intestines of
ACSL5IKO mice. As pharmacological activation of intestinal PPARα suppresses
food intake, this increase in PPARα activation may represent another possible
mechanism by which satiety is increased in our model. Although the underlaying
cause of increased PPARα in the absence of ACSL5 is unknown, we
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hypothesize that lack of ACSL5 reduces the activation of FA to FA-CoA, thereby
increasing the intracellular concentration of free FA, which bind to and activate
PPARα.
In closing, we propose three mechanisms by which absence of intestinal
ACSL5 may increase satiety: (i) an altered microbiome composition leading to an
increased BA pool and increased stimulation of GLP-1 release, (ii) increased FA
in the distal intestine leading to increased release of satiety factors, and (iii)
altered intracellular processing of FA resulting in intestinal PPARα activation and
subsequent stimulation of central satiety networks (Figure 1). However, more
work is needed to understand how these mechanisms contribute to the
phenotype of ACSL5IKO mice. Importantly, the observed protection from diet
induced obesity in the absence of fecal fat loss implicates intestinal ACSL5 as a
potential therapeutic target for the treatment of obesity, encouraging further
investigation into the mechanisms by which intestinal ACSL5 regulates food
intake.
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4. APPENDIX A: Liver Specific Loss Of PLIN2 – Manuscript In Preparation

4.1. Working Title: Reduced Hepatic TAG Following Liver PLIN2 Ablation Is
Not Associated With Improvements In Insulin Sensitivity

4.2. Abstract
Nonalcoholic fatty liver disease (NAFLD) is characterized by excessive
accumulation of triglyceride (TAG) in the liver and is strongly associated with
obesity and insulin resistance (IR). In hepatocytes TAG is stored intracellularly
within cytoplasmic lipid droplets (LD). Intracellular LD are coated with an
assortment of LD associated proteins in the perilipin (PLIN) family. PLINs are
thought to promote LD formation by regulating the hydrolysis of stored TAG.
Liver specific loss of perilipin 2 (PLIN2) protects mice from developing NAFLD
when fed a methionine-choline deficient diet, indicating an essential role for
PLIN2 in the development of fatty liver disease. In addition, global knockout of
PLIN2 and PLIN2 ASO treatment reduces fat mass and improves insulin-glucose
homeostasis, suggesting hepatic PLIN2 may have additional roles outside of
regulating hepatic TAG accumulation. However, the protective effects of liver
specific loss of PLIN2 on hepatic steatosis, obesity, and IR in mice fed a high fat,
western type diet (WTD) are unknown. To better understand the function of
hepatic PLIN2 in the development of these metabolic complications, liver-specific
PLIN2 knockout mice (PLIN2LKO) and floxed controls (PLIN2fl/fl) were fed either a
WTD, shown to induce hepatosteatosis, or a low fat control diet (LFD). 12 weeks
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of WTD feeding significantly increased weight gain, reduced insulin sensitivity,
impaired glucose and increased accumulation of hepatic TAG. The absence of
hepatic PLIN2 expression did not reduce weight gain or the development of
insulin resistance and glucose intolerance in mice fed a WTD, despite
significantly reducing the accumulation of hepatic TAG. These experiments
demonstrate for the first time that hepatic PLIN2 loss does not protect against the
metabolic complications associated with WTD feeding and provide insight into
the association between hepatic TAG accumulation and IR.
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4.3. Introduction
Non-alcoholic fatty liver disease (NAFLD), a spectrum of liver pathologies
ranging from hepatic steatosis to steatohepatitis, affects nearly 25% of people in
the United States (1) (2). Hepatic steatosis, the most common form of NAFLD, is
characterized by an excessive accumulation of triglycerides in the liver (2).
Steatosis increases the risk for developing more severe liver pathologies such as
non-alcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma
(3). In addition to these liver pathologies, excess accumulation of triglyceride in
the liver is strongly associated with obesity and may be causally linked to the
development of insulin resistance, diabetes, and cardiovascular disease (4).
Whether hepatic steatosis is a contributor to the development of metabolic
disease or merely a consequence of the disease state is not well understood.
Liver TAG are stored intracellularly in cytoplasmic lipid droplets (LDs), an
organelle responsible for sequestering neutral lipid and involved in the regulation
of intracellular lipid metabolism (5). The metabolism of lipid within the LD is
regulated, in part, by perilipins (PLINs), a class of lipid droplet associated
proteins that modulate the interaction of lipases with the LD (6). Perilipin 2
(PLIN2) is highly expressed in the livers of mice and is the most abundant PLIN
isoform in the livers of steatotic mice and humans (7) (8) (9) (10). Reduction of
PLIN2 expression reduces hepatic TAG accumulation in response to HFD
feeding and protects against development of diet induced NASH (7) (11) (12)
(13) (14). Interestingly, in addition to its role in hepatic TAG accumulation,
reduction of PLIN2 has been shown to reduce circulating insulin and decrease fat
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mass, suggesting a role for PLIN2 in improving insulin sensitivity and supporting
the association between excess hepatic TAG and insulin resistance (7) (12).
However, as both increased fat mass and increased liver TAG are associated
with the development of insulin resistance, it is not clear whether reduced fat
mass or reduced hepatic TAG is responsible for improved insulin sensitivity in the
absence of PLIN2. Additionally, the contribution of hepatic PLIN2 specifically to
these metabolic improvements is not known.
To further explore the relationship between reductions in hepatic PLIN2,
liver TAG accumulation and alterations in body composition and insulin sensitivity
we fed liver-specific PLIN2 knockout mice (PLIN2LKO) a high fat, western-type
diet to robustly increase hepatic TAG levels and induce obesity. Our results
suggest that liver specific loss of PLIN2 lowers hepatic TAG but does not alter
body-composition or insulin resistance. These data provide novel insight into the
associations between the absence of hepatic PLIN2 and the development of
obesity & insulin resistance in response to western-type diet feeding.
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4.4. Methods
Animal Care
All experiments were conducted at the Jean Mayer U.S. Department of
Agriculture Human Nutrition Research Center on Aging in accordance with
guidelines and regulations approved by the Institutional Animal Care and Use
Committee of Tufts University. Individually housed male PLIN2floxed and PLIN2LKO
littermates were randomized into dietary treatment groups at 8 or 16 weeks of
age where indicated. Animals received either an experimental, Western Type
Diet (WTD, Research Diets D15102305) containing 17% protein, 44% fat, and
39% carbohydrate by energy (kcal), or a micronutrient matched low-fat control
diet (LFD, Research Diets D15102307) containing 17% protein, 10% fat, and
73% carbohydrate by energy. The macronutrient composition of the WTD was
modeled after a high fat, high sucrose diet with a demonstrated ability to induce
hepatic steatosis after 12 weeks of feeding (Diet Composition available in
Supplemental Table 1 & 2) (15). Following 12 weeks of dietary treatment animals
were fasted for 6 hours and euthanized via exsanguination under isoflurane
anesthesia. Tissues were collected, snap frozen in liquid nitrogen, and stored at 80°C. Blood was collected in EDTA coated tubes, spun at 2,000g for 20 minutes
at 4°C, and plasma fraction was collected and stored at -80°C.

