A novel role for long-chain acyl-CoA synthetase-4
(ACSL4) in adipocyte biology

A thesis presented to
the faculty of the Gerald J. and Dorothy R. Friedman
School of Nutrition Science and Policy

by Elizabeth Ann Killion

In partial fulfillment of the requirements for the degree of
Doctor of Philosophy, Biochemical & Molecular Nutrition

Tufts University
March 2016

ii

a. Acknowledgements
I would like to acknowledge the efforts and support of several individuals who helped me
complete this dissertation. First, my thesis advisor Dr. Andrew Greenberg for his support
and trust in me to take on this project, as well as the other members of my thesis
committee, Dr. Stefania Lamon-Fava and Dr. Nirupa Matthan, who were all extremely
generous with their time and supportive of my personal growth. I would also like to thank
my academic advisor Dr. Edward Saltzman for always making time to listen to me and
give encouragement. I would like to thank all of the members of the Obesity Metabolism
Lab, both past and present, for their selflessness and assistance when needed with my
project. Finally, I would like to thank my parents and my boyfriend Kevin for their
constant support, pretending to understand what it is that I am doing, and in particular,
patience over the past 5 years.

iii

b. Abstract
The rate of adult obesity in the United States is approximately 35%. This is a
condition that predisposes to the development of type 2 diabetes mellitus (T2DM). In
order to ameliorate the remarkable prevalence of obesity and T2DM, it is necessary to
develop a greater understanding of the pathways that lead to obesity. While regulation of
fatty acid (FA) metabolism is central to adipocyte dysfunction due to diet-induced
obesity, evidence is limited on the pathways that direct the incorporation of FA into
phospholipids (PL), neutral lipids like triacylglycerol (TAG), and into a variety of bioactive
lipid mediators. Of interest, the long-chain acyl-CoA synthetases (ACSL) family of
enzymes catalyze the addition of a coenzyme-A (CoA) group to FA to form fatty acylCoAs and are hypothesized to direct fatty acyl-CoAs to distinct metabolic fates.
Specifically, ACSL4 has been hypothesized to modulate the metabolic fates of
polyunsaturated FA (PUFA), including arachidonic acid (AA). Expression of ACSL4 is
less abundant in adipocytes than other ACSLs, but its enzymatic activity is directly
inhibited by the antidiabetic drugs thiazolidinediones (TZDs) through PPAR-ɣindependent mechanisms. However, to date, there are no data reporting the in vivo
actions of ACSL4.
The purpose of these experiments was to determine the role of ACSL4 in
regulating adipocyte metabolism and its subsequent effects on obesity. We generated a
novel mouse model utilizing LoxP-Cre technology to specifically ablate ACSL4 in
adipocytes in order to characterize both in vivo and cellular mechanisms of ACSL4’s
effects, particularly in the context of diet-induced obesity (DIO). We fed a high fat diet
(HFD) to mice with adipocyte-specific ablation of ACSL4 (Ad-KO) and demonstrated that
they were protected against DIO and its associated metabolic dysfunctions. Adipocytes
from Ad-KO mice fed the HFD had reduced incorporation of AA into PL and free fatty
acid pools and production of lipid peroxidation products, like 4-hydroxynonenal (4-HNE).
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Consistent with the known actions of 4-HNE, adipocytes from Ad-KO mice had reduced
p53 activation and increased adipocyte oxygen consumption. This work presents the first
in vivo elucidation of ACSL4’s actions.
Interestingly, we also observed that Ad-KO mice fed a HFD had significantly
reduced levels of serum total cholesterol. Therefore, we explored potential mechanisms
that protect Ad-KO mice against high circulating cholesterol on a HFD. Results
demonstrated that Ad-KO mice had lower serum low-density lipoprotein (LDL) and highdensity lipoprotein (HDL), and they accumulated more cholesterol in their adipose tissue.
Gene expression data in isolated adipocytes suggested that these actions were
mediated through a non-sterol-dependent upregulation of low-density lipoprotein
receptor (LDLR), which takes up lipoproteins from circulation into adipose tissue and
dramatically downregulates sterol regulatory element-binding protein 2 (SREBP2) and
de novo cholesterol synthesis gene expression in adipocytes. This study is the first data
to link ACSL4 to adipocyte cholesterol homeostasis.
Overall, results from these experiments (1) provided a link between diet-induced
obesity, adipose tissue inflammation, and adipocyte dysfunction; (2) identified ACSL4 as
a regulator of adipocyte metabolism and obesity through its regulation of AA and linoleic
acid (LA) in vivo; and (3) described a novel relationship between ACSL4 and LDL
receptor in DIO adipocyte cholesterol metabolism. This work has identified adipocyte
ACSL4 as a novel target to prevent adipocyte dysfunction in the context of DIO.
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Section I. Introduction.
General Statement of the Problem Studied and Its Significance
The rate of adult obesity in the United States is approximately 35%1,2. This is a
condition that predisposes to the development of type 2 diabetes mellitus (T2DM)1,2. In
order to ameliorate the remarkable prevalence of obesity and T2DM, it is necessary to
develop a greater understanding of the pathways that lead to obesity. While regulation of
fatty acid (FA) metabolism is central to the development of enlarged adipocytes in
obesity, evidence is limited on the pathways that direct the incorporation of FA into
phospholipids (PL), neutral lipids like triacylglycerol (TAG), and into a variety of bioactive
lipid mediators. Polyunsaturated FA (PUFA) have multiple fates, including incorporation
into PL, TAG, cholesteryl ester, and oxygenation by enzymatic (cyclooxygenase,
lipoxygenase, cytochrome P450) and non-enzymatic mechanisms, including
peroxidation of lipids by reactive oxygen species (ROS) to form aldehydes, including 4hydroxynonenal (4-HNE), which can detrimentally alter cellular metabolism.
The long-chain acyl-CoA synthetases (ACSL) family of enzymes catalyze the
addition of a coenzyme-A (CoA) group to FA to form fatty acyl-CoAs3. There are five
ACSL isoforms that can each activate and channel various FAs to different metabolic
fates3. ACSL1 is the most abundant isoform expressed in white adipose tissue (WAT)
and accounts for 80% of ACSL activity in WAT4,5. Expression of ACSL4 is less abundant
in adipocytes than other ACSLs, but its enzymatic activity is directly inhibited by the
antidiabetic drugs thiazolidinediones (TZDs) through PPAR-ɣ-independent
mechanisms4,6,7. ACSL4 has a significantly greater affinity to activate arachidonic acid
(AA) and eicosapentanoic acid (EPA) as compared to other long-chain saturated and
unsaturated FA, with a lesser affinity for stearic, palmitic, and linoleic acids (LA)8.
Proposed functions of ACSL4 include intracellular lipid storage9, cholesterol transport
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from the endoplasmic reticulum into the mitochondria10, and regulation of AA and its
subsequent oxylipin metabolites8,11-14. However, the role of ACSL4 in adipocyte
metabolism in vivo and, in particular, its regulation of pro-inflammatory AA metabolites is
unknown.
The work described in this thesis leveraged the use of an ACSL4 adipocytespecific knockout mouse model to characterize the role of ACSL4 in the development of
diet-induced obesity and its associated metabolic disorders, adipocyte dysfunction,
regulation of AA and its subsequent metabolites, and alterations in adipocyte gene
expression that influences both adipocyte health as well as whole-body physiology. The
research presented is significant as it documents for the first time the role of ACSL4 in
preventing adipocyte dysfunction due to diet-induced obesity and identifies ACSL4 as a
novel target which can be modulated both by diet and by future therapeutic intervention.
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Section II. Statement of Hypothesis to be Tested.
The purpose of the research in this thesis is to determine the role of ACSL4 in
regulating adipocyte metabolism and its subsequent effects on the development of dietinduced obesity. To better elucidate potential mechanisms that promote diet-induced
obesity and adipocyte dysfunction, we developed and utilized an adipocyte-specific, in
vivo model of ACSL4 ablation to understand the regulatory actions and functions of
ACSL4 to answer the following: (1) does and/or how ACSL4 regulates n-6 PUFAs and
their incorporation into specific lipid classes and subsequent metabolism in adipocytes;
(2) does ACSL4 direct AA towards metabolism by COX, LOX, and/or CYP450 enzymes
and what are the specific effects of these metabolites in adipocytes; and (3) can ACSL4
regulate the production of AA peroxidation products, like 4-hydroxynonenal (4-HNE).
Results from these experiments will (1) provide a link between diet-induced
obesity, WAT inflammation, and adipocyte dysfunction; (2) identify ACSL4 as a regulator
of adipocyte metabolism and obesity through its regulation of AA and LA in vivo; and (3)
describe a novel relationship between ACSL4 and LDL receptor in DIO adipocyte
cholesterol metabolism. This work is important to identify adipocyte ACSL4 as a novel
target to prevent adipocyte dysfunction, in the context of diet-induced obesity, both by
diet and by therapeutic intervention, like thiazolidinediones, or by a novel therapeutic in
the future.
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Section III.
Chapter 1: Review of the Literature
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1. Introduction
1.1.

Obesity
The World Health Organization defines obesity as a condition of excessive fat

accumulation in adipose tissue due to positive energy balance that causes weight gain1.
Obesity is categorized based on body mass index (BMI) where weight in kilograms
divided by the square of height in meters being greater than 301. Nearly thirty-five
percent of adults in the United States are obese and 9% of all adults have type 2
diabetes mellitus (T2DM)2,3. It has long been known that obesity and T2DM are strongly
correlated4 and rates of both diseases continue to rise worldwide2,3. Since diabetes is the
leading cause of multiple chronic diseases and a major cause of morbiditty and mortality,
immediate approaches to control T2DM, particularly in the obese, are necessary.
Obesity occurs because of an imbalance between energy intake and energy
expenditure. Many multifaceted factors, as well as interactions between multiple factors,
contribute to this imbalance1. In general, imbalance occurs due to increased energy
intake above biological need and/or decreased energy expenditure due to either
decreased basal metabolic rate, dietary thermogenesis, or physical activity, such that
expenditure is below intake1. Reasons for these factors can be environmental, societal,
genetic, or due to the interactions between genetics and the enivronment1. For example,
in overfeeding studies in identical twins, body weight and fat gain is more similar within
sets of twins than among sets of twins, which first provided evidence that obesity has the
potential to be regulated genetically1,5.

1.1.1. Adipose Tissue
Adipose tissue is now viewed not just as a reservoir for fat storage, but rather as
an endocrine organ that is important for maintaining normal health and capable of
regulating metabolism, food intake, and whole-body homeostasis6. Adipocytes, or fat

8

cells, of obese individuals are larger and have a higher rate of basal lipolysis, or the
release of free fatty acids (FFA) into circulation, than adipocytes of normal individuals6,7.
Adipose tissue also secretes many important proteins, including the hormones
adiponectin and leptin, which regulate systemic metabolism6. Adiponectin, encoded by
the ADIPOQ gene, is expressed only by adipocytes and improves both insulin sensitivity
and FFA oxidation in muscle and liver, leading to lower serum FFA, glucose, and
triacylglycerol (TAG) concentrations in circulation6,8-10. Interestingly, adiponectin
production decreases with obesity6,11. Therefore, adiponectin tightly links obesityassociated alterations in adipocytes with systemic and whole-body metabolism. Another
critical hormone secreted from adipose tissue is leptin which regulates food intake in the
hypothalamus6,12,13. Leptin is secreted proportionally to the amount of adipose tissue
present, and mice that either do not express leptin by the adipose tissue or do not have
a leptin receptor in the hypothalamus become very obese due to high food intake6,12,13.
Therefore, leptin secretion is an important link between adipose tissue and central
control of obesity. Thus, adipose tissue is an important organ for systemic metabolism
due to local changes in adipocytes as well as by endocrine effects of secreted hormones
on both peripheral and central targets.

1.1.2. Adipose Tissue Inflammation
A major gap in our ability to ameliorate obesity is the limited understanding of the
mechanisms that cause adipose tissue inflammation, a common finding in obesity14-21. It
is known that bone marrow-derived white adipose tissue (WAT) macrophage numbers
and inflammatory gene expression correlate with both adipocyte size and BMI14,16,17,21.
These macrophages, and not adipocytes, are the primary source of proinflammatory
cytokines, like tumor necrosis factor-α (TNFα) and interleukin-6 (IL6), in obese adipose
tissue14,17,19,21.
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Macrophage infiltration into obese WAT correlates with the formation of crownlike structures (CLS)14. CLS are defined as the aggregation of activated, inflammatory
macrophages around an individual adipocyte in obese WAT, detected by staining for
Mac-2, a carbohydrate-binding protein expressed on the surface of inflammatory
macrophages14. Importantly, CLS form only at the sites of dead adipocytes with ruptured
plasma membranes in order to scavenge dead adipocyte lipid droplets, which protects
WAT against cytotoxic free cholesterol and FFA release14,22-24. CLS are not just markers
of adipose tissue inflammation and adipocyte death, but are also tightly correlated with
mean adipocyte size, adipose tissue weight, systemic insulin resistance, and liver
fat14,25.The discovery of CLS by our laboratory is an important clue to understand why
macrophages infiltrate obese WAT, but it is still unclear what the intial cause of the
infiltration is. Future research is necessary to understand the molecular mechanisms that
initiate adipose tissue inflammation, particularly in the context of diet-induced obesity.

2. Effects of High Fat Diet-Induced Obesity in Rodents
2.1.

Body Composition
Diets high in fat are known to cause obesity in rodents26-28. Feeding a high fat

diet (HFD) results in obesity, determined by increased body weight and fat mass gain,
but not a change in lean mass, compared to animals fed a low fat diet (LFD)29. Longterm HFD feeding increases both adipocyte size and number, which contributes to the
overall increase in body fat mass30-32. In fact, measuring body fat in rodents is the most
sensitive measure of obesity because rats on a HFD may only gain 10% more body
weight compared to rats on a LFD, but may gain greater than 50% more body fat27,33.
However, adipose tissue is not the only organ that accumulates fat during HFD feeding.
Chronic HFD feeding (> 8 weeks) leads to increased hepatic fat accumulation, which is
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due to increased FFA delivery from adipose tissue to the liver and hepatic insulin
resistance25,34.

2.2.

Energy Expenditure
Obesity occurs when energy intake exceeds energy expenditure1. Theoretically,

a human or rodent will respond to changes in energy demand by altering its capacity
and/or efficiency of producing adenosine triphosphate (ATP), the energy supply in a
cell35. If a cell is efficient, it will produce more ATP per moleule of a nutrient35.
Conversely, if a cell is inefficient, it will produce less ATP per molecule of a nutrient35.
When an excess nutrient supply is present, as in the context of HFD-induced obesity, an
organism will first store nutrients as fat and then waste nutrients by generating heat35.
Therefore, if an organism has the ability to decrease its efficiency of ATP generation, it
will waste energy as heat rather than store energy as fat, and it will be protected against
obesity, even in the context of HFD.
An important recent observation is that after chronic HFD feeding for 14 weeks,
C57Bl6/J male mice have lower energy expenditure after normalization by body weight
compared to their LFD fed littermates without a difference in energy intake26. This study
illustrates that animals on a LFD likely maintain their metabolic rate over time, but
animals on a HFD likely decrease their rate of energy expenditure over the course of
chronic HFD feeding. One explanation may be that during obesity, mitochondria in WAT
cannot handle the excess nutrient supply, which results in incomplete fatty acid
catabolism by mitochondrial β-oxidation26,36. The authors also demonstrate that HFD fed
mice have a downregulation of genes involved in fatty acid catabolism, oxidation, and
other mitochondiral ATP-producing pathways, like the tricarboxylic acid (TCA) cycle and
the electron transport chain (ETC) in WAT26. Therefore, alterations in the ability of WAT
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mitochondria during chronic HFD-induced obesity may be responsible for a decrease in
whole body energy expenditure in HFD fed mice.
Recently, controversy surrounding the field of energy expenditure in rodents has
emerged. Energy expenditure per animal is known to increase with body mass, so there
is difficulty interpreting results comparing lean and obese mice37. Traditionally, lean
mass has been thought to be more metabolically active than fat37. Surprisingly, in mice,
fat mass contributes equally to energy expenditure compared to lean mass per gram of
tissue37. However, this issue can be overcome by normalizing energy expenditure data
using regression-based approaches in order to account for both fat mass and lean mass
in mice37. In conclusion, the data suggest that energy expenditure decreases over time
with chronic HFD feeding, but further, careful studies employing multiple-regression
approaches are required to determine the true answer.

3. Oxygen Consumption in Adipocytes
When adipocytes differentiate from pre-adipocytes, there is a concomitant
increase in oxygen consumption due to the increase in mitochondrial content within
cells38,39. Oxygen consumption in adipocytes is a marker of energy utilization that is
required by the ETC downstream. Even though adipocytes have relatively low rates of
fatty acid oxidation compared to other tissues, such as skeletal muscle or liver,
maintaining mitochondrial oxygen consumption in adipocytes is important to prevent
TAG accumulation, and thus obesity39,40.
Complete oxidation of fatty acids to carbon dioxide (CO2) requires entry of fatty
acyl-CoAs into the mitochondria and movement through β-oxidation without a buildup of
metabolites from downstream metabolic pathways, including the TCA cycle and ETC41.
However, if rates of β-oxidation of fatty acids are greater than the demand for energy,
excess acetyl-CoA and acyl-CoA intermediates are converted to acylcarnitine
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intermediates within the mitochondria41,42. These acylcarnitine intermediates within
tissues are a marker of incomplete fat oxidation, which means fatty acids are partially
oxidized resulting in the production of ß-oxidation intermediates, but not the end product
of CO241. In the context of obesity, isolated skeletal muscle mitochondria from HFD-fed,
obese rats have increased rates of incomplete fat oxidation without an increase in
complete oxidation to CO241,43. This is important because it indicates that obese animals
cannot appropriately adjust mitochondrial fatty acid influx in response to excess energy
intake41,44.
In addition to the excess nutrient supply to the mitochondria that inhibits βoxidation in the context of HFD-induced obesity, reactive oxygen species (ROS) are also
known to specifically inhibit oxygen consumption in adipocytes39. Since increased
adiposity is strongly associated with increased oxidative stress and inflammation in
adipose tissue, Wang et al.39 suggest that evolutionarily, adipocytes are programmed to
tolerate very high levels of oxidative stress in order to promote fat storage rather than fat
oxidation. In line with this theory, if an adipocyte prevents oxidative stress or maintains
high antioxidant defense systems to scavenge ROS, then the adipocyte would have
increased rates of oxygen consumption and thus be able to prevent TAG accumulation
and obesity.
Finally, specific nutrients, like arachidonic acid (AA), inhibit rates of oxygen
consumption in adipocytes45. In an important study, adipocytes differentiated from
isolated human pre-adipocytes in vitro were treated with the anti-diabetic drug
rosiglitazone, a thiazolidinedione (TZD), in order to increase the uncoupling of the
mitochondrial ETC from ATP synthesis, and thus wasting energy as heat rather than
using energy to synthesize ATP45. After treatment with rosiglitazone, these human
adipocytes were also treated with AA, which inhibited basal adipocyte oxygen
consumption45. Though the authors of this study conclude that the inhibitory effects of
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AA are due to downstream lipid mediators produced45, it is interesting to note that AA, an
n-6 polyunsaturated fatty acid (PUFA), is highly subject to lipid peroxidation and
promotion of oxidative stress, even compared to other PUFA45,46. The relationship
between AA and oxidative stress is further discused in section 5.1.3.
In conclusion, adipocyte oxygen consumption, which is a marker of mitochondrial
health and function of downstream metabolism, can be modulated by many treatments.
These treatments include chronic HFD-induced obesity, ROS and oxidative stress, and
nutrients like AA. Although these treatments are described in different studies, their
mechanism of action may be tightly linked since AA is a PUFA that can be attacked by
ROS induced by HFD feeding. However, it is currently unknown how oxygen
consumption differs between lean vs. obese adipocytes per individual cell – i.e. in the
context of whole body energy expenditure, do adipocytes from mice on a chronic HFD
have lowered energy expenditure compared to their lean counterparts? Further studies
must be done (1) to understand how oxygen consumption in adipocytes changes in
response to chronic HFD compared to LFD and (2) to determine if protection against
obesity-induced decreases in oxygen consumption can protect against whole-body
energy expenditure and obesity.

4. Biological Functions of Long-Chain Acyl-CoA Synthetases (ACSLs)
The family of enzymes called long-chain acyl-coenzyme-A synthetases (ACSL)
are thought to be an important modulator of fatty acid (FA) metabolism. When FA enter
cells, ACSL add a coenzyme-A (CoA) group to form fatty acyl-CoAs, which occurs
through a two-step process47. First, FA + ATP yields acyl-AMP+PPi, and then acyl-AMP
+ CoA yields acyl-CoA + AMP47. The addition of the CoA group to FAs keeps them
within cells for utilization47. Possible fates of fatty acyl-CoAs are summarized in Figure
147,48. There are five ACSL isoform family members which can each activate and
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channel different FAs to different metabolic fates47. They also differ in tissue expression,
response to nutrition, and developmental patterns47. ACSL1 is the most abundant
isoform expressed in WAT and accounts for 80% of ACSL activity in adipose tissue49,50.
However, ACSL3, -4, and -5 are also expressed in rat adipose tissue at relatively lower
levels49.
ACSL4 is of particular importance because its activity is directly inhibited by
thiazolidinediones (TZDs), a class of anti-diabetic drugs, through peroxisome
proliferator-activated receptor-ɣ (PPAR-ɣ) independent mechanisms51,52. Proposed
functions of ACSL4 include intracellular TAG synthesis53, TAG storage54, activation of

Figure 1. Metabolic fates of long-chain fatty acids from Grevengoed et al., Annual
Review of Nutrition, 201448. Long-chain fatty acids from exogenous or endogenous sources
are activated to acyl-coenzyme As (CoAs) by one of 13 acyl-CoA synthetase isoforms. The
free fatty acids are ligands for nuclear transcription factors, and 20-carbon fatty acids can be
converted to a variety of signaling eicosanoids. The acyl-CoAs are transcriptional ligands and
substrates for β-and ω-oxidation, and can be incorporated into complex lipids or used to
modify proteins. Abbreviations: ACS, acyl-CoA synthetase; CoA, coenzyme A; EETs,
epoxyeicosatrienoic acids; ER, endoplasmic reticulum; FA, fatty acid; HETEs,
hydroxyeicosatetraenoic acids; HNF4, hepatic nuclear factor-4; PPAR, peroxisome
proliferator-activated receptor.
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PUFA destined for peroxisomal oxidation53, cholesterol transport from the ER into the
mitochondria55, and regulation of AA and its subsequent oxylipin metabolites56-60.
The exact role and actions of ACSL4 in adipose tissue in vivo are poorly
understood because whole body homozygous ACSL4 gene deficiency in mice is
embryonic lethal61. Additionally, heterozygous ACSL4 deficient female mice also
become pregnant less frequently and produce small litters61. Due to this limitation, the
regulatory factors and roles of ACSL4 in vivo and in particular, in adipocyte metabolism,
are presently unclear.

4.1.

ACSL4 Regulation in Rodent Models
Both the human and mouse ACSL4 gene are mapped to the X chromosome on

the Xq22-23 region62,63. In the 5’ promoter region, ACSL4 has potential binding sites for
many regulatory transcription factors62,63 and the protein has phosphorylation sites for
phosphokinase A (PKA) and phosphokinase C (PKC)64. Mammalian ACSL4 forms a
dimer and phosphorylation from hormone stimulation is required for dimer formation64.
In a study by Mashek et al., ACSL4 mRNA increased in abundance in fasted
male Sprague-Dawley rats in liver, muscle, and both gonadal and subcutaneous WAT,
and ACSL4 mRNA decreased in rats fasted for 48 hours then refed on a 69% sucrose
diet49. However, upon refeeding, hepatic ACSL4 protein increased 2-fold, which is the
opposite effect observed in mRNA expression, indicating that ACSL4 expression in the
liver is regulated post-transcriptionally49. In liver, ACSL4 is regulated by both sterol
regulatory element binding protein-1 (SREBP-1) and PPAR-γ; however, since ACSL4
does not increase with adipocyte differentiation in adipose tissue, which is a hallmark of
PPAR-γ target genes in adipocytes, the mechanism that controls ACSL4 expression
may differ between the liver and adipose tissue49. Although this study determined that
refeeding decreases ACSL4 mRNA expression in adipose tissue, adipose ACSL4
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protein levels were not measured49.Therefore, it is not known if ACSL4 protein
expression is increased with refeeding in adipose tissue as observed in the liver49. Other
studies have shown a possible role for PPAR-α or PPAR-δ in ACSL4 regulation in liver
and/or brown adipose tissue in vivo, which suggests a potential role for PPAR control of
ACSL4 in adipocytes53,65,66.
In an experiment by Granneman et al., male mice were treated with the β3adrenergic receptor agonist CL-316,243 compound to look at the anti-diabetic properties
of chronic β3-adrenergic stimulation through mitochondrial biogenesis, elevated
metabolism, and WAT remodeling67. Strikingly, after 8-hours of stimulation, ACSL4 gene
expression in gonadal WAT increased a dramatic 57-fold compared to baseline67. The
results shows that ACSL4 is strongly regulated in the short-term by an increase in β3adrenergic receptor activity, likely through an increase in intracellular cyclic adenosine
monophoshate (cAMP)67. The results of this study also suggest that ACSL4 is very
strongly linked to the immediate and transient inflammatory response in WAT that
includes release of chemotaxic chemokines, recruitment of circulating myeloid cells, and
remodeling of the extracellular matrix that occurs with catecholamine stimulation,
ultimately resulting in a more oxidative WAT after chronic β3-adrenergic stimulation67.
In summary, ACSL4 is known to be primarily activated by increased intracellular
cAMP, which is physiologically due to β3-adrenergic receptor stimulation produced due
to fasting, as well as PPAR agonists, which are physiologically known to be
polyunsaturated fatty acids. Known activators and inhibitors of ACSL4 are summarized
in Table 1.
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TABLE 1: KNOWN ACTIVATORS AND INHIBITORS OF ACSL4 EXPRESSION
Activator

In
vivo
or In
vitro?