In Vivo Phenotyping
Body weight and body composition were analyzed by magnetic resonance
imaging (EchoMRI-700) at baseline and 2, 4, 8, and 12 weeks following start of
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WTD feeding. Insulin Tolerance Tests (ITTs) were performed after 10 weeks of
diet feeding in mice started on diet at 16 weeks of age. For ITTs animals were
fasted for 6 hours prior to intraperitoneal injection of 0.75IU/kg insulin dissolved
in sterile saline. Blood glucose was monitored from the tail vein via glucometer
(OneTouch Ultra) at baseline (time 0) and 15, 30, 45, 60, 90, and 120 minutes
following injection. Glucose Tolerance Tests (GTTs) were performed after 10
weeks of diet feeding in mice started on diet at 16 weeks of age. GTTs were
performed similarly to ITTs with animals treated with 1.5g/kg glucose dissolved in
sterile saline delivered via intraperitoneal injection. As an estimate of insulin
resistance, the Homeostasis Model Assessment of Insulin Resistance (HOMAIR) was calculated as previously described (16) using fasting insulin and blood
glucose collected at time of sacrifice.

Histology
Following sacrifice liver samples were fixed in 4% zinc buffered formaldehyde (ZFix) at room temperature for 48 hours and then stored in 70% alcohol at 4°C.
Fixed samples were embedded in paraffin, sectioned, and stained with H&E and
picrosirius red. Images were collected using an Olympus BX51-P polarizing light
microscope with a x40 objective.

Plasma Biochemistry
All plasma measures were obtained from sample collected at time of sacrifice as
described above. Plasma insulin was determined via ELISA (Ultra Sensitive
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Mouse Insulin ELISA, Crystal Chem). Triglyceride (OSR6133, Beckman Coulter),
Cholesterol (OSR6116, Beckman Coulter), HDL (OSR6195, Beckman Coulter),
B-hydroxybutarate (LiquiColor, StanBio), and Non-esterified fatty acids (NEFAHR(2), Wako Diagnositcs) were determined colorimetrically.

Hepatic Lipids
50-75mg of frozen, pulverized liver was mechanically homogenized (Tissue
LyserII, Qiagen) in ice-cold 2:1 chloroform:methanol and lipids were extracted
following the methods of Folch (17). Lipid extract was dried under N2 and
solubilized in 1.5% Triton-X in phosphate-buffered saline. The protein fraction
was isolated, dried under N2, and digested in 1N NaOH for 96hrs at 4°C.
Triglyceride and NEFA were determined colorimetrically as described in Plasma
Biochemistry above. Hepatic Lipids were normalized per mg protein as
determined by BCA Assay (BCA Protein Assay Kit, Pierce).

Western Blot Analysis
Protein extract was prepared by mechanical homogenization of 50mg of frozen,
pulverized liver tissue in ice cold TNET Buffer (50mM Tris-HCl, 150mM NaCl,
2mM EDTA, 1% Triton X-100, and 0.5% cholate) containing protease inhibitors
(A32965, Thermo Scientific). Protein concentration of extract was determined by
BCA Assay as described above. Prior to gel loading, extracts were denatured by
boiling at 95oC for 5m in an equal volume of 2x Laemelli Buffer (S3401-1VL,
Sigma). 25-50ug of protein was resolved in 10% polyacrylamide gels (Mini
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Protean TGX, BioRad) and subsequently transferred to 0.45um nitrocellulose
membranes (BioRad) at 300mA for 2hr at 4oC. Following transfer, membranes
were blocked in 5% bovine serum albumin in phosphate-buffered saline
containing .1% Tween-20 (PBST), washed three times in PBST, and incubated
with primary antibody overnight. Blots were probed for PLIN2 (20R-AP002,
Fitzgerald), PLIN3 (10694-1-AP, Proteintech), PLIN4 (rabbit anti-serum provided by
Dr. Nathan Wollins), and GAPDH (14C10, Cell Signaling) using anti-rabbit
secondary antibody (7074S, Cell Signaling). Proteins were detected by
incubation with chemiluminescent reagent (34080 ,Thermo Scientific) and
developed using x-ray film (34090, Thermo Scientific).

Quantitative real-time PCR
30-50mg of pulverized liver tissue was mechanically homogenized in TRIzol
(Invitrogen) and total RNA was extracted with RNeasy Mini columns (74106,
Qiagen) per the manufacturer’s instructions. RNA concentration and purity of
extracts were determined using a Nanodrop 100 spectrophotometer. cDNA was
generated from 2ug RNA using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Quantitative real-time PCR (qPCR) was performed using
SYBR Green ( Applied Biosystems) on an Applied Biosystems 7300 Real-Time
PCR System. Relative expression was quantified using the 2-DDCt method (18).
Primer sequences are listed in Supplementary Table 3.

Statistical Analysis
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Values are expressed as means ± standard error of the mean. Two-way analysis
of variance (ANOVA) followed by Tukey’s HSD post-hoc testing was performed
using R (version 3.5.0) [R Core Team, 2018] with tidyverse (version 1.2.1)
[Wickham, 2017]. Values of p≤0.05 were considered significant.
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4.5. Results
Generation of PLIN2LKO Mice
Mice with liver specific deficiency of PLIN2 (PLIN2LKO) were generated by mating
mice harboring loxP segments flanking exon 5 of the PLIN2 gene (PLIN2fl/fl) to
mice expressing a liver-specific Cre recombinase. Western blot and PCR
analysis demonstrated the presence of PLIN2 in small-intestine and gonadal
white adipose (gWAT), but not liver, confirming tissue-specificity of the knockout.
(Figure 1A & B).