Cell Type

Reference

Arachidonic Acid (AA)

In vitro

Recombinant ACSL4 purified from E.
coli in lysates of COS cells ACSL
activity

Kang et al.
199758

Eicosapentanoic Acid
(EPA)

In vitro

Recombinant ACSL4 purified from E.
coli in lysates of COS cells ACSL
activity

Kang et al.
199758

cAMP

In vitro

Murine Y1 adrenocortical tumor cells
mRNA and protein expression; MA10 Leydig cells

Cho et al.
200068; Cornejo
et al. 200569;
Duarte et al.
201255

Adrenocorticotropin
(ACTH)

In vivo
and In
vitro

Rat adrenal and ovary protein (no
change in mRNA); Murine Y1
adrenocortical tumor cells mRNA
and protein

Cho et al.
200068; Cornejo
et al. 200569

β3-adrenergic receptor
agonist CL-316,243
compound

In vivo

Mouse gonadal white adipose RNA
expression (8-hours through 3 days
of treatment)

Granneman et
al. 200567

Forskolin

In vitro

Murine Y1 adrenocortical tumor cells
mRNA and protein expression

Cho et al. 200068

PKA and PKC
phosphorylation

In vitro

Murine Y1 adrenocortical tumor cells
and MA-10 Leydig cells

Smith et al.
201264

Fasting

In vivo

Rat mRNA in liver, muscle, and
gonadal and inguinal adipose tissue;
C57Bl6/J mouse mRNA in gonadal
adipose tissue and kidney

Mashek et al.
200649, Ellis et
al. 201570

Cold

In vivo

C57Bl6/J mouse mRNA in brown
adipose tissue

Ellis et al. 201570

Mitochondrial fusion

In vitro

MA-10 Leydig cells

Duarte et al.
201255

PPAR-α agonist GW9578

In vivo

Rat liver mRNA and protein
expression

Lewin et al.
200253

Interleukin-15
(PPAR-α agonist)

In vivo

Rat brown adipose tissue mRNA
expression

Almendro et al.
200866
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Activator

In
vivo
or In
vitro?

Cell Type

Reference

PPAR-δ agonist L165041

In vivo
and In
vitro

Hamster liver tissue and primary
hepatocytes mRNA and protein

Kan et al. 201565

Turmeric oleoresin powder

In vivo

KK-Ay mouse liver mRNA
expression

Honda et al.
200671

Inhibitor

In
vivo
or In
vitro?

Cell Type

Reference

Arachidonic Acid

In vitro

HepG2 cells protein expression

Kan et al. 201472

Dexamethasone

In vivo

Rat adrenal and ovary protein
expression

Cho et al. 200068

Triacin C

In vivo

Rat liver mRNA and protein
expression

Lewin et al.
200253

Thiazolidinediones

In vivo
and In
vitro

Rat liver mRNA and protein
expression;
Human smooth muscle cells and
macrophages & mouse smooth
muscle cells (not macrophages)
enzyme activity

Lewin et al.
200253, Askari et
al. 200751

Refeeding

In vivo

Rat liver, muscle, and gonadal and
inguinal adipose tissue mRNA
expression

Mashek et al.
200649

4.2.

ACSL4 in Human Adipocytes and Adipose Tissue
ACSL4 has been characterized as part of the human subcutaneous adipocyte

proteome73. The effect of ACSL4 expression is translationally relevant to humans
because morbidly obese women have been found to have an increase in subcutaneous
adipose ACSL4 expression compared to non-obese women74. While currently there is
very limited published information about ACSL4 in human adipose tissue or adipocytes,
GEO Profiles, the database of individual gene expression data from datasets in the
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Gene Expression Omibus repository (made available by National Center for
Biotechnology Information) has provided further insight that ACSL4 in adipose tissue
and adipocytes may play a critical role in obesity and the metabolic syndrome. First, in a
microarray analysis of subcutaneous adipocytes of lean and obese Pima Indians,
ACSL4 mRNA expression was 123% higher in adipocytes from obese subjects
compared to lean subjects75. Next, in a microarray analysis of omental adipose tissue
from Asian Indians with BMI > 30, diabetic subjects had 144% increased ACSL4 mRNA
expression compared to non-diabetic controls76. Finally, in a microarray analysis of
omental adipose tissue from morbidly obese patients, ACSL4 mRNA expression was
110% higher in insulin resistant patients compared to insulin sensitive patients77. In
conclusion, these microarray data suggest that ACSL4 may have a role in human
adipocytes in obesity, insulin resistance, and metabolic syndrome that warrants further
investigation.

4.3.

ACSL4 Subcellular Localization

4.3.1. Lipid Droplets – Cell culture studies in various cell types have found that ACSL4
is a lipid droplet-associated protein78-81. However, Poppelreuther et al.82 found that
ACSL4 cloned from HepG2 human hepatocarcinoma cells did not co-localize with lipid
droplets in COS-7 monkey kidney cells and they concluded that ACSL3 is the only ACSL
that is significantly associated with lipid droplets. Fujimoto et al.79 suggest that since
ACSL4 is known to be enriched in the mitochondrial-associated membrane (MAM) and
ACSL4 was found in the lipid droplet-enriched fraction of HuH7 cells, there is a
possibility that lipid droplets are interacting with the MAM. These studies do not elucidate
if ACSL4 lipid droplet association is dependent on species type (ex. mouse vs. human),
cell type (ex. hepatocarcinoma vs. adipocyte), nor the specificity of the sub-cellular
fractionation assays to distinguish between MAM and lipid droplet fractions.
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4.3.2. Peroxisomes - Peroxisomal ACSLs, including ACSL4, may be essential for the
regulation of enzyme activity and gene expression, α-oxidation, β-oxidation, protein
acylation, synthesis of polar lipids, and synthesis of neutral lipids83. In mouse WAT,
normal peroxisome function is important for maintaining normal catecholamine levels,
which is associated with normal leptin production, lipolysis under fasting conditions, and
insulin sensitivity84. However, it is unknown if alterations in peroxisomal-associated
ACSLs, such as ACSL4, has an effect on catecholamine production, leptin production,
lipolysis, or insulin sensitivity in adipocytes.

4.4.

ACSL4 Fatty Acid Specificity
Recombinant ACSL4 purified from E. coli has a very high affinity for arachidonic

acid (AA, 20:4n-6) and eicosapentanoic acid (EPA, 20:5n-3) compared to most C 8 -C 22
saturated fatty acids and other C 14 -C 22 unsaturated fatty acids and also has a lesser
affinity for stearic (18:0), palmitic (16:0), and linoleic acids (LA, 18:2n-6)58. Kang et al.
hypothesized that since ACSL4 has a high preference for the precursors of oxylipin
synthesis (AA and EPA), ACSL4 plays a role in regulating metabolites of these fatty
acids, including prostaglandins and leukotrienes58. Oxylipin metabolism is further
discussed in section 5.1.2.

4.5.

ACSL4 Regulation of Arachidonic Acid Metabolites in Non-Adipocyte Cells

4.5.1. Human arterial smooth muscle cells - In a study by Golej et al.57, overexpression
of ACSL4 in human arterial smooth muscle cells increased the synthesis of AA-CoA;
increased AA incorporation into phosphatyidlethanolamine (PE), phosphatidylinositol
(PI), and TAG; reduced cellular levels of unesterified AA; and decreased the secretion of
prostaglandin E 2 (PGE2). Therefore, this study concluded that ACSL4 regulates the
release of AA-derived lipid mediators and PGE2 in human arterial smooth muscle cells.
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4.5.2. Steroidogenic cells - In steroidogenic cells, like those in adrenal and gonadal
tissues, steroid synthesis occurs when cholesterol is transferred from intracellular stores,
like lipid droplets and the ER, to the mitochondria85. These steroidogenic cells are
responsive to the pituitary hormones adrenocroticotropic hormone (ACTH), luteinizing
hormone (LH), and follicle stimulating hormone (FSH) through the induction of cAMP,
which increases steroid production85. After demonstrating that siRNA against ACSL4
decreased steroid production in cAMP-stimulated Leydig seminiferous tubule cells86,
Maloberti et al.87 proposed a model in which hormone-induced ACSL4 sequesters free
AA as AA-CoA, which then enters the mitochondria via mitochondrial acyl-CoA
thioesterase (ACOT2), and in the mitochondria, AA is used as a substrate to induce
steroid acute regulatory protein (StAR) to increase steroid hormone synthesis and
activate lipoxygenase (LOX) to form leukotrienes, which further increases StAR protein
translation87.
Another key step in mitochondrial steroid synthesis, as established by Duarte et
al.55 is mitochondrial fusion into tubular-shaped structures, which is induced by hormone
stimulation. They observed via imaging that cAMP stimulation increases ACSL4 protein
levels in isolated mitochondria; however, when mitochondrial fusion is inhibited, MAMassociated ACSL4 does not co-localize with mitochondrial-associated ACSL455. The
authors concluded that the interaction between MAM-associated ACSL4 with the
mitochondria is required for both mitochondrial fusion and steroid synthesis55. From
these results, it was proposed that ACSL4 may have a role in MAM contributing to the
fluidity of mitochondrial and ER membranes and that increased contact between ACSL4
and mitochondria during fusion allows for steroid movement between the mitochondria
and ER55.
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4.5.3. Cancer cells - Maloberti et al.56 first described that ACSL4 is significantly upregulated in highly aggressive breast cancer cells. ACSL4 has also been found to have
increased expression in other aggressive cancer types, including colon
adenocarcinomas88. ACSL4 regulates the expression of cyclooxygenase-2 (COX-2) and
its production of prostaglandins in MDA-MB-231 breast cancer cell line56. From their
work with this aggressive breast cancer cell line, Maloberti et al.56 developed the
following model depicted in Figure 2: Membrane phospholipids or cholesterol esters

Figure 2. Schematic model of the signaling pathway involved in ACSL4-induced
up-regulation of intramitochondrial AA, LOX products, COX-2 and PGE2
production in the development of an aggressive phenotype in breast cancer
cells from Maloberti et al., PLoS ONE, 201056. Numbers (1-8) represent the schematic
sequence of events that regulate cell proliferation, migration and invasion. 1, ACSL4 induction
and action; 2, Acot2 induction and action; 3, 5-LOX action; 4, AA metabolism and function; 5,
COX-2 induction and action; 6, PGE2 synthesis; 7, PGE2 action; 8, LOX metabolites action.
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release AA + CoA + ATP, which induces MAM-associated ACSL4 to form AA-CoA. AACoA is converted in the mitochondria via ACOT2 to AA, which induces LOX to produce
leukotrienes. Leukotrienes then increase cell proliferation, migration, and invasion of the
breast cancer cells. Leukotriene-D4 also induces COX-2 expression to produce PGE2,
which also further increases cell proliferation, migration, and invasion56.

4.5.4. Implications for adipocytes - While adipocytes are not a steroid hormone
producing cell type, the sequestration of AA as AA-CoA after hormone stimulation
proposed by Maloberti et al.56 in steroid-producing cells is a similar role for ACSL4 as the
one found in the study by Golej et al.57 where the overexpression of ACSL4 in human
arterial smooth muscle cells also sequesters free AA as AA-CoA. However, Golej et al.57
found that increased ACSL4 expression decreased prostaglandin synthesis through this
AA sequestration in arterial smooth muscle cells, while the previously mentioned studies
in steroidogenic cells indicate that increased ACSL4 expression increase membrane
fluidity in the mitochondria and ER, which results in increased transfer of AA-CoA to the
mitochondria87. This action ultimately results in increased leukotriene synthesis via LOX
as proposed by Maloberti et al.87. These findings of decreased prostaglandin E 2 via the
cyclooxygenase (COX) pathway and increased leukotriene synthesis via the LOX
pathway suggest an important potential role for ACSL4 in regulating oxylipin synthesis
and possibly inflammation in adipose tissue.
The study by Maloberti et al.56 in breast cancer cells where ACSL4 increases the
expression of COX-2 is in direct contradiction of the study by Golej et al.57 who found
that increased ACSL4 expression in human arterial smooth muscle cells decreased
PGE2 through this AA sequestration. Since both of these in vitro studies are performed
in different cell types and under different conditions, this suggests that ACSL4 may have
different functions depending on tissue type (smooth arterial muscle vs. breast cancer)
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and/or condition (physiological conditions vs. highly aggressive cancer). However, the
findings by both groups are highly indicative that ACSL4 plays a role in the regulation of
oxylipin synthesis and inflammation.

5. Lipid Metabolism
The purpose of this section is to review the relevant literature related to ACSL4
and lipid metabolism, including PUFA and cholesterol metabolism.

5.1.