Loss of Hepatic PLIN2 Does Not Alter Expression of Other PLIN Isoforms
Upregulation of other lipid droplet protein isoforms has been shown in genetic
knockout or siRNA models of PLIN2 ablation (19) (7). To determine if the
absence of PLIN2 in liver alters the expression of other lipid droplet associated
proteins, PLIN isoform protein abundance and gene expression were evaluated
following 12 weeks of diet treatment. We found that mRNA expression of PLIN4
and FSP27 was significantly increased in response to 12 weeks of WTD in both
PLIN2fl/fl and PLIN2LKO mice (Figure 2A). However, no genotype differences were
observed in the mRNA expression of any measured lipid droplet associated
proteins following both LFD and WTD feeding. Similarly, protein levels of perilipin
isoforms 3 and 4 were not altered by diet or the absence of PLIN2 (Figure 2B). In
total, these results suggest that liver specific loss of PLIN2 is not compensated
for by an increase in other lipid droplet associated proteins.
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PLIN2LKO Are Not Protect from Western-type Diet Induced Weight Gain
Whole-body PLIN2 knockout significantly reduces body weight and fat mass gain
following 60% high fat diet (HFD) feeding (7).To explore whether hepatic PLIN2
could contribute to these observed diet-induced changes in weight and fat mass,
8 week old PLIN2fl/fl and PLIN2LKO mice were randomized to either a low-fat
(LFD) or high fat, western-type diet (WTD) for 12 weeks. We found that WTD
feeding resulted in a significant increase in body weight and fat mass in both
PLIN2LKO and PLIN2fl/fl mice compared to low-fat diet (LFD) fed controls.
However, in contrast to what was observed in HFD fed global PLIN2 knockout
mice, liver specific loss of PLIN2 did not alter body weight or body composition
during WTD feeding (Figure 3A & B). In addition, there was no significant
difference in body weight and body composition between PLIN2LKO and PLIN2fl/fl
following LFD feeding. These findings argue against a role for hepatic PLIN2 in
regulating body weight and body composition during WTD feeding.

Hepatic PLIN2 Ablation Does Not Affect Insulin-Glucose Homeostasis
Both whole-body PLIN2 knockout and treatment with PLIN2 anti-sense
oligonucleotides (ASO) protect against increases in fasting insulin associated
with HFD feeding (7) (11) (12). It is worth noting, however, that although hepatic
PLIN2 is absent in these models, adiposity is also significantly reduced. As
increased adiposity is associated with insulin resistance, the reduced adiposity in
these studies renders interpretation of the independent effects of PLIN2 on
insulin and glucose homeostasis difficult (20). In our studies, PLIN2LKO and
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PLIN2fl/fl did not differ in bodyweight or adiposity during WTD feeding, affording
us the opportunity to investigate the relationship between hepatic PLIN2 and
insulin sensitivity in the absence of changes in adiposity. After 12 weeks of diet
treatment we observed that fasting serum glucose, insulin and HOMA-IR were
significantly elevated by WTD feeding in both PLIN2fl/fl and PLIN2LKO groups
(Figure 4A-C). However, there were no differences in measures of insulin
sensitivity between PLIN2fl/fl and PLIN2LKO on either diet. In agreement with these
findings, PLIN2fl/fl and PLIN2LKO had similar serum glucose responses to glucose
and insulin tolerance tests during WTD feeding (Figure 4D & E). Collectively
these data suggest that hepatic PLIN2 is not involved in obesity-associated
insulin resistance.

Liver Specific Loss of PLIN2 Protects Against Hepatic Steatosis During WTD
Feeding
To investigate the contribution of PLIN2 to hepatic lipid accumulation
during WTD feeding, livers were collected and analyzed following 12 weeks of
diet treatment. We did not observe a significant effect of genotype or diet on liver
weight or liver non-esterified fatty acids (Figure 5A & C). However, we found that
absence of hepatic PLIN2 reduced liver TAG content by more than 50% following
WTD feeding compared to PLIN2fl/fl controls (Figure 5B). In addition, there was a
strong trend (p=0.06) for reduced hepatic lipids in LFD fed PLIN2LKO mice
compared to LFD fed controls. Consistent with the observed reduction in liver
TAG content in WTD fed PLIN2LKO mice, H&E stained liver sections from WTD
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fed mice revealed marked steatosis in PLIN2fl/fl mice that was absent in sections
from PLIN2LKO mice (Figure 5D). In total, these findings are in agreement with
other dietary models of hepatic steatosis and non-alcoholic steatohepatitis
(NASH) demonstrating that absence or reduction of PLIN2 in liver is associated
with reduced accumulation of liver TAG (7) (13) (11) (11).
With respect to NAFLD, we noted a significant upregulation of TNFa in
response to WTD feeding, but no change in other inflammatory targets which
suggests 12wk of WTD feeding was not sufficient to induce a NASH-like
phenotype (Supplemental Figure 1). However, in contrast to previous studies, we
did not observe an effect of hepatic PLIN2 ablation on TNFa expression, despite
reduced hepatic TAG accumulation (14).

Hepatic PLIN2 Ablation Does Affect Expression of TAG and FA Genes
To explore the mechanisms underlying protection against hepatic TAG
accumulation in PLIN2LKO mice we measured the expression of genes involved in
lipid metabolism in livers of mice fed LFD and WTD for 12 weeks. Expression of
lipogenic genes DGAT1, MGAT1, MGAT2 and SREBP1c were not changed
between genotypes on either diet (Figure 6A). In addition, MTTP, an enzyme
involved in export of TAG in VLDL, was not affected by genotype on either diet.
Similarly, expression of lipolytic enzymes ATGL and HSL were not different
between genotypes for either diet treatments. With regard to fatty acid
metabolism, the expression of both anabolic enzymes FASN and ACC1 and
catabolic targets ACOX1 and CPT1a was not different between genotypes
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(Figure 6B). These gene expression results suggest that neither reductions in
lipogenesis, increases in lipolysis, nor increases in lipid export are responsible for
the observed reduction in hepatic TAG content in the livers of PLIN2LKO mice. In
support of this conclusion, fasting serum lipid metabolites TAG, NEFA,
cholesterol, and ketones were not different between genotypes within each diet
treatment (Figure 7A-D).
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4.6. Discussion
Our data clarify a previously unresolved question regarding the
contribution of hepatic PLIN2 to the development of insulin resistance and
obesity. We demonstrate for the first time that liver-specific loss of the primary
hepatic perilipin, PLIN2, results in reduced hepatic TAG, but does not alter body
composition or insulin sensitivity during WTD feeding. Importantly, despite the
established relationship between increased hepatic TAG and insulin resistance,
reducing hepatic TAG accumulation by liver-specific PLIN2 ablation is not
sufficient to prevent the development of diet-induced insulin resistance.
Previous work using both whole-body, genetic knockout and ASO
treatment to decrease PLIN2 expression resulted in reduced fat-mass, reduced
hepatic TAG, and improved insulin sensitivity in response to HFD feeding (21) (7)
(11) (12). As PLIN2 is abundantly expressed in liver, we questioned the specific
contribution of hepatic PLIN2 to these outcomes. To explore the effect of hepatic
PLIN2 on these metabolic parameters we challenged mice with a western-type
diet high in saturated fat, refined carbohydrate, and cholesterol (Supplemental
Tables 1 & 2). In regard to obesity, we observed that liver-specific loss of PLIN2
did not reduce body weight or fat mass in response to diet treatment. This result
is in contrast to other HFD models of obesity using global genetic-knockout or
ASO treatment to reduce PLIN2 (7) (21). Our use of a liver-specific PLIN2
knockout model suggests that these discrepancies are likely due to reduced
PLIN2 expression in non-hepatic tissues in other models. In support of the idea
that non-hepatic PLIN2 contributes to altered body composition, absence of
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PLIN2 in subcutaneous adipose increases the expression of uncoupling protein 1
(UCP1), an enzyme associated with non-shivering thermogenesis, “browning” of
white adipose, and increased energy expenditure (7) (22). In addition, the
mechanisms contributing to altered body composition in both genetic knockout
and ASO models were largely behavioral in nature, including reduced food intake
and increased locomotor activity, which further argues against body composition
changes being driven by reduced hepatic PLIN2 specifically. Thus, our results, in
combination with those of other studies, do not support a role for hepatic PLIN2
in the development of obesity.
Obesity is strongly associated with the development of NAFLD. In the
obese state, increased lipolysis from adipose tissue contributes to hepatic TAG
accumulation by increasing the amount of FFA delivered to the liver (23) (24).
Therefore, when both body fat and hepatic TAG are reduced by a given
treatment, it is difficult to tease apart the indirect effect of improved body
composition from the direct effect of the treatment on hepatic TAG accumulation.
Similarly, when genetic-knockout and ASO treatment are used to reduce PLIN2
during HFD feeding and result in concomitant reductions in both adiposity and
hepatic TAG, the observed reductions in hepatic TAG may be due to either (i) the
absence of PLIN2 in the liver, (ii) reduced body fat, or (iii) a combination of the
two (21) (7) (12). In our studies, the liver-specific loss of PLIN2 blunted hepatic
TAG accumulation in response to WTD feeding in the absence of changes in
body composition. This result demonstrates for the first time that liver-specific
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loss of PLIN2 alone is sufficient to protect against western diet-induced increases
in hepatic TAG.
In addition to dietary models of obesity, PLIN2 ablation has also been
shown to reduce hepatic TAG in genetic models of obesity (ob/ob mice) & dietary
models of alcoholic liver disease (25) (14) (26). However, the reported
mechanisms by which absence of PLIN2 reduces hepatic TAG accumulation
differs depending on the model of hepatic steatosis and mode of PLIN2 ablation.
In HFD models of obesity and in dietary models of alcoholic liver disease,
reducing PLIN2 reduces the expression of lipogenic genes in the liver (12) (27)
(21). In contrast, in methionine-choline deficient diet models of NASH, absence
of hepatic PLIN2 increases lipolysis and expression of oxidative genes in the
absence of changes in lipogenic targets (14). Finally, when PLIN2 global
knockout mice are crossed with ob/ob mice, an over-feeding model of obesity, no
differences in lipogenic genes are observed, but VLDL secretion is increased
(25). Taken together, these findings suggest that the mechanisms by which
absence of PLIN2 reduces hepatic TAG are dependent on the complex interplay
between dietary composition, whole-body lipid metabolism and hepatic lipid
storage. It is worth nothing that hepatocyte models of PLIN2 reduction, which are
removed from these complex metabolic and dietary interactions, also report
multiple mechanisms by which TAG accumulation is reduced. These include
increased oxidation of FA and secretion of VLDL as well as increased lipophagy,
the digestion of lipid by autophagic vesicles (28) (29). Examining several of these
mechanisms indirectly via gene expression, our data suggest that the observed
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reduction in liver TAG in PLIN2LKO is not due to reduced lipogenesis or increased
FA oxidation. We also did not observe a change in circulating ketone bodies,
supporting the conclusion that hepatic FA oxidation is unchanged.
Hepatic steatosis is strongly linked with insulin resistance in obesity,
although whether hepatic steatosis is a cause or consequence of insulin
resistance is not well understood (30) (31). We observed that despite reduced
hepatic TAG, PLIN2LKO mice fed a WTD had similar fasting glucose and insulin
as well as ITT and GTT responses to PLIN2fl/fl WTD fed mice. This result is in
contrast to other models of PLIN2 ablation during HFD feeding (12) (7). However,
as obesity is also strongly associated with the development of insulin resistance,
the reduced adiposity observed in these models may explain the apparent
contradiction between our results and those of other studies.
It is unclear why reducing hepatic TAG by liver-specific ablation of PLIN2
did not improve insulin sensitivity. Because hepatic steatosis is not a strict
requirement for insulin resistance, and vice versa, it has been hypothesized that
hepatic lipid accumulation is not a cause of insulin resistance, but rather an
indicator of another underlying mechanism, such as ER stress and inflammation
(31). However, we did not observe changes in inflammatory gene expression in
our studies, arguing against inflammation as the cause of the observed insulin
resistance in our mice. Alternatively, in addition to TAG, accumulation of other
lipid species such as diacylglycerol (DAG) is associated with the development of
insulin resistance in the presence of hepatic steatosis (30) (32) (33). Increased
intrahepatic DAG is believed to cause hepatic insulin resistance by stimulating
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PKCe translocation to the plasma membrane, where it inhibits insulin receptor
signaling (32). Interestingly, when hepatic DAG is preferentially sequestered to
the lipid droplet due to the ablation of the lipid droplet associated protein, CGI-58,
PKCe translocation to the plasma membrane is prevented resulting in improved
insulin sensitivity despite increased hepatic TAG (34) (35). Thus, in our model
reduced hepatic PLIN2 may alter LD biology such that DAG
compartmentalization to the LD is reduced and insulin receptor signaling is
inhibited. Further investigation will be required to determine how absence of
PLIN2 in liver affects DAG concentrations and intracellular location as well as
PKCe in the absence of hepatic PLIN2.
In summary, our results demonstrate that liver specific ablation of PLIN2
reduces the accumulation of hepatic triglyceride during western-type diet feeding
in the absence of changes in glucose-insulin homeostasis and body composition.
These results are in contrast to observations made previously in whole-body
plin2 knockout models thereby arguing against a role for hepatic PLIN2 in
regulating energy balance in those studies. In addition, the results herein provide
important insight into the relationship between hepatic steatosis and the
development of insulin resistance, suggesting that reducing hepatic lipid
accumulation, without altering body weight or composition, is not sufficient to
improve insulin sensitivity. Overall, we conclude that hepatic PLIN2 regulates the
accumulation of lipid in the liver during high fat, western-type diet feeding, but
does not contribute to regulation of body weight or insulin sensitivity.
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4.8. Figure Legends
Figure 1. PLIN2 Is Specifically Reduced In the Liver of PLIN2LKO Mice. (A)
Gene expression of PLIN2 in tissues from PLIN2fl/fl (white) and PLIN2LKO (grey)
mice fed low fat diet for 12wk. n = 8-10/group. (B) Representative blots of PLIN2
protein expression in liver and adipose from mice fed western-type diet for 12wk.
Data are presented as mean ± SEM. * = p £ 0.05 vai student’s t-test.