PUFA Metabolism
It has been well established for the past 20 years that ACSL4 has a very strong

preference for the PUFAs AA and EPA, and linoleic acid (LA) and docosahexaenoic acid
(DHA) to a lesser extent58. Tissue concentrations of n-6 PUFA AA depends on multiple
factors, including dietary intake of LA (18:2n-6) which is the precursor to AA synthesis,
dietary AA, dietary α-linolenic acid (ALA, 18:3n-3) which is the precursor to EPA and
DHA synthesis, and dietary EPA and DHA89. Dietary LA and ALA serve as precursors to
other fatty acids and are metabolized by the same enzymes in the same pathway
illustrated in Figure 3, so a competition exists between n-3 and n-6 PUFA90. LA and ALA

Figure 3. Pathways
for LC-PUFA
synthesis from n-6
(left) and n-3 (right)
essential fatty
acids by enzymatic
desaturation and
chain elongation
from Glasser et al.,
Metabolism, 200990.
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are converted by Δ-6 desaturase (encoded by the FADS2 gene) to form 18:3n-6 and
18:4n-3, respectively90. Next, 18:3n-6 is elongated to form dihomo-ɣ-linolenic acid
(DGLA, 20:3n-6) and 18:4n-3 is elongated to form 20:4n-390. After elongation, DGLA and
20:4n-3 are further desaturated by Δ5-desaturase (encoded by the FADS1 gene) to form
AA and EPA, respectively90. AA and EPA can then further be elongated and desaturated
to form 24- and 22-carbon PUFAs90.
Of particular interest, the role of n-6 PUFAs AA and LA contributing to dietinduced obesity and metabolic complications is presently unclear. New data have
demonstrated that WAT is the primary reservoir in the body for LA storage, while the
muscle and liver contain the highest amount of AA91. In mice, LFD containing 8% LA
causes increased weight gain and adipogenesis compared to an isocaloric LFD
containing 1% LA92. Interestingly, HFD containing high PUFA from safflower oil (mostly
LA) promotes CLS formation compared to isocaloric HFD containing milk fat or lard,
which are high in saturated and monounsaturated fatty acids93. These data are highly
suggestive that high intake of dietary LA, which can be converted to AA, has a role in
promoting obesity and WAT inflammation. However, the contribution of different n-6
PUFAs to obesity and WAT inflammation is not known and further research must be
done to understand the relative roles of LA and AA.
ACSL4’s well-established relationship with PUFA sets it apart from other ACSLs
because PUFAs, particularly AA, have the ability to be metabolized to many bioactive
lipid mediators. These lipid mediators are, but not limited to, phospholipids, oxylipins,
and lipid peroxidation products, which are described in detail below.

5.1.1. Phospholipids
The relationship between ACSL4 and phospholipids was first observed by Golej
et al.57 that overexpression of ACSL4 in human smooth muscle cells in vitro resulted in
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increased synthesis of AA-CoA, increased AA incorporation into PE, PI, and TAG, and
reduced cellular levels of free AA. Similarly, knockdown on ACSL4 in rat fibroblasts in
vitro decreased the incorporation of AA into phosphatidylcholine (PC)94.
Perhaps the most intriguing data is that overexpression of ACSL4 in COS-7
kidney cells leads to increased incorporation of labeled AA into newly synthesized PI,
and this shift in metabolic channeling comes at the expense of TAG synthesis95.
Depicted in Figure 4, this occurs when AA is activated by ACSL4 and AA-CoA is used to
synthesize phosphatidate (PA) by lysophosphatidate acyltransferase95. Instead of being
channeled towards TAG synthesis by phosphatidate phosphatase (PAP) and
Figure 4. ArachidonoylCoA metabolic
pathways from Kuch et
al., BBA, 201495.
Arachidonate activated by
ACSL4 (red) enters lipid
metabolism predominantly at
two sites. In the de novo
(Kennedy) pathway, AACoA
is utilized for the synthesis of
phosphatidate (PA) by LPA
acyltransferase, whereas in
the remodeling pathway
(Lands cycle) AA-CoA is
added to pre-existing LPI to
directly yield arachidonoyl-PI
synthase; and LPI-AT,
lysophosphatidylinositolacylt
ransferase .PA is the
branching point between the
DG pathway (blue) and the de novo PI synthesis pathway. PI is synthesized by either CDS1/PIS
or by LPI-AT (green). Metabolites: AA, arachidonate (red); AA-CoA, arachidonoyl-CoA; LPA,
lysophosphatidate; PA, phosphatidate; DG, diacylglycerol; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; TG, triglyceride; CDP-DG, cytidine-diacylglycerol; PI,
phosphatidylinositol; and LPI, lysophosphatidylinositol. Enzymes: LPAAT2, lysophosphatidylacyltransferase 2; PAP, phosphatidate phosphatase; CPT, choline phosphotransferase; EPT,
ethanolamine phosphotransferase; DGAT, diacylglycerol-acyltransferase; CDS1, cytidinediacylglycerol synthase 1; PIS, phosphatidylinositol lysophosphatidylinositol. Enzymes: LPAAT2,
lysophosphatidyl-acyltransferase 2; PAP, phosphatidate phosphatase; CPT, choline
phosphotransferase; EPT, ethanolamine phosphotransferase; DGAT, diacylglycerolacyltransferase; CDS1, cytidine-diacylglycerol synthase 1; PIS, phosphatidylinositol synthase;
and LPI-AT, lysophosphatidylinositolacyltransferase.
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diacylglycerol-acyltransferase (DGAT), PI is formed by cytidine-diacylgycerol synthase 1
(CDS1) and phosphatidylinositol synthase (PIS) or by
lysophosphatidylinositolacyltransferase (LPI-AT)95..
Taken together, these data indicate that ACSL4 may play a specific role in
targeting AA into phospholipid incorporation, specifically into PI and to a lesser extent,
PE and PC. While there is no published data about the effects of PI enrichment with AAcontaining species in adipocytes, it has been demonstrated that loading mouse
macrophages with AA in vitro leads to an increase of PI(20:4/20:4) and an increase in
ROS production96. It is important to note that all of these studies are conducted in vitro,
and not in vivo. Therefore, further research in in vivo models must be done to fully
understand the implications of ACSL4’s effects on AA incorporation into specific
phospholipids.

5.1.2. Oxylipins
Oxylipins are products derived from PUFAs, including AA, LA, EPA, DHA, and
DGLA by oxygenation97. Different precursor PUFAs are metabolized by cyclooxygenase
(COX), lipoxygenase (5-LOX, 12-LOX, 15-LOX), or cytochrome P450 (CYP450)97.
Prostaglandins and thromboxanes are generated through COX pathways97,98.
Leukotrienes, hydroxyeicosatetraenoic acids (HETEs), hydroxyotadecadienoic acids
(HODEs), and hydroxypentaenoic acids (HEPEs) are derived from LOX pathways97.
Finally, epoxides (EpOMEs, EETs, EpETEs), dioles (DiHOMEs, DiHETrEs, DiHETEs),
and further HETEs are generated by CYP450 by omega-terminal oxidation of PUFAs97.
A schematic of these pathways is depicted in Figure 5.
The relationship between oxylipins, inflammation, and adiposity is well
documented. Briefly, prostaglandin E 2 (PGE2) is highly produced in adipose tissue and
has an anti-lipolytic role that results in increased fat cell mass and adipogenesis99. In
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obesity, the expression of COX-2, the inducible COX enzyme, and production of PGE2
are increased in obese adipose tissue100. In terms of the LOX pathway, there are
increased leukotriene levels in adipose tissue from obese mice compared to lean, and
LOX products have been found to increase the translocation of NF-κB into the nucleus to
induce the transcription of inflammatory adipokines100. Overall, there is substantial
evidence to suggest a potential role for ACSL4 in regulating adiposity and inflammation
via COX-2 and LOX in adipocytes in obesity.
As previously mentioned in Section 4.5, ACSL4 has been shown to regulate PGE2
production in in vitro studies56,57. Also, in rat fibroblasts stimulated with interleukin-1β (IL1β), a pro-inflammatory cytokine, ACSL4 siRNA knockdown increased not only PGE2
production, but also PGD2, PGF2α, 11-HETE, and 15-HETE, and 12-HHT (all COXderived AA metabolites)94. Subsequently, siRNA knockdown of ACSL4 in rat fibroblasts
regulates the formation of 5,11-diHETE, a COX-derived product of 5-HETE, independent
of LOX pathways59. Overall, these studies suggest that ACSL4 removes free AA from
cells after pro-inflammatory stimulation to alter the production of AA lipid mediators in
vitro.
ACSL4 has also been demonstrated to regulate in vitro the production of
CYP450-derived epoxyeicosatrienoic acids (EETs)60. ACSL4 siRNA knockdown in rat
INS 832/12 insulinoma cells decreased membrane-bound EETs and increased the
secreted DHETs, an inactive downstream metabolite of EETs60. EETs were
subsequently demonstrated to reduce glucose-stimulated insulin secretion in these cells
and a knockdown of ACSL4 partially rescued this impairment60. However, there is a
limited understanding of EET actions in vivo, and in particular, in adipocytes. These in
vitro studies suggest that ACSL4 has the potential to regulate both COX and CYP450derived AA metabolite production, but it is presently unclear if this relationship exists in
vivo.
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Figure 5. Biosynthesis of oxylipins from Strassburg et al., Analytical and
Bioanalytical Chemistry, 201297. Linoleic acid (LA; green), dihomo-γlinolenic acid (DGLA;
red), arachidonic acid (AA; blue), eicosapentaenoic acid (EPA; orange), docosahexaenoic
acid (DHA; yellow), and α-linolenic acid (ALA; purple) via lipoxygenase (LOX),
cyclooxygenase (COX), and cytochrome P450 (CYP450) pathways; PLA2: phospholipase A2.
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5.1.3. Lipid Peroxidation, Reactive Oxygen Species, and 4-Hydroxynonenol Production
AA and DHA, which contain bisallylic groups where a methylene group is in
between two double bonds, undergo peroxidation at 2-3 times the rate per bisallylic bond
compared to LA46. PUFA peroxidation occurs when free radicals attack bisallylic bonds
and remove a hydrogen atom, which forms a lipid peroxyl radical that can subsequently
remove another hydrogen atom from a neighboring PUFA bisallylic bond46. This
degradation of n-6 PUFA can occur either enzymatically by LOX or non-enzymatically by
ROS to form bioactive mediators, including 4-hydroxy-2-nonenol (4-HNE)101.
4-HNE primarily acts through the formation of covalent bonds with proteins,
nucleic acids, and lipids and is a classical marker of oxidative stress101. 4-HNE is
produced mostly from phospholipids that contain LA and AA on cytoplasmic membranes
and it is generally formed from the sn-2 position of glycerophospholipids by the
decomposition of the hydroperoxide as illustrated in Figure 6101. 4-HNE is detoxified
from cells by three pathways: (1) the formation of adducts with glutathione either
spontaneously or catalyzed by glutathione-S-transferases (GSTs); (2) reduction by aldo-

Figure 6. Chemical mechanisms for 4-HNE formation from lipid
peroxidation from Zhong and Yin, Redox Biology, 2015101. General scheme for
the formation of 4-HNE from decomposition of lipid hydroperoxides that can be
generated from free radical oxidation of ω-6 PUFA or enzymatic oxidation by
lipoxygenases.
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keto reductases (AKRs) or alcohol deydrogenases (ADH); or (3) oxidation by aldehyde
dehydrogenase (ALDH)101. In particular, glutathione-S-transferase A-4 (GSTA4)
detoxification of 4-HNE is the major determinant of intracellular 4-HNE concentrations102105.

Mitochondrial oxidative phosphorylation is the major source of ROS, including
hydrogen peroxide, superoxide anion, and hydroxyl radical101,106. When the ETC is
blocked, electrons accumulate and attack molecular oxygen to form superoxide anion106.
Superoxide anion is detoxified by superoxide dismutase to form hydrogen peroxide, and
then hydrogen peroxide can be converted to water by glutathione peroxidases (GPX)106.
In the presence of transition metals, like iron, which can be found in multiple ETC
complexes and TCA cycle enzymes, hydrogen peroxide can also be converted to a
hydroxyl radical by the Fenton reaction106.
While 4-HNE has many potentially important effects in cells, 4-HNE treatment of
cells causes activation, phosphorylation, and enhanced nuclear accumulation of tumor
protein 53 (p53) in multiple non-oncogenic cell types103,107. These cells can be rescued
from the negative effects of p53 by overexpression of GSTA4 which detoxifies cells of 4HNE103,107. Figure 7 demonstrates the dose-response of 4-HNE treatment to induce p53

Figure 7. Effect of 4-HNE on the
p53-mediated intrinsic apoptotic
pathway from Chaudhary et al.,
Biochemistry, 2010107. HepG2 cells
were treated with 20 µM 4-HNE for the
indicated time points at 37 °C. The
lysates were analyzed by Western
blotting for p53, p-p53 (Ser15), p21,
JNK, Bax, and Bcl-xL. β-Actin was
used as a loading control.
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and downstream apoptosis markers107. The importance of p53 in adipocytes is
discussed in section 6.
Similarly, treatment of cardiomyocytes with 4-HNE (20 and 30 µM) has also been
demonstrated to decrease oxygen consumption below baseline after chronic
exposure108. These results have also been replicated in human small airway epithelial
cells where 25 µM 4-HNE treatment for 3 hours resulted in greater than 50% decrease in
oxygen consumption compared to controls109. Neither of these studies that measured
oxygen consumption after 4-HNE treatment looked into p53 expression, but a similar
concentration of 4-HNE and timecourse were used as in the study in Figure 7 by
Chaudhary et al. to induce p53 expression. Therefore, further work must be done to
understand if chronic exposure to 4-HNE inhibits oxygen consumption in a p53dependent or independent manner.

5.2.