Figure 2. Liver Specific Loss Of PLIN2 Does Not Alter Gene Or Protein
Expression Of Other PLIN Isoforms. (A) Gene expression in liver of 20wk old
mice following 12 weeks of low fat (LFD) or western-type (WTD) diet treatment. n
= 8-13/group. (B) Representative blots of PLIN protein expression in liver
following 12wk diet treatment. Data are presented as mean ± SEM. * = p £ 0.05
vs LFD – PLIN2fl/fl, # = p £ 0.05 vs LFD – PLIN2LKO, # = p £ 0.05 vs WTD –
PLIN2fl/fl as determined by two-way ANOVA and Tukey’s post-hoc analysis.

Figure 3. Hepatic PLIN2 Does Not Affect Body Composition During LFD or
WTD Feeding. (A) Body weight over time during 12wk of low fat (LFD) or
western-type (WTD) diet treatment. Animals began diet at 8wk of age. n = 813/group. (B) Change in body composition from baseline, as determined by MRI,
following 12wk of diet treatment. Data are presented as mean ± SEM. * = p £
0.05 vs LFD – PLIN2fl/fl, # = p £ 0.05 vs LFD – PLIN2LKO, # = p £ 0.05 vs WTD –
PLIN2fl/fl as determined by two-way ANOVA and Tukey’s post-hoc analysis.
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Figure 4. PLIN2IKO Mice Develop Insulin Insensitivity During WTD Feeding
Similarly To PLIN2fl/fl Mice. (A) 6hr fasting blood glucose (B) plasma insulin,
and (C) HOMA-IR in 20wk old mice following 12wk of low fat (LFD) or westerntype (WTD) diet treatment. n=10/group. (D) blood glucose response to an
intraperitoneal injection of 0.75IU/kg of insulin (insulin tolerance test, ITT)
following a 6hr fast in mice fed low-fat (LFD) or western-type diet (WTD) for 16wk
beginning at 16wk of age. n=8-10/group. (E) blood glucose response to an
intraperitoneal injection 1.5mg/g of glucose (30% glucose in PBS, glucose
tolerance test, GTT) following a 6hr fast in mice fed low-fat (LFD) or western-type
diet (WTD) for 18wk beginning at age 16wk of age. n=5/group. Data are
presented as mean ± SEM. For A-C: * = p £ 0.05 vs LFD – PLIN2fl/fl, # = p £ 0.05
vs LFD – PLIN2LKO, # = p £ 0.05 vs WTD – PLIN2fl/fl as determined by two-way
ANOVA and Tukey’s post-hoc analysis. For D and (E) data were analyzed using
students t-test.

Figure 5. Ablation of Hepatic PLIN2 Protects Mice Against Diet Induced
Hepatic Steatosis. (A) Liver weight, (B) liver triglyceride (TAG) and (C) liver nonesterified fatty acids (NEFA) in 20 wk old mice after 12wk of low fat (LFD) or
western-type (WTD) diet treatment. Liver weight n=11-13/group. Liver TAG and
NEFA, n=6-8/grp. (D) Representative haemotoxylin and eosin staining of liver
sections harvested from 6hr fasted mice after 12wk of low fat (LFD) or westerntype (WTD) diet treatment. Data in A-C are presented as mean ± SEM. * = p £
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0.05 vs LFD – PLIN2fl/fl, # = p £ 0.05 vs LFD – PLIN2LKO, # = p £ 0.05 vs WTD –
PLIN2fl/fl as determined by two-way ANOVA and Tukey’s post-hoc analysis.

Figure 5. Loss Of Hepatic PLIN2 Does Not Alter Serum Lipids. (A) Serum
triglyceride (TAG), (B) total cholesterol (Chol.), (C) b-hydorxybutarate (ketones),
and (D) non-esterified fatty acids (NEFA) following a 6hr fast in 20wk old mice
treated with low fat (LFD) or western-type (WTD) diet for 12 wk. n=6-10/group.
Data are presented as mean ± SEM. * = p £ 0.05 vs LFD – PLIN2fl/fl, # = p £ 0.05
vs LFD – PLIN2LKO, # = p £ 0.05 vs WTD – PLIN2fl/fl as determined by two-way
ANOVA and Tukey’s post-hoc analysis

Figure 6. Loss Of Liver PLIN2 Does Not Alter Fasting Serum Lipids. (A)
Serum triglyceride (TAG), (B) total cholesterol (Chol.), (C) b-hydorxybutarate
(ketones), and (D) non-esterified fatty acids (NEFA) following a 6hr fast in 20wk
old mice treated with low fat (LFD) or western-type (WTD) diet for 12 wk. n=810/group. Data are presented as mean ± SEM. * = p £ 0.05 vs LFD – PLIN2fl/fl, #
= p £ 0.05 vs LFD – PLIN2LKO, # = p £ 0.05 vs WTD – PLIN2fl/fl as determined by
two-way ANOVA and Tukey’s post-hoc analysis

Figure 7. Hepatic PLIN2 Ablation Does Not Affect Expression Of Genes
Involved In Lipid Metabolism. (A) Gene expression of proteins involved in
triglyceride (TAG) metabolism and (B) fatty acid (FA) metabolism in livers of 6hr
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fasted mice fed low fat (LFD) or western-type (WTD) diet treatment for 12wk.
n=10-13/group Data are presented as mean ± SEM. * = p £ 0.05 vs LFD –
PLIN2fl/fl, # = p £ 0.05 vs LFD – PLIN2LKO, # = p £ 0.05 vs WTD – PLIN2fl/fl as
determined by two-way ANOVA and Tukey’s post-hoc analysis

Supplemental Table 1. Composition Of Diets Used In Comparison To
Common High Fat Diets.
Comparison of macronutrient composition and ingredients from a common 45%
high fat diet (HFD, Research Diets D12451) and 60% high fat diet (Research
Diets D12492), as well as the diets used in this study: the low fat diet (LFD,
Research Diets D15102307) and western-type diet (WTD, Research Diets
D15102305). * = Cholesterol estimated from typical cholesterol content of butter
fat, anhydrous 2.15mg/g & lard .72mg/kg except where provided by manufacturer
(45% and 60% HFD). x = ingredient not present

Supplemental Table 2. Fatty Acid Composition Of Diets Used In
Comparison To Common High Fat Diets. Comparison of fatty acid composition
from a common 45% high fat diet (HFD, Research Diets D12451) and 60% high
fat diet (Research Diets D12492), as well as the diets used in this study: the low
fat diet (LFD, Research Diets D15102307) and western-type diet (WTD,
Research Diets D15102305).

Supplemental Table 3. Primer Sequences For qPCR
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Supplemental Figure 1. Liver Specific Loss Of PLIN2 Does Not Alter
Inflammatory Gene Expression. (A) Gene expression of inflammatory targets in
livers of 6hr fasted mice fed low fat (LFD) or western-type (WTD) diet treatment
for 12wk. n=10-13/group Data are presented as mean ± SEM. * = p £ 0.05 vs
LFD – PLIN2fl/fl, # = p £ 0.05 vs LFD – PLIN2LKO, # = p £ 0.05 vs WTD – PLIN2fl/fl
as determined by two-way ANOVA and Tukey’s post-hoc analysis
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4.9. Figures
Figure 1. PLIN2 Is Specifically Reduced In the Liver of PLIN2LKO Mice
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Figure 2. Liver Specific Loss Of PLIN2 Does Not Alter Gene Or Protein
Expression Of Other PLIN Isoforms
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Figure 3. Hepatic PLIN2 Does Not Affect Body Composition During LFD or
WTD Feeding
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Figure 4. PLIN2IKO Mice Develop Insulin Insensitivity During WTD Feeding
Similarly To PLIN2fl/fl Mice
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Figure 5. Ablation of Hepatic PLIN2 Protects Mice Against Diet Induced
Hepatic Steatosis
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Figure 6. Hepatic PLIN2 Ablation Does Not Affect Expression Of Genes
Involved In Lipid Metabolism
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Figure 7. Loss Of Hepatic PLIN2 Does Not Alter Fasting Serum Lipids
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Supplemental Table 1. Nutrient & Ingredient Composition Of Diet
Macronutrient Composition (g/kg)
45% HFD 60% HFD
WTD
Protein
24.00
26.20
20.10
Fat
24.00
34.90
23.70
Carbohydrate
41.00
26.30
45.90
Cholesterol (ppm)* 192.00
275.00
593.00
Fiber
50.00
50.00
50.00
Ingredients (g/kg)
45% HFD 60% HFD
Sucrose
Corn Starch
Maltodextrin
Casein - Vitamin Tested
Milk Fat
Lard
Soybean Oil
Corn Oil
Powdered Cellulose
AIN-93G Mineral Mix/Fiber
AIN-93 Vitamin Mix/ Fiber
Calcium Carbonate
DL-Methionine
L-cysteine
Choline Bitartate
Ethoxyquin
t-Butylhydroquinone

172.80
72.80
100.00
200.00
x
177.50
25.00
x
50.00
x
x
5.50
x
3.00
2.00
x
x

68.80
0.00
500.00
200.00
x
245.00
25.00
x
50.00
x
x
5.50
x
3.00
2.00
x
x

Macronutrient Composition (%kcal)
45% HFD 60% HFD
Protein
20.00
20.00
Fat
45.00
60.00
Carbohydrate
35.00
20.00

LFD
16.30
4.20
71.10
97.00
50.00

WTD

LFD

340.00
56.86
60.00
195.00
210.00
x
20.00
0.00
50.00
35.00
10.00
0.00
0.00
3.00
3.00
0.00
0.04

0.00
701.00
150.00
195.00
30.00
x
20.00
0.00
50.00
35.00
10.00
0.00
0.00
3.00
3.00
0.00
0.04

WTD
17.00
39.00
44.00

LFD
17.00
10.00
73.00

Supplemental Table 1. Nutrient & Ingredient Composition Of Diet
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Supplemental Table 2. Fatty Acid Composition Of Diet
Name

Lipid Number

45% HFD

60% HFD

WTD

LFD

Butyric Acid

C4

0.00

0.00

1.42

0.21

Caproic Acid

C6

0.00

0.00

0.84

0.13

Caprylic Acid

C8

0.00

0.00

0.49

0.07

Capric Acid

C10

0.00

0.00

1.11

0.17

Lauric Acid

C12

0.03

0.04

1.24

0.19

Myristic Acid

C14

0.48

0.66

4.44

0.67

C14:1

0.00

0.00

0.67

0.10

C15

0.00

0.00

0.00

0.00

Myristoleic Acid
Pentadecylic Acid
Palmitic Acid
Palmitoleic Acid
Heptadecanoic Acid
Octadecanoic Acid

C16

8.78

11.91

12.08

2.20

C16:1

0.64

0.88

1.02

0.16

C17

0.12

0.17

0.00

0.00

C18

4.70

6.41

5.54

0.98

Oleatic Acid

C18:1

15.12

20.38

12.16

2.69

Linoleic Acid

C18:2

10.88

13.93

3.32

2.45

a-Linolenic Acid

C18:3

0.89

1.08

0.95

0.42

Stearidonic Acid

C18:4

0.00

0.00

0.00

0.00

Eicosanoic Acid

C20

0.10

0.13

0.44

0.08

Gondoic Acid

C20:1

0.27

0.37

0.01

0.01

Eicosadienoic Acid

C20:2

0.31

0.42

0.00

0.00

Dihomo-y-linolenic Acid

C20:3

0.10

0.14

0.00

0.00

Aracidonic Acid

C20:4

0.10

0.14

0.00

0.00

Eicosapentaenoic Acid (EPA)

C20:5

0.00

0.00

0.00

0.00

Heneicosapentaenoic Acid

C21:5

0.00

0.00

0.00

0.00

C22

0.01

0.01

0.01

0.01

Docosanoic Acid
Docosatetraenoic Acid

C22:4

0.00

0.00

0.00

0.00

Docosapentaenoic Acid

C22:5

0.03

0.04

0.00

0.00

Decosahexaenoic Acid (DHA)

C22:6

0.00

0.00

0.00

0.00

C24

0.01

0.01

0.01

0.01

Saturated Fat (% Total Fat)

33.44

34.09

60.38

44.7

MUFA (% Total Fat)

37.63

38.13

30.29

28.07

PUFA (% Total Fat)

28.93

27.78

9.32

27.23

Saturated Fat (% Total Energy)

14.24

19.33

23.91

4.08

MUFA (% Total Energy)

16.02

21.62

12.00

2.56

PUFA (% Total Energy)

12.32

15.75

3.69

2.49

Total Fat (% Total Energy)

42.58

56.71

39.61

9.13

Tetracosanoic Acid

Supplemental Table 2. Fatty Acid Composition Of Diet
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Supplemental Table 3. Primer Sequences
Name
ACC1
ACOX1
ATGL
Cideb
COX2
CPT1a
DGAT1
DGAT2
FASN
FSP-27
HSL
IL-1B
IL-6
Map1lc3a
Map1lc3b
MGAT1
Mttp
PLIN1
PLIN2
PLIN3
PLIN4
PLIN5
SCD1
Sqstm1
SREBP1c
TNF-a

Forward Sequence

Reverse Sequence

CATCACCATCAGCCTGGTTACA
ACGCCACTTCCTTGCTCTTC
TGTGGCCTCATTCCTCCTAC
CATCACAGACACGGAAGGCTC
CACAGCCTACCAAAACAGCCA
AGTGGCCTCACAGACTCC
TCACCACACACCAATTCAGG
CGCAGCGAAAACAAGAATAA
GCTGCGGAAACTTCAGGAAAT
ATTGTGCCATCTTCCTCCAG
GGAGCACTACAAACGCAACGA
CTGGTGTGTGACGTTCCCATT
CCCCAATTTCCAATGCTCTCC
GACCGCTGTAAGGAGGTGC
TTATAGAGCGATACAAGGGGGAG
GAGTAACGGGCCGGTTTCA
AGTGCAGTTCTCACAGTACCCGTT
CAACAGCACCAAAGAAGCCC
CAATTTGTGGCTCCAGCTTC
TGGTGATTAGCGGAGTGGAC
GCATCTTCACTGCTGGTCAC
CCGTGTCCAGTGCTTACAAC
CCGGAGACCCCTTAGATCGA
AGGATGGGGACTTGGTTGC
GGAGGGGTAGGGCCAACGGCCT
ATGGGCTTTCCGAATTCAA