Cholesterol Metabolism
Cholesterol is the precursor of steroid hormones, and as previously mentioned,

ACSL4 is an important enzyme in steroid hormone synthesis86. A link has previously
been made between ACSL4 and cholesterol by a group who discovered that hepatitis B
virus X protein (HBx) inhibits microRNA-205, which inhibits ACSL4 expression110. It is
also known that in liver cancer, there is an abnormal accumulation of cholesterol in the
liver110. Therefore, in cases where liver cancer is caused by HBx, HBx may be promoting
cholesterol accumulation through the upregulation of ACSL4, which increases
lipogenesis in hepatoma cells in vitro110. However, to date, there has not been any data
published on the relationship between ACSL4 and cholesterol metabolism in adipocytes.
Recent data suggest that cholesterol homeostasis in adipocytes is important for
maintaining adipocyte insulin sensitivity and inflammatory signaling111. Adipose tissue
contains about 25% of the body’s total cholesterol111,112. During obesity, adipocyte
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cholesterol increases proportionally to TAG accumulation as adipocytes increase in size
and adipose tissue stores can increase up to 50% of the body’s total cholesterol
pool111,112. Unlike other cholesterol-storing cells, 95% of adipocyte cholesterol is free
cholesterol rather than esterified111,113. Free cholesterol is not soluble in the TAG-filled
lipid droplet, so it accumulates in the lipid droplet phospholipid monolayer and plasma
membrane111,114,115.
Adipocyte cholesterol homoeostasis is maintained through de novo cholesterol
synthesis, lipoprotein uptake, and efflux of excess free cholesterol111. However, de novo
cholesterol synthesis is negligible compared to lipoprotein uptake in adipocytes111,116,117.
Free cholesterol in adipocytes can be effluxed from cells via transporters ATP-binding
cassette transporter 1 (ABCA1) or ATP-binding cassette transporter G1 (ABCG1)111,118.
In conclusion, ACSL4 has been previously linked to steroid hormone synthesis,
but not with other sterols, like cholesterol. Hepatoma cells are known to accumulate
cholesterol through Hbx protein, which inhibits miR-205 expression and leads to
subsequent overexpression of ACSL4110. However, since there is very limited knowledge
of ACSL4’s actions in adipocytes, it is presently unclear if there is a relationship between
ACSL4 and adipocyte cholesterol homeostasis.

6. p53 in Adipocytes
Tumor protein 53 (p53) is classically known as a tumor suppressor whose role is
to identify oncogenesis in cancer cells and control the destruction of these cells through
senescence or apoptosis119. In many cancer cells, the p53 gene has become mutated or
genes that regulate p53 expression have mutated119. In general, p53 can be induced by
stressors, which results in cell cycle arrest, cellular senescence (the arrest of cells in a
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permanent non-proliferative state), or apoptosis (programmed cell death)119. A variety of
p53 activators and responses are illustrated in Figure 8119.

Figure 8. Stress stimuli that lead to p53 induction from Meek, The Biochemical
Journal, 2015119. A wide range of cellular stress stimuli induce p53, leading to coordinated
changes in gene expression and various biological outcomes, depending on the cell type and
the type, intensity and duration of the activating stress. Those events that induce p53 through
the DNA-damage-response pathways are highlighted on the left-hand side in lilac. Regulation
of some biological events may occur in a homoeostatic manner mediated by basal or low levels
of p53. ROS, reactive oxygen species.

In 2003, Yahagi et al.120 were the first to demonstrate that p53 and its classical
downstream genes, including p21 (or cyclin-dependent kinase inhibitor 1 CDKN1A) and
insulin growth factor binding protein 3 (IGFBP3), are highly upregulated in the
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adipocytes of genetically obese mice. Subsequently, Minamino et al.121 used mice
deficient for whole-body p53 to demonstrate that p53 in adipose tissue is involved in
insulin resistance due to increased ROS due to excessive calorie intake, which
increases p53 expression, cellular senescence, and proinflammatory cytokine
expression121. Cellular in vitro work demonstrated that knockdown of p53 in
mesenchymal stem cells inhibited cellular differentiation to a variety of cell fates,
including pre-adipocyte differentiation to mature adipocytes122. Whole-body p53
knockout mice on a short-term HFD actually gained more body weight and fat mass
compared to wildtype mice and examination of brown adipose tissue (BAT) from these
whole-body p53 knockout mice indicate impaired oxidative function in BAT123. Therefore,
Molchadasky et al.123 concluded that p53 is required for BAT to differentiate from
precursor cells and is protective against DIO. However, a more recent study of wholebody p53 knockout mice contradicted previous results and demonstrated that these p53
knockout mice are actually protected against HFD-induced obesity and WAT fat mass
gain124. Hallenborg et al.124 concluded that p53 regulates uncoupling protein 1 (UCP1)
expression in BAT and knockdown increases FA oxidation in BAT adipocytes. Even
though the current literature on p53 in adipocyte physiology is not clear, it suggests an
exciting potential for p53 to regulate insulin resistance and obesity in mice.
Currently, it is unclear what the consequences of “p53 activation” in adipocytes
indicates. As previously mentioned, several studies have demonstrated p53 protein
induction by treatment with 4-HNE in nononcogenic cells103,107. Since 4-HNE treatment
has also been demonstrated to inhibit cellular oxygen consumption108,109, it begs the
question if this effect is a p53-dependent or independent effect and if a consequence of
p53 activation in adipocytes may be impaired oxygen consumption. Similarly, since
ACSL4 has the ability to regulate AA metabolites, though it has not yet been
demonstrated to regulate 4-HNE, we can speculate that ACSL4 may regulate 4-HNE
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production, through its regulation of AA, and thus subsequent p53 activation and oxygen
consumption in adipocytes in vivo. Further research in adipocyte-specific in vivo models
must be done to answer these questions.

7. Contrasting Mouse vs. Human Physiology in Obesity
Mouse models are commonly used in research for a variety of reasons. Mice and
humans share 95% of their genomes and they can develop the same diseases for the
same genetic reasons. The mouse genome is well characterized and can be easily
manipulated genetically, which gives the mouse model an advantage over other small
animal models. Mice can be inbred to create virtually identical experimental subjects,
which reduces variability and makes it easier for an experiment to be replicated. Perhaps
most importantly, mice are relatively inexpensive to study compared to human subjects.
However, it must be recognized that there are important differences between
mice and humans. For example, commonly used genetic models of obesity manipulate
the leptin system to induce obesity. The ob/ob mouse has a genetic mutation so that it
cannot produce leptin and the db/db mouse has a genetic mutation in the leptin receptor
that prevents its function, so these mice become obese by excessive food intake
because of impaired leptin signaling. Injection of leptin into ob/ob mice reversed obesity
by reducing food intake and increasing energy expenditure, but did not affect db/db mice
since they have a mutated leptin receptor12. However, in human obesity, circulating
leptin is generally high and most individuals are resistant to the effects of leptin125. In the
rare case of humans with leptin deficiency, they display increased food intake, obesity,
diabetes, impaired pubertal development, hypothalamic hypothyroidism, and impaired Tcell function, which are also consistent with the phenotype displayed by the ob/ob
mouse125. In contrast, the ob/ob mouse also displays decreased energy expenditure,
impaired linear growth, and hypercortisolemia, which are not seen in the human with
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leptin deficiency125. Therefore, the use of genetic mouse models with impaired leptin
signaling may not be physiologically identical to human obesity.
Another key difference between studying obesity between mice and humans is
that mice have two distinct types of thermogenic adipocytes, which are important
contributors to whole-body energy expenditure in mice126. First, brown adipocytes are
derived from MY5+ mesenchymal precursor cells, which is the same origin as myocytes,
and express UCP1126. The second type of thermogenic adipocyte that mice possess are
beige adipocytes, which are derived from MYF- mesenchymal precursor cells, like white
adipocytes, but also express UCP1, which white adipocyte do not126. Humans also
possess adipocytes that display markers of classical brown adipocytes, but their
contribution to metabolism is still unclear. Human infants have interscapular brown
adipocytes and human adults have deep neck fat that both contain brown adipocyte
markers closely resembling mouse brown adipocytes126. Human adults also contain
supraclavicular, periadrenal, and intermediate neck fat adipose depots that have beige
adipocyte markers that closely resemble mouse beige adipocytes found in the mouse
subcutaneous adipose depot126. Interestingly, a positive relationship between the volume
of brown adipose tissue and resting metabolic rate in healthy adult males at cool
temperatures supports the hypothesis that BAT is an important contributor to energy
expenditure in both mice and humans126.
Another example of differences in mouse physiology compared to humans is that
in mice, very low-density lipoprotein (VLDL) secreted from the liver contain both apoB48
and apoB100, rather than only apoB100 like in humans127. Additionally, mice do not
express cholesteryl ester transfer protein (CETP), which is necessary to transfer a
cholesterol molecule from high-density lipoprotein (HDL) particles to VLDL particles in
exchange for a TAG molecule, so circulating HDL cholesterol levels in mice remains
very high128,129. For these reasons, mice carry most of their circulating cholesterol in the
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HDL fraction, but humans transport most of their plasma cholesterol in LDL fraction130.
Therefore, LDL receptor (LDLR) knockout mice were generated in order to increase the
amount of LDL in circulation to have a mouse model more similar to human cholesterol
metabolism for atherosclerosis studies127.
In conclusion, mouse models are useful tools for studying human disease, like
obesity and diabetes. However, limitations of using mice to model humans is key
differences in physiology, including but not limited to, the contribution of hormones like
leptin to the development of obesity in humans, physiological relevance of thermogenic
adipocytes in mice compared to humans, and alterations in lipoprotein metabolism.
Therefore, it is important to interpret data from mouse models with caution and where
possible, design mouse models that reflect human physiology.

8. Conclusions
In the field of obesity research, there are several broad gaps in the literature that
need to be addressed. First, it is unclear what are the molecular mechanisms that initiate
WAT inflammation, particularly in the context of diet-induced obesity, and lead to the
formation of CLS. Next, it is unclear, particularly in rodent models, what is the temporal
sequence of changes in energy expenditure that occur in the context of DIO. Along the
same lines, we do not understand how oxygen consumption in adipocytes changes in
response to chronic HFD compared to LFD nor if protection against obesity-induced
decreases in oxygen consumption can protect against whole-body energy expenditure
and obesity. Finally, we must better understand what is the contribution of different n-6
PUFAs, like LA and AA, to promoting obesity and WAT inflammation.
Specific to lipid metabolism, tissue-specific in vivo models are necessary to
understand the regulatory actions and functions of ACSL4. In adipocytes, it is unknown if
and/or how ACSL4 can regulate n-6 PUFAs and their incorporation into specific lipid
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classes, like phospholipids and cholesteryl esters, and subsequent metabolism. The in
vitro literature suggests that ACSL4 may direct AA towards metabolism by COX, LOX,
and/or CYP450 enzymes, but it is unknown if these relationships exist in vivo and what
the specific effects of these metabolites are in adipocytes. Since ACSL4 has the ability
to regulate AA metabolites, crucial questions that must be addressed using an
adipocyte-specific in vivo model include: (1) can ACSL4 regulate the production of AA
peroxidation products, like 4-HNE and (2) would inhibition of adipocyte 4-HNE
production protect adipocytes from p53 activation and inhibition of adipocyte oxygen
consumption.
In conclusion, the work described in this thesis aims to answer some of these
questions to better understand potential mechanisms that promote diet-induced obesity
and adipocyte dysfunction. Results from these experiments will (1) provide a link
between diet-induced obesity, WAT inflammation, and adipocyte dysfunction; (2) identify
ACSL4 as a regulator of adipocyte metabolism and obesity through its regulation of AA
and LA in vivo; and (3) describe a novel relationship between ACSL4 and LDL receptor
in DIO adipocyte cholesterol metabolism. This work will be important to identify
adipocyte ACSL4 as a novel target to promote adipocyte health, in the context of DIO,
both by diet and by therapeutic intervention, like TZDs, or by novel therapeutics in the
future.
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Summary
Regulation of fatty acid (FA) metabolism is central to adipocyte dysfunction during dietinduced obesity (DIO). Long-chain acyl-CoA synthetase-4 (ACSL4) has been
hypothesized to modulate the metabolic fates of polyunsaturated FA (PUFA), including
arachidonic acid (AA). The anti-diabetic drugs thiazolidinediones (TZDs) specifically
inhibit the enzymatic activity of ACSL4, but the in vivo actions of ACSL4 are unknown.
When we fed a high fat diet (HFD) to mice with adipocyte-specific ablation of ACSL4
(Ad-KO), they were protected against DIO and obesity-associated metabolic dysfunction.
Adipocytes from Ad-KO mice fed HFD had reduced incorporation of AA into
phospholipids and free FA (FFA) and produced the lipid peroxidation product 4hydroxynonenal (4-HNE). Consistent with the known actions of 4-HNE, adipocytes from
Ad-KO mice had reduced p53 activation and increased adipocyte oxygen consumption.
These studies are the first to elucidate of ACSL4’s actions in vivo in adipocytes.
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Introduction
The rate of adult obesity, a condition which predisposes to the development of
type 2 diabetes mellitus (T2DM), in the United States is approximately 35% (Mendis et
al., 2015; Ogden et al., 2014). To ameliorate this remarkable prevalence of obesity and
T2DM, it is necessary to develop a greater understanding of the pathways that lead to
obesity. While fatty acid (FA) metabolism is central to the development of enlarged
adipocytes in obesity, we have limited knowledge of the proteins that direct the
incorporation of specific FA into phospholipids (PL), neutral lipids like triacylglycerol
(TAG), and metabolism into a variety of bioactive lipid mediators. Polyunsaturated FA
(PUFA) have multiple fates, including incorporation into PL, TAG, cholesteryl ester, and
oxygenation by enzymatic (cyclooxygenase, lipoxygenase, cytochrome P450) and nonenzymatic mechanisms, including peroxidation of lipids by reactive oxygen species
(ROS) to form aldehydes, including 4-hydroxynonenal (4-HNE), which can detrimentally
alter cellular metabolism(Zhong and Yin, 2014).
The long-chain acyl-CoA synthetase (ACSL) family of enzymes catalyze the
addition of a coenzyme-A (CoA) group to FA to form fatty acyl-CoAs (Mashek et al.,
2007). Five ACSL isoforms can each activate and channel various FAs to different
metabolic fates (Mashek et al., 2007). ACSL1 is the most abundant isoform expressed in
white adipose tissue (WAT) and accounts for 80% of ACSL activity in WAT (Ellis et al.,
2010; Mashek, 2006). ACSL4 is expressed at significantly lower levels in adipocytes
than ACSL1, but it is the only ACSL isoform whose enzymatic activity is directly inhibited
by the antidiabetic drugs thiazolidinediones (TZDs) through PPAR-ɣ-independent
mechanisms (Askari et al., 2007; Ellis et al., 2010; Kim et al., 2001). Also, ACSL4 has a
significantly greater preference for arachidonic acid (AA) and eicosapentanoic acid
(EPA) compared to other long-chain saturated and unsaturated FA, with a lower
preference for stearic, palmitic, and linoleic acid (LA) (Kang et al., 1997). Proposed
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functions of ACSL4 include intracellular lipid storage (Xu et al., 2012), cholesterol
transport from the endoplasmic reticulum into the mitochondria (Duarte et al., 2012), and
regulation of AA and its subsequent oxylipin metabolites (Golej et al., 2011; Kang et al.,
1997; Klett et al., 2013; Kuwata and Hara, 2015; Maloberti et al., 2010). More recently,
ACSL4 expression was implicated in the increased rates of lipid peroxidation necessary
for ferroptosis, a specific mode of iron-dependent, non-apoptotic cell death (Dixon et al.,
2015; Yang and Stockwell, 2015).
The purpose of these experiments was to determine the role of ACSL4 in
regulating adipocyte metabolism and its subsequent effects on obesity. To fill this gap,
we used LoxP-Cre technology to generate a novel mouse model to specifically ablate
ACSL4 in adipocytes in order to characterize both in vivo and cellular mechanisms of
ACSL4’s effects, particularly in the context of diet-induced obesity (DIO). This work
presents the first in vivo elucidation of ACSL4’s actions and demonstrated that in the
context of DIO, ACSL4 expression in adipocytes regulated adiposity, obesity-associated
metabolic complications, and reductions in whole-body energy expenditure (EE) and
isolated adipocyte oxygen consumption. Mechanistically, we also demonstrated that, in
the context of DIO, adipocyte ACSL4 modulated AA incorporation into PL and FFA pools
and promoted the production of the lipid peroxidation product 4-HNE.
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Results
Generation of mice that lack ACSL4 specifically in adipocytes
Mice with loxP sequences inserted in introns flanking exons 3 and 4 in the
ACSL4 gene (see Experimental Procedures for details) were mated to mice expressing
a Cre transgene driven by the Adiponectin promoter [B6;FVB-Tg(Adipoq-cre)1Evdr/J;
Jackson Laboratories, Bar Harbor, ME] (Eguchi et al., 2011) to generate adipocytespecific Acsl4 knockout mice (Ad-KO) [Fig.1a]. Littermate males without the Cre
transgene (ACSL4floxed) were used as controls.
Adipocyte deficiency of ACSL4 was confirmed by dramatically reduced ACSL4
mRNA and protein expression in isolated adipocytes from both subcutaneous (scWAT)
and gonadal WAT (gWAT) of Ad-KO mice as compared to ACSL4floxed littermates
[Fig.1b-c; Supplementary Fig.1c]. While ACSL4 mRNA expression was reduced in
brown adipose tissue (BAT) from Ad-KO mice, due to the large variability in ACSL4 gene
expression in BAT from ACSL4floxed mice, we were not able to demonstrate a statistically
significant difference. Consistent with the tissue specificity of the Adipoq-Cre transgene,
no differences in ACSL4 mRNA and protein were observed in the liver of the two lines of
mice [Supplementary Fig.2b-c].
It is particularly important to note that in lean adipocytes, ACSL4 did not
contribute to total ACSL enzyme activity [Fig.1d]. However, in the context of DIO,
ACSL4 contributed to 56% of total ACSL activity in isolated adipocytes (p=0.035)
[Fig.1d], indicating a relative diet specificity for ACSL’s actions which are subsequently
described.

Ad-KO mice were protected against DIO and Insulin Resistance on a HFD
To determine the role of adipocyte ACSL4 expression in DIO, both lines of mice
were fed a LFD or HFD for 12 weeks. On LFD, no differences in body composition, fat
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pad weights, serum insulin, TAG, FFA, nor hepatic TAG levels were observed between
the two lines of mice [Fig.1e-f, 2a, and Table 1]. However, on a HFD, Ad-KO mice
gained 16% less body weight compared to controls [Fig.1e]. MRI measurements of body
fat demonstrated that Ad-KO mice, compared to ACSL4floxed littermates, fed a HFD had a
significant 35% reduction in body fat with only a minimal change in lean mass after 12
weeks of HFD feeding [Fig.1f]. Consistent with the body composition observations on a
HFD, at sacrifice the weights of scWAT and gWAT of Ad-KO mice fed HFD were
reduced by ~45% and these WAT depots also had reduced adipocyte size [Fig.2a,b].
BAT weight was also decreased 35% compared to controls fed HFD [Fig.2a].
On HFD, Ad-KO mice had reduced liver weight and accumulated significantly
less liver TAG, but not cholesterol [Table 1]. Serum cholesterol, but not TAG or FFA,
was significantly reduced in Ad-KO mice compared to controls fed a HFD [Table 1]. AdKO mice were more insulin sensitive as determined by fasting serum insulin levels and
insulin tolerance test (ITT) area under the curve which was significantly reduced [Table
1, Fig.2e-f].

Ad-KO mice on HFD were protected against markers of WAT inflammation and
adipocyte death
We next determined whether ablation of adipocyte ACSL4 protected against the
development of obesity-associated WAT inflammation. Real-time PCR analysis of gWAT
from ACSL4floxed and Ad-KO mice fed HFD demonstrated that gWAT from Ad-KO mice
had significantly decreased mRNA abundance of macrophage chemotactic factor (MCP1) and macrophage markers F4/80 and CD68, consistent with reduced macrophage
content, and CD11c, a marker for dendritic cells which has been linked to insulin
resistance (IR) (Li et al., 2010) [Fig.2c]. Additionally, we observed protection against
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HFD-induced expression of the cytokine tumor necrosis factor-α (TNF-α) in gWAT from
Ad-KO mice fed HFD [Fig.2c].
Our laboratory has previously documented that increased rates of adipocyte
death and the formation of crown-like structures (CLS) correlate with both gWAT
inflammation, systemic IR, and liver fat content (Cinti et al., 2005; Strissel et al., 2007).
Ad-KO gWAT from mice fed HFD had 67% fewer CLS compared to gWAT from
ACSL4floxed mice fed HFD (p=0.059) [Fig.2d]. Obesity-induced WAT activation of tumor
protein 53 (p53) has been demonstrated to increase WAT inflammation, hepatic
steatosis, and IR (Minamino et al., 2009). RT-PCR analysis of isolated adipocytes from
Ad-KO fed HFD, as compared to ACSL4floxed, demonstrated significantly reduced
expression of genes regulated by p53, including cyclin-dependent kinase inhibitor 1
(CDKN1A or p21) and insulin growth factor binding protein 3 (IGFBP3) [Fig.2g].
Activation of p53 may be secondary to an increase in its protein expression and western
blot analysis revealed that gWAT from Ad-KO mice fed HFD also had decreased p53
expression compared to controls fed HFD. These data suggested that ACSL4 ablation,
in the context of DIO, is associated with protection against p53 activation and its
downstream effects on inflammation. Notably, in scWAT, which, unlike gWAT, is not
subject to the obesity-associated inflammatory milieu and macrophage infiltration like
gWAT, similar effects on downstream p53 target genes were observed as in isolated
gonadal adipocytes [Supplementary Fig.1e]. Therefore, ACSL4’s effect on activation of
p53 is likely independent of inflammation.

Ad-KO mice on HFD had higher whole-body EE and isolated adipocyte oxygen
consumption
As a first step to determine the mechanisms by which Ad-KO mice were
protected against DIO, EE was determined before changes in body composition occur,
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particularly lean mass, which slightly changes after 8 weeks on HFD. At 7 weeks of HFD
feeding, rates of EE (kcal/gram lean mass/day) were 10% higher in Ad-KO mice than
ACSL4floxed littermates [Fig.3a-b]. These alterations in EE occurred in the absence of
differences in food intake, activity, or respiratory exchange ratio (RER) [Fig.3c-e].
We hypothesized that alterations in gonadal adipocyte oxygen consumption in
adipocytes could contribute to the differences in EE. To address this, gWAT adipocytes
were isolated from mice after 12 weeks of HFD feeding and we determined ex vivo
oxygen consumption using a Clark electrode. Remarkably, isolated adipocytes from AdKO mice had 5.9-fold higher rates of basal respiration in the presence of glucose
[Fig.3f]. Interestingly, when adipocytes were treated with FCCP, maximum rates of
oxygen consumption were not different between adipocytes from ACSL4floxed and Ad-KO
mice, which demonstrated that adipocytes from both groups have the same capability for
maximal uncoupled respiration [Fig.3f]. However, oxygen consumption rates in
adipocytes from Ad-KO mice did not differ between basal and FCCP conditions, which
suggested that adipocytes from Ad-KO mice had maximal rates of respiration in the
basal state [Fig.3f]. Previous studies have suggested that FA from adipocyte lipolysis
can increase adipocyte oxygen consumption (Yehuda-Shnaidman et al., 2010).
Therefore, we measured basal rates of lipolysis and ACSL4floxed and Ad-KO adipocytes
from mice fed LFD and HFD did not differ; therefore, alterations in basal lipolysis did not
contribute to differences in adipocyte oxygen consumption (Yehuda-Shnaidman et al.,
2010) [Supplementary Fig.4b].
A possible contributor to increased adipocyte oxygen consumption is the
conversion of white adipocytes to brite or “brown-like” adipocytes and associated
increased uncoupling protein 1 (UCP1) expression (Bartelt and Heeren, 2013). However,
western blot analysis of gWAT lysates probed for Ucp1 confirmed no differences in
protein expression [Fig.3g] and analysis of gene expression demonstrated no significant
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differences in UCP1 and PGC1α RNA abundance in gWAT (data not shown), scWAT
[Supplementary Fig.1d], or BAT [Supplementary Fig.3c]. Therefore, “browning” of
white adipocytes was not a contributor to increased rates of basal oxygen consumption
in adipocytes from Ad-KO mice fed HFD.
The differences in rates of adipocytes oxygen consumption between the two lines
of mice fed a HFD suggested distinctions in mitochondrial metabolism. To further
investigate mitochondrial metabolism, we used targeted metabolomic analysis to
demonstrate that on a HFD, acylcarnitines, hydroxy-acylcarnitines, and tricarboxylic acid
(TCA) cycle metabolites were higher in gWAT of ACSL4floxed as compared to Ad-KO
mice [Supplementary Fig.4c-e], indicating that the flux of FA into the mitochondria
surpassed the ability to oxidize FA (Ellis et al., 2010; Muoio and Neufer, 2012).
In summary, we have demonstrated that Ad-KO mice fed a HFD had higher rates
of EE compared to controls fed HFD. This is likely due, at least in part, to higher rates of
adipocyte oxygen consumption. Increased levels of acylcarnitines and TCA cycle
metabolites in gWAT from ACSL4floxed fed HFD are consistent with a metabolic
“bottleneck” within mitochondria, which is prevented in adipocytes from Ad-KO mice fed
HFD (Ellis et al., 2010; Muoio and Neufer, 2012).