ACTGTGTACGCTCTTCGGCAT
AGATTGGTAGAAATTGCTGCAAAA
TCGTGGATGTTGGTGGAGCT
CAATGGCCTGCTAAGGTCAGT
GCTCAGTTGAACGCCTTTTGA
GCCCATGTTGTACAGCTTCC
GACGGCTACTGGGATCTGA
GAAGATGTCTTGGAGGGCTG
AGAGACGTGTCACTCCTGGACTT
GTCGTGTTAGCACCGCAGAT
TCGGCCACCGGTAAAGAG
CCGACAGCACGAGGCTTT
CGCACTAGGTTTGCCGAGTA
CTTGACCAACTCGCTCATGTTA
CGCCGTCTGATTATCTTGATGAG
AGACATTGCCACCTCCATCCT
AGCATATCGTTCTGGTGGAAGGGA
GCACCCTGTACACCCTTCTC
CCCGTATTTGAGATCCGTGT
GTAGTTCTGCTCCTGTCGCT
CTGCCCCCTCATCTAAAGTG
AGGGCAGCTTCTCTTCCAAT
TAGCCTGTAAAAGATTTCTGCAAACC
TCACAGATCACATTGGGGTGC
CATGTCTTCGAAAGTGCAATCC
GAGGCAACCTGACCACTCTC

Supplemental Table 3. Primer Sequences
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5. APPENDIX B: Project Proposal For Gerald Cassidy Student Research
Award

5.1. Project Title: Regulation of Food Intake and Energy Expenditure By
GLP-1 In ACSL5 Intestine Specific Knockout Mice

5.2. Specific Aims
Obesity which predisposes to type 2 diabetes mellitus (T2DM), fatty liver disease
(NAFLD), and cancer is reaching epidemic levels. The remarkable success of
gastric bypass surgery has highlighted the importance of intestinal physiology in
the development of obesity. Under physiological conditions most dietary lipid is
absorbed in the proximal small intestine (SI). However, when lipid absorption is
impaired lipid reaches the distal SI and increases glucagon like peptide 1 (GLP1) release. GLP-1, in addition to its actions to improve glucose-insulin
homeostasis, can reduce energy balance both by suppressing food intake and
increasing white adipose tissue thermogenesis. When fatty acids enter cells they
are converted to acyl-CoAs by the actions of acyl-CoA synthetases (ACSL). AcylCoAs can be utilized for formation of triacylglycerol (TAG), directed to oxidation,
or used for phospholipid synthesis. We hypothesize that intestinal acyl CoA
synthetase 5 (ACSL5) is critical for the resynthesis of TAG from fatty acids and
monacylglycerol. In preliminary studies using a novel line of mice which are
specifically deficient in intestinal ACSL5 (ACSL5int-/-), we observed that GLP-1
secretion is significantly increased following an oil gavage. We hypothesize that
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the observed increase in GLP-1 levels in ACSL5int-/- mice is secondary to
increased fatty acids reaching the distal SI. In addition, when placed on a high fat
diet, ACSL5int-/- are protected against diet induced obesity (DIO) in the absence
of fat malabsorption, due, at least in part, to reductions in food intake. While our
preliminary data suggests that increased postprandial GLP-1 may contribute to
the observed protection against DIO in ACSL5int-/- mice, the contribution of
GLP-1 to the phenotype of the ACSL5 intestine knockout mice remains unknown.
In this grant, we propose to investigate the relative role and mechanisms by
which intestinal ACSL5 deficiency protects against DIO.

Aim 1: To determine the underlying mechanisms by which increased levels of
GLP-1 contribute to protection against DIO in ACSL5int-/- mice.