Ad-KO isolated adipocytes had improved glutathione-mediated detoxification and altered
PUFA metabolism gene expression on HFD
Next, we wanted to elucidate the molecular mechanisms in isolated adipocytes
that protect Ad-KO mice against DIO. First, we determined that there was not any
compensation by other ACSL isoforms due to ACSL4 knockout in mice fed LFD [Fig.4a].
Notably, Ad-KO adipocytes are protected against HFD-induced increases in ACSL1, 3,
and 5 gene expression [Fig.4a]. We also demonstrated that differences in adipocyte
metabolism are not due to differences in lipogenic nor adipogenic gene expression
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[Fig.4b]. We did observe a slight increase in adiponectin (ADIPOQ) mRNA expression
[Fig.4b].
Expression of genes involved in glutathione-mediated detoxification of lipid
peroxidation products were investigated because obesity has been associated with their
decreased expression and ACSL4 knockdown has been demonstrated to protect against
ferroptosis, which requires lipid peroxidation (Dixon et al., 2015; Yang and Stockwell,
2015). Of note, isolated adipocytes from Ad-KO mice fed a HFD had improved
glutathione-mediated detoxification gene expression [Fig.4c]. These genes (GPX3,
GSTT2/3, and GSTA4) are critical for the detoxification of α- and β-aldehydes, such as
the lipid peroxidation product 4-HNE. 4-HNE is detoxified in cells by several pathways,
including the formation of adducts with glutathione catalyzed by glutathione-Stransferases (GST). In particular, glutathione-S-transferase A-4 (GSTA4) detoxification
of 4-HNE is the major determinant of intracellular 4-HNE concentrations (Awasthi et al.,
2004; Patrick et al., 2005; Sharma et al., 2008; 2004). Thus, expression of GSTA4 is
particularly notable because its expression was upregulated in adipocyte from Ad-KO
mice fed either diet [Fig.4c].
Prior studies indicated that ACSL4 regulates the metabolism of PUFA (Golej et
al., 2011; Kang et al., 1997; Klett et al., 2013; Kuwata and Hara, 2015; Maloberti et al.,
2010). Consistent with these observations, genes involved in the metabolism of PUFA
were also upregulated in adipocytes from Ad-KO mice fed HFD compared to controls
[Fig.4d]. The gene which encodes Δ5-desaturase, fatty acid desaturase 1 (FADS1),
which is necessary to metabolize LA to AA, and the gene that encodes
choline/ethanolamine phosphotransferase 1 (CEPT1), which is required to form
phosphatidylcholine (PC) and phosphatidylethanolamine (PE), were both upregulated
>2-fold in isolated adipocytes from Ad-KO mice fed HFD compared to controls [Fig.4d].
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These data suggested that adipocytes from Ad-KO mice fed a HFD had an activation of
genes that promote the formation of AA and incorporation of AA into PL.

Ad-KO had alterations in PUFA fatty acyl-CoA formation, phospholipid incorporation,
FFA, and 4-HNE production
To specifically investigate ACSL4’s direct actions in vivo, we examined ACSL4’s
effects on long-chain fatty acyl-CoA levels. Interestingly, 18:2-, 18:3- and 20:4-CoA
concentrations were decreased 41%, 40%, and 52%, respectively, in gWAT from Ad-KO
mice fed HFD compared to ACSL4floxed fed HFD [Fig.5a]. No differences in gWAT acylCoAs were observed between ACSL4floxed and Ad-KO mice fed LFD (data not shown).
This data indicated relative specificity of ACSL4 activity in vivo for LA-, α-linoleneoyl-,
and AA-CoAs in gWAT in the context of DIO.
Lipidomic analysis of isolated adipocytes from the two lines of mice fed HFD was
performed to specifically determine ACSL4’s role in regulating the fate of specific FA
within adipocytes. Remarkably, this analysis revealed that adipocytes from Ad-KO mice
fed HFD had a reduced ability to incorporate AA into all species of PL [Fig.5b]. Several
species of PL also had reduced docosahexaenoic acid (DHA) incorporation in Ad-KO
adipocytes as well [Fig.5b]. Interestingly, some species of PL that had reduced AA also
had concomitant increased incorporation of LA, including PC D16:1-18:2, PI 18:0-18:2,
and PS 18:1-18:2 [Fig.5b]. Consistent with this data, the isolated adipocyte FFA pool
had 48% and 44% decreased AA and DHA, respectively [Fig.5c]. Also, serum FFA
profiling showed a small, but statistically significant reduction in AA [Supplementary
Table 2], consistent with reduced availability of AA in Ad-KO mice fed HFD.
One detrimental metabolic fate of both LA and AA incorporated into PL and TAG
is lipid peroxidation and degradation into toxic aldehydes, including 4-HNE (Zhong and
Yin, 2014). Consistent with reduced incorporation of AA into PL and FFA pools and
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improved expression of genes involved in glutathione-mediated detoxification of lipid
peroxides, lipidomics profiling demonstrated a significant 32% decrease in 4-HNE
concentration in adipocytes from Ad-KO mice fed HFD compared to controls [Fig.5d].
The FA composition of other lipid classes including TAG, diacylglycerol, cardiolipin,
sphingomyelin, and ceramide were not altered between adipocytes from the two lines of
mice fed HFD [Supplementary Table 3].
Notably, other logical pathways of PUFA metabolism, such as the pattern of
oxylipin metabolites, were not altered in gWAT from the two lines of mice fed HFD.
Analysis of gWAT did not reveal any significant differences in free oxylipin metabolites
between ACSL4floxed and Ad-KO mice fed HFD, including metabolites of cyclooxygenase
(COX), lipoxygenase (LOX), and cytochrome p450 enzymes [Supplementary Fig.5].
Four out of 55 detected esterified oxylipins were identified as significantly different
between ACSL4floxed and Ad-KO mice fed HFD; however, these differences were not
consistent with alterations in a specific metabolic pathway of oxylipin production
[Supplementary Fig.5]. These data strongly suggest that alterations in oxylipin
metabolism did not contribute to differences between ACSL4floxed and Ad-KO mice fed
HFD.
In summary, lipidomic analysis of isolated adipocytes demonstrated that ACSL4
had a specific role in generating AA-CoA, which ultimately resulted in incorporation of
AA into PL. Adipocytes from Ad-KO mice fed HFD had reductions in AA in both PL and
FFA pools as well as production of the lipid peroxidation product 4-HNE.
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Discussion
Increased intake of n-6 PUFA has been associated with increased incidence of
inflammation in various disorders, including obesity (Patterson et al., 2012). In rodents
fed a HFD high in LA, gWAT accumulated the greatest concentration of LA of all body
compartments (Salem et al., 2015). A role for dietary LA in obesity-associated adipocyte
dysfunction was strongly suggested by the observation that ingestion of safflower oil,
which is high in LA content, resulted in dramatically increased rates of CLS formation in
gWAT as compared to mice fed milk fat or lard (primarily saturated FA) (Huang et al.,
2013). Thus, dietary intake of LA may promote obesity-associated adipocyte dysfunction
and WAT inflammation. This observation is important because dietary LA converted to
AA is the major source of AA within cells (Alvheim et al., 2012). Here, we demonstrated
that expression of ACSL4 in adipocytes of mice was a critical regulator of AA
incorporation into PL and the development of obesity-associated adipocyte dysfunction.
Both prior data and our data demonstrated that ACSL4 is an important enzyme
that catalyzes the formation of AA-CoA. Our studies revealed that ablation of adipocyte
ACSL4 significantly reduced AA incorporation into adipocyte PL and protected against a
feed-forward cycle of lipid peroxidation and generation the toxic aldehydes 4-HNE. This
is important because previous studies in cultured adipocytes demonstrated that
increased 4-HNE concentrations lead to increased oxidative stress and mitochondrial
dysfunction (Curtis et al., 2010). Therefore, ACSL4 ablation in adipocytes, likely in part,
protects against oxidative stress and mitochondrial dysfunction through reduced 4-HNE
production. Since TZDs have been demonstrated to potently block the catalytic activity
of ACSL4 by a non-PPARγ mechanism, our results document a potential novel
mechanism by which this class of drugs may potentially act to ameliorate adipocyte
dysfunction (Askari et al., 2007; Kim et al., 2001).
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In the obese state, there is increased production of ROS in gWAT in mice
(Furukawa et al., 2004), which likely contributes to the documented increased
concentrations of toxic aldehydes in gWAT (Long et al., 2013). AA (n-6 PUFA) and DHA
(n-3 PUFA), contain bisallylic groups where a methylene group is located in between two
double bonds, and are oxidized at 2-3 times the rate per bisallylic bond compared to LA
(Else and Kraffe, 2014). PUFA peroxidation occurs when free radicals from ROS attack
bisallylic bonds and remove a hydrogen atom, which forms a lipid peroxyl radical that
can propagate lipid peroxidation (Else and Kraffe, 2014). This degradation of n-6 PUFA
can occur either enzymatically by LOX or non-enzymatically by ROS to form bioactive
mediators, including 4-HNE (Zhong and Yin, 2014).
In our studies, we demonstrated that ablation of ACSL4 in adipocytes protected
against DIO-induced increases in adipocyte 4-HNE as well as activation of p53 in gWAT.
Treatment with 4-HNE has been shown to cause the activation of p53 in multiple nononcogenic cell types in a dose-response manner, and these cells were rescued from the
negative effects of p53 by overexpression of GSTA4, which detoxified cells of 4-HNE
(Chaudhary et al., 2010; Sharma et al., 2008). Interestingly, in 129/sv mice, but not
C57BL6 mice, genetic disruption of GSTA4 lead to increased adipose tissue levels of 4HNE which was associated with age-associated obesity and insulin resistance (Singh et
al., 2008).
Activation of p53 has been linked to reduced rates of adipocyte EE and adiposity
(Chen et al., 2015). Both DIO and genetic obesity in mice is associated with increased
adipocyte expression of p53 protein, which likely occurs secondary to increased ROS
production due to increased caloric intake, resulting in increased WAT inflammation,
hepatic steatosis, and IR (Minamino et al., 2009). Similarly, 4-HNE and ROS both
decreased cellular oxygen consumption after chronic exposure (Galam et al., 2015; Hill
et al., 2009; Wang et al., 2009). Remarkably, our data demonstrated that adipocytes
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from Ad-KO mice fed a HFD had significantly increased rates of adipocyte oxygen
consumption, which we hypothesized is due to the decreased ability to incorporate AA
and DHA into PL and protected against 4-HNE-induced decreases in oxygen
consumption and activation of p53.
In conclusion, this study documented the first in vivo elucidation of ACSL4’s
actions. It is critical to note that ACSL4 represents a fraction of total ACSL expression in
adipocytes, but eliminating its contribution, in the context of DIO, caused major wholebody physiological effects. Adipocyte ACSL4 regulated AA and DHA, which are highly
susceptible to oxidation, and form detrimental products, like 4-HNE. By reducing the
incorporation of AA and DHA in PL and FFA pools in adipocytes, HFD fed Ad-KO mice
were protected against DIO, liver fat accumulation, IR, WAT inflammation and adipocyte
death. Additionally, deficiency of adipocyte ACSL4 expression in mice fed a HFD
increased adipocyte oxygen consumption and whole body EE.
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Experimental Procedures
Generation of mice that lack ACSL4 specifically in adipocytes
Adipocyte-specific ACSL4 knockout mice (Ad-KO) were created using LoxP-Cre
technology (Kos, 2004). The gene-targeting vector was designed to produce a floxed
Acsl4 gene on the X chromosome with loxP sites on either side of exons 3-4 at the
University of North Carolina Animal Models Core using previously described methods (Li
et al., 2009). The vector was constructed in a standard plasmid backbone containing
neomycin phosphotransferase (neo) and thymidine kinase cassettes for positive and
negative selection, respectively(Li et al., 2009). The targeting vector was electroporated into
E14Tg2A (E14) embryonic stem cells, and the cells were grown in medium
supplemented with G418 and ganciclovir (Li et al., 2009). Targeted cells were identified
by PCR across both the 3’ and 5’ arms of homology using primers specific to neo and
primers flanking the arms of homology (Li et al., 2009). Neo was then excised from the
targeted allele by mating to mice expressing FLPo recombinase (Wu et al., 2009).
Targeted, neomycin-resistant cells were microinjected into blastocysts derived from
mouse strain 129SJ to produce transmitting chimeras. Mice homozygous for the
targeted allele (Acsl4flox/Y) were identified by genotyping PCR and back-crossed six times
to C57BL/6 mice. Heterozygous Acsl4flox/+ female and floxed male Acsl4flox/Y mice were
sent to the Jean Mayer-U.S. Department of Agriculture Human Nutrition Research
Center on Aging at Tufts University. DNA from these mice was sent to Charles River for
C57BL/6J congenic analysis and the female and male with the greatest percentage of
C57BL/6J microsatellite analysis (>99%) were mated. From the progeny of this breeding
pair, floxed male mice (Acsl4flox/Y) were then crossed with female C57BL/6 mice
(Acsl4+/+) in which Cre expression is driven by the Adiponectin promoter [B6;FVBTg(Adipoq-cre)1Evdr/J; Jackson Laboratories, Bar Harbor, ME] purchased from Jackson
Laboratories (Eguchi et al., 2011). The next generation of progeny were produced by
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mating Acsl4flox/+/Cre+ females to Acsl4flox/Y/Cre- males, and then subsequent matings to
generate experimental mice were either between Acsl4flox/Y/Cre- males (ACSL4floxed) &
Acsl4flox/flox/Cre+ females (Ad-KO) or Acsl4flox/Y/Cre+ males (Ad-KO) & Acsl4flox/flox/Crefemales (ACSL4floxed), which consistently yields equal numbers of males and females
with (Ad-KO) and without Adipoq-Cre (ACSL4floxed).