Hypothesis 1: We hypothesize that reduced intestinal ACSL5 expression protects
against high fat diet induced obesity, without fat malabsorption, by increasing the
expression and circulating levels of GLP-1 to both reduce food intake and
increase systemic energy expenditure
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5.3. Background & Significance
The intestine is the major absorptive organ, facilitating the delivery of
nutrients from the diet for use by the body. In addition to this canonical role a
growing body of research has established that the intestine contributes
significantly to the regulation of energy homeostasis (1). The ability of the
intestine to modulate energy homeostasis is highlighted by surgical procedures
such as Roux-en-Y gastric bypass and duodenal switch which alter intestinal
physiology to reverse many of the comorbidities associated with the metabolic
syndrome, including obesity, insulin resistance, and non-alcoholic fatty liver
disease (2, 3). These surgical interventions share the common outcome of
shifting intestinal nutrient absorption into the distal small intestine (SI). Under
normal physiological conditions most dietary nutrients are absorbed in the
proximal SI. However, when the absorptive capacity of the small intestine is
altered nutrient absorption is shifted distally (1). The distal small intestine and
colon are sites with the highest expression of enteroendocrine L-cells (4). In
response to dietary nutrients such as glucose, fatty acids (FA) and amino acids,
L-cells increase production and release of the peptide hormone glucagon like
peptide 1 (GLP-1) (5, 6). L-cell produced GLP-1 is secreted into circulation where
it acts to improve insulin-glucose homeostasis, delay gastric emptying, and
reduce food intake. More recently, GLP-1 has been implicated in increasing
energy expenditure by upregulating uncoupling protein 1 (UCP-1) in white and
brown adipocytes (7). The beneficial metabolic effects of GLP-1 have led to the
development of several approved drugs for diabetes and obesity which either
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increase the serum levels of endogenous GLP-1 or are GLP-1 analogues (8).
Despite the known beneficial effects of GLP-1, the contribution of GLP-1 to the
metabolic improvements observed in models of altered intestinal physiology and
the mechanisms regulating of GLP-1 release in these models remains unclear.
In addition to surgical interventions, altering intestinal physiology by genetic
manipulation of lipid absorption enzymes in mouse models has been
demonstrated to protect from DIO (1). Lipid absorption begins with the digestion
of triacylglycerol (TAG) to fatty acid (FA) and monoacylglycerol (MAG). In the
intestinal lumen FA are absorbed across the apical border of the enterocyte and
activated via the addition of a coenzyme-A (CoA) by the acyl-coA synthetase
long chain (ACSL) class of enzymes. The activation of absorbed FA to FA-CoA
both traps the FA within the enterocyte, preventing its passive diffusion back into
the intestinal lumen, and allows the FA to be utilized in downstream reactions
necessary for lipid absorption including resynthesis of TAG and cholesterol ester
for secretion in chylomicrons (1).
ACSL5 is the most abundantly expressed ACSL isoform in the small intestine,
comprising 90% of total ACSL activity (9). The importance of ACSL5 in intestinal
lipid absorption was demonstrated in global ACSL5 knockout mice which
presented with significantly reduced rates of TAG secretion following an oral oil
challenge (4). Our preliminary data demonstrates that mice with genetic ablation
of ACSL5 specifically in the intestine (ACSL5int-/-) are protected from diet
induced obesity (DIO) in the absence of fat malabsorption. This protection from
weight gain is due, in part, to significantly reduced food intake. ACSL5int-/- mice
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also demonstrate increased expression of UCP-1 in white adipose tissue, which
suggests increases in energy expenditure may contribute to the observed
protection from DIO as well. Interestingly, these mice show significant increases
in active GLP-1 release following an oil challenge. Despite the association of
increased GLP-1 with protection from DIO in ACSL5int-/- mice, the contribution of
GLP-1 to the metabolic profile of these mice is not known. To understand the role
of GLP-1 in the phenotype of the ACSL5int-/- mice we propose the novel use of
infusable ALZET pumps to administer continued release of the GLP-1 receptor
antagonist, exendin-4. By chronically inhibiting the actions of GLP-1 in this
manner, the studies proposed in AIM 1 will allow us to determine the
mechanisms by which GLP-1 contributes to the protection from DIO in ACSL5int/- mice. Additionally, these studies are poised to provide novel insights into the
intestinal regulation of whole body energy homeostasis in the presence of altered
lipid absorption.
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5.4. Methods
In our proposed studies we will use the ACSL5 intestine specific, inducible
knockout (ACSL5int-/-) mouse model. These mice were generated by mating
ACSL5 floxed mice (ACSL5loxP/loxP) to C57BL6/J mice harboring the estrogeninducible villinCre transgene (ERT2VilCre) (4, 10). ERT2VilCre allows for spatiotemporal control of Cre-Recombinase such that following treatment with the
estrogen analog, tamoxifen (TAM), Cre expression is activated specifically in the
intestine and colon (10). For the studies in this proposal, we will administer
0.5mg TAM dissolved in olive oil via oral gavage to 12 week old ACSL5int-/- and
ACSL5loxP/loxP mice for 3 days.
To understand the relative role of GLP-1 in protection from high fat diet
induced obesity we propose to treat animals with the known GLP-1 receptor
antagonist, exendin-9 (ex-9) (11). When treating with ex-9, previous studies have
employed a twice daily administration by intraperitoneal injection to overcome ex9’s short half-life (5). For these studies we propose the novel use of subdermal,
30 day lifespan ALZET mini-osmotic pumps to allow continuous delivery of ex-9,
thereby overcoming the limitations of reduced efficacy secondary to ex9’s short
half-life.
Two weeks following TAM treatment, pumps will be surgically implanted in the
dorsal subdermal space under anesthesia, a technique which our laboratory is
experienced with. Pumps will be calibrated to deliver ex-9 at a rate of 1.5ug/hr/g
bodyweight, based on daily doses delivered in previous studies (11). Control
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pumps containing sterile PBS will be implanted in a second group to control for
effects of the surgery and placement of pumps. 72 hours following surgery
animals will be placed in metabolic chambers and switched to a 60% high fat
diet. During this time food intake and energy expenditure by indirect calorimetry
will be recorded daily for 2 weeks. Body weight and body composition at baseline
and post-metabolic chamber studies will be determined via Echo MRI.
Following metabolic chamber studies, mice will be euthanized after a 6 hour
fast and blood, liver, subcutaneous adipose, gonadal adipose, and brown
adipose will be collected and weighed. To determine the effects of GLP-1 on
insulin-glucose homeostasis we will measure fasting glucose and insulin in
serum. To understand how GLP-1 modulates adipose tissue energetics we will
determine by qPCR and western blot the expression of targets related to
thermogenesis (FGF-21, UCP-1, and dio2) in all adipose depots. Finally, lipids
will be extracted from liver and TAG will be measured enzymatically using
commercial kits to determine the effects of GLP-1 on development of fatty liver.
The aforementioned experiments will follow a 2x2 study design such that
each genotype, ACSL5loxP/loxP and ACSL5int-/-, will receive each treatment,
ex-9 or PBS control. Genotype, Treatment, and Genotype by Treatment effects
on all outcomes of interest will be analyzed via two-way ANOVA. Tukey-HSD will
be used to determine between group differences.
Based on preliminary experiments, we predict that the measure with the
lowest effect size and highest within group variability will be energy expenditure.
We have therefore used this measure in our power calculations to estimate
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sample size. Based on an effect size of 2 kcal/hr/kg and an alpha of 0.05 we
have determined that a sample size of 8 animals/experimental group (32 animals
in total) will adequately power our experiments.

5.5. Expected Outcomes
Based on our preliminary data, we expect that mice deficient in intestinal
(ACSL5int-/) treated with PBS will present with significantly reduced food intake
and reduced body weight gain when fed high fat diet compared to
ACSL5loxP/loxP mice. In addition, we predict that ACSL5int-/- mice treated with
PBS will experience increased energy expenditure due largely to enhanced
thermogenic capacity of white adipose tissue (as measured by gene and protein
expression of UCP-1). We predict that these effects are driven largely by
increased GLP-1 such that when ACSL5int-/- mice are treated with the GLP-1
receptor antagonist, exendin-9, differences in energy intake, energy expenditure,
as well as thermogenic gene and protein expression in brown adipose tissue and
subcutaneous white adipocyte tissue will be significantly reduced. Finally, we do
not expect treatment with GLP-1 receptor antagonist to alter the physiology of
ACSL5loxP/loxP mice. These expectations are summarized in Table 1.

Potential Pitfalls: Although our lab has prior experience with the ALZET pumps,
should the animals not respond to the pump treatment, as determined by
declining health following surgery, we will modify our protocol to deliver the GLP1 receptor antagonist via intraperitoneal injection. Although we anticipate that
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the alterations in energy balance in mice lacking intestinal ACSL5 are driven
largely by GLP-1 it is possible that other mechanisms are at play. Should the
effect of exendin-9 treatment in ACSL5int-/- not completely explain the observed
protection against DIO in ACSL5int-/- mice then we will investigate potential
alternative mechanisms.

Our preliminary data demonstrates that mice with intestinal deficiency of ACSL5
present with an increased bile acid (BA) pool size. Circulating levels of BA have
been demonstrated to bind to the TGR5 receptor on brown adipose tissue (BAT)
adipocytes to activate BAT thermogenesis. If blockade of GLP-1 does not
completely explain the protection against DIO in ACSL5int-/- mice we will
investigate the role of increased BA on systemic energy expenditure.
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Table 1. Expected Outcomes Relative To ACSL5loxP/loxP + PBS Group
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