Animal Care
Experiments were conducted in a viral pathogen-free facility at the Jean Mayer
U.S. Department of Agriculture Human Nutrition Research Center on Aging at Tufts
University in accordance with Institutional Animal Care and Use Committees guidelines.
Experimental Ad-KO and littermate ACSL4floxed mice were generated as described
above. All mice were weaned at 3-4 weeks of age and fed ad libitum a purified standard
chow diet (Teklad 2016S). Experimental mice were individually caged at 6-7 weeks of
age. At 8 weeks old, mouse body weight and body composition was measured by
magnetic resonance (EchoMRI-700) and then mice were randomized to receive either a
high fat diet (HFD) containing 60% kcal from fat primarily from lard and soybean oil or a
low fat diet (LFD) containing 10% kcal from fat (Research Diets D12492 and D12450J,
respectively) ad libitum for 12 weeks. Previous work has determined that 12 weeks on
60% HFD is the optimal amount of time for the greatest increase in adipocyte size,
macrophage infiltration into WAT, and expression of pro-inflammatory cytokines without
an increase in dead adipocytes that occurs with 16 weeks on 60% HFD (Strissel et al.,
2007). Body weight and body composition were measured every 2-4 weeks as indicated.
Mice were randomly selected for indirect calorimetry (TSE Systems) in metabolic
cages to evaluate oxygen consumption, carbon dioxide expenditure, food intake, and
activity by infrared counts of all animal movement at 7-8 weeks of age before diet was
started, 3 weeks on diet (11 weeks old), and 7 weeks on diet (15 weeks old). Body
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composition by MRI was measured 3 days before mice were placed in metabolic cages
for 96 hours, and the first 24 hours of measurement were excluded from data analysis
while the mice acclimated. The resulting EE values and RER were calculated from these
measurements. These experiments were conducted in two runs of mice in subsequent
5-day increments and data is adjusted for run (n=7 per run; 3-4 mice per genotype per
run).
At 11 weeks on diet (19 weeks old), an insulin tolerance test (ITT) was
performed. 0.75 units of insulin per kilogram body weight injected intraperitoneally after a
6-hour morning fast, and blood glucose was measured from the tail vein at six time
points by glucometer.
Mice were sacrificed under isoflurane by cardiac puncture at 20 weeks old (12
weeks on diet) and blood was collected by cardiac puncture, tissues were dissected,
weighed, and snap frozen for analysis; or were fixed in zinc formalin, embedded in
paraffin, and sectioned for histological analysis; or gWAT was used to isolate adipocytes
as described below.

Serum Biochemistry
At the time of sacrifice after a 6-hour morning fast, whole blood glucose measurements
were made by glucometer (One Touch Ultra Blue, LifeScan, Inc). Blood was obtained by
cardiac puncture under isofluorane and the serum was removed after of low speed
centrifugation. Insulin was determined by ELISA (Ultra-sensitive mouse insulin, Crystal
Chem, Inc) and FFA was determined using a colormetric kit (Wako Diagnostics). Total
TAG (glycerol phosphate oxidase, Beckman Coulter OSR6133) and total cholesterol
(Aminoantipyrine/Phenol/Peroxidase, Beckman Coulter OSR6116) by enzymatic
colorimetric endpoint assay (Beckman Coulter AU400).
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Adipocyte Isolation
Gonadal adipose fat pads were dissected from the mouse, weighed, and immediately
submerged in Krebs-Ringer bicarbonate (KRB) buffer at pH 7.4 with 4% bovine serum
albumin (BSA), 500 nM adenosine, and 5 mM glucose, and primary adipocytes were
isolated by collagenase digestion (1 mg/mL KRB) as previously described (Ding et al.,
2014; Shaughnessy et al., 2000). For mice on LFD, fat pads from 2-3 mice per genotype
were pooled to obtain enough cells for subsequent experiments. Cells then were filtered
through a 250-μm nylon mesh and washed (Ding et al., 2014). Adipocytes were washed
an additional two times in KRB, then used for subsequent ex vivo experiments or added
to a tube with silicon oil and centrifuged at 10,000g for 2 minutes, which separates KRB
(bottom) from the adipocytes (top), and adipocytes were removed and frozen at -80°C in
Triazol for subsequent RNA analysis, 10% SDS for Western Blot, or Med1 buffer for
ACSL activity assay (described below). Fat cell number was determined by the method
described by Goldrick where average cell diameter, determined using ImageJ software
(NIH), is used to calculate fat cell volume, which can then be multiplied by triglyceride
density to calculate the average fat cell weight (Goldrick, 1967). Then, total neutral lipid
was measured as previously described (Dole and Meinertz, 1960). Finally, fat cell
number is calculated by the total lipid content divided by the average fat cell weight
(Goldrick, 1967).

Ex Vivo Isolated Adipocyte Oxygen Consumption
Isolated adipocyte oxygen consumption was measured using a Clark-type electrode
digital model 10 controller with a constant stirbar (Rank Brothers) and was water
jacketed to maintain adipocytes at 37°C, and data was recorded by a PowerLab 4/30
data acquisition system (ADInstruments) as previously described with modifications
(Kraus et al., 2014; Pulinilkunnil et al., 2011; Wang et al., 2009). The electrode was pre-
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calibrated with oxygenated water at 37°C and then with 500 µL oxygenated KRB without
cells to detect electrode drift. After the third wash with KRB as described above, isolated
adipocytes were diluted 1:3 in KRB, and a 500 µL aliquot of adipocytes were transferred
to the electrode chamber and air sealed. Basal respiration (in the presence of KRB
which contains 5 mM glucose) was recorded for 15 minutes, FCCP was injected via
injection port for a final concentration of 50 µM and measured for 10 minutes to
determine maximal uncoupled respiration, and then NaCN was injected for a final
concentration of 1 mM and measured for 10 minutes to inhibit oxygen consumption.
Results were calculated based on that assumption that oxygenated water contains 225
µmol/l O 2 , and data were corrected for electrode drift and normalized for fat cell number
calculated as described above. Isolated adipocytes from one ACSL4floxed and one Ad-KO
littermate were isolated after 12 weeks on diet and oxygen consumption measured per
day to minimize variability.

Ex Vivo Isolated Adipocyte Lipolysis
1 mL aliquots of 10% adipocyte suspension in KRB were incubated at 37°C in a shaking
water bath with 4 μg deaminase and 20 nM phenylisopropyl adenosine for basal lipolytic
activity or with additional 1 μM isoproterenol for stimulated activity for time 0 and 2
hours(Ding et al., 2014). Triplicate measurements were performed for each timepoint.
Incubations were stopped by centrifugation with silicon oil described above. Glycerol
released into the medium was determined as lipolytic activity using a fluorometric assay
(Laurell and Tibbling, 1966) and data was normalized by fall cell number calculated as
described above.
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Isolated Adipocyte Lipidomics
Adipocytes were isolated as described above with two washes with KRB containing BSA
and the final wash with KRB without BSA. Adipocytes with buffer were added to a tube
with silicon oil and centrifuged at 10,000g for 2 minutes, then adipocytes were removed
minimalizing amount of silicon oil in the sample, and frozen at in liquid nitrogen and
stored at -80°C. The adipocyte samples were added to 200 μL of 10 times diluted PBS
in an Eppendorf tube and were homogenized for 1 min by using a disposable soft tissue
homogenizer. An aliquot of 6 μL was pipetted to determine the protein content (BCA
protein assay kit, Thermo Scientific, Rockford, IL). The rest of homogenate was
accurately transferred into a disposable glass culture test tube, and a mixture of lipid
internal standards was added prior to lipid extraction for quantification of all reported lipid
species. Lipid extraction was performed by using a modified Bligh and Dyer procedure
as described previously (Wang and Han, 2014). The aqueous phase solution was
loaded onto a HybridSPE cartridge to recover and enrich lyso phospholipids (Wang et
al., 2015), and the chloroform phase was evaporated under nitrogen. Both of the extract
from aqueous and organic phases were resuspended into a volume of 500 μL of
chloroform/methanol (1:1, v/v) per mg of protein and flushed with nitrogen, capped, and
stored at −20 °C for lipid analysis. Part of the extract solution from organic phase was
separately derivatized to determine 4-hydroxyalkenal species (Wang et al., 2012),
cholesterols (Cheng et al., 2007), diacylglycerol species (Wang et al., 2014), and nonesterified fatty acids(Wang et al., 2013). For ESI direct infusion analysis, lipid extract or
derivatives were further diluted to a final concentration of ~500 fmol/µL, and the mass
spectrometric analysis was performed on a QqQ mass spectrometer (Thermo TSQ
QUANTIVA, San Jose, CA) equipped with an automated nanospray device (TriVersa
NanoMate, Advion Bioscience Ltd., Ithaca, NY). Identification and quantification of lipid
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molecular species were performed using an automated software program (Wang and
Han, 2014; Yang et al., 2009). Data were normalized per mg of protein.

ACSL Enzyme Activity Assay
ACSL enzyme specific activity was measured as previously described (Ellis et al., 2010;
Polokoff and Bell, 1978). Isolated adipocytes and BAT were homogenized in Medium 1
(Med1) buffer (10mM Tris pH 7.4, 1mM EDTA, 0.25M sucrose, 1 mM DTT), centrifuged
at 40,000rpm for 1 hour at 4°C to pellet membranes, which were resuspended in 250µL
Med1 buffer, and BCA assay performed to determine protein content. ACSL enzyme
activity assay performed with 50 µM [1-14C]palmitic acid, 10mM ATP, and 0.25mM CoA
with total membrane fractions (1-4 µg protein) (Ellis et al., 2010). Data were normalized
per micrograms of protein.

Adipose Tissue Lipids and Metabolites
Oxylipin Extraction and Quantification – Oxylipins were detected and quantified by ultraperformance liquid chromatography - negative mode electrospray ionization multiple
reaction monitoring tandem mass spectrometry on an API 4000 QTRAP (Sciex; Dublin
CA) using modifications of published procedures (Gladine et al., 2014; Grapov et al.,
2012; Newman et al., 2014). Briefly, frozen gWAT was pulverized on dry ice and 20 ±
4mg sub-aliquots were homogenized on a GenoGrinder 2000 (SPEX Sample Prep) ball
mill in 100µL methanol (MeOH) containing butylated hydroxytoluene, EDTA, and
analytical surrogates. To quantify non-esterified oxylipins, samples were enriched with
deuterated oxylipins, and diluted with 0.5mL water and extracted twice with 1mL ethyl
acetate (EtOAc). To quantify esterified oxylipins, pulverized sub-aliquots were enriched
with lipid class surrogates (i.e. deuterated tri-palmitoyl-glycerol, deuterated distearoylphosphatidylcholine (Avanti Polar Lipids; Alabaster AL), cholestryl-C21:1n9-ester, and
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C22:3n3 (Nu-Check Prep; Waterville MN) and extracted with isopropanol, cyclohexane,
and ammonium acetate (Smedes, 1999). Organic phases were dried under vacuum,
residues dissolved in 1:1 MeOH/toluene, and sub-aliquots were either trans-esterified in
methanolic 0.1N NaOH for GC/MS analysis (Agilent 6890 GC with 5973 MSD) to
determine esterified- surrogate recovery), or spiked with deuterated oxylipins and
hydrolyzed to produce free acids for LC-MS/MS analysis. Released oxylipins were
isolated with 96-well Oasis HLB solid phase extraction plates (Waters Corp), and eluted
with 0.5mL MeOH, followed by 1mL of EtOAc. Extracts were collected, reduced to
dryness in 6µL glycerol under vacuum, and stored at -20ºC until analysis. Samples were
re-constituted with 1:1 MeOH/acetonitrile containing the internal standard 1-cyclohexyl
ureido, 3-dodecanoic acid (Sigma) and filtered to 0.1µm (Amicon Ultrafree-MC; Millipore,
Billerica, MA). Data reporting criteria include: data >3:1 signal to noise; values are within
the calibrated linear range. Data quality assurance including surrogate recoveries and
replicate analyses indicated acceptable performance, with comparable performance
among batches.

Adipose Tissue Acyl-CoAs, Acylcarnitines, and Organic TCA Metabolites - Acyl-CoAs
were extracted and analyzed using a modified version of a previously described method
(Blachnio-Zabielska et al., 2011). Briefly, gWAT was ground to a homogenous powder
using a liquid nitrogen-chilled mortar and pestle. Approximately 30-40 mg (wet mass) of
each pulverized tissue sample was rapidly transferred to a pre-weighed chilled
Eppendorf tube before the addition of extraction solvent and the internal standard. For
acyl-CoAs and acylcarnitines, 1 ml of extraction solvent was used which is composed of
1:1 of 100 mM KH 2 PO 4 and organic mixture (3:1:1 ACN, IPA: Methanol). The internal
standard was 20 ng/ml of C17-CoA. The samples were sonicated on ice, followed by
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centrifugation at 4°C. Clean extract was recovered and dried under a gentle stream of
nitrogen. Dried sample was reconstituted with cold 1:1 (methanol: water) and 10 µl was
injected on the LC-MS. Chromatographic separations were performed with an Agilent
Technologies (Santa Clara, CA) 1200 HPLC system equipped with a Waters (MA, USA)
Acquity UPLC® BEH C18 column (2.1 × 100 mm, 1.7 μm) and a 2.1 × 5 mm
VanGuard™ pre-column using the following conditions: mobile phase A was 10%
acetonitrile, 90 % MS water, mobile phase B was acetonitrile. Both mobile phases
contained 15 mM ammonium hydroxide. The gradient program for LC-CoA started at 0%
B which was held for 3 minutes while LC eluent was directed to the waste during this
period. %B was ramped linearly to 30 % B over 3 min, then ramped to 40% B over 6
more minutes, then held at 100% B for 4 minutes, after which the column was
reconditioned using 100% A for 6 minutes. The total run time was 22 minutes and the
flow rate was 0.25 ml/min. For acylcarnitines, the gradient started at 0% B, was held for
3 minutes while LC eluent was directed to the waste during this period. %B was ramped
linearly to 100% B over 19 min, was held at 100% B for 1 minute, after which the
column was reconditioned using 100% A for 5 minutes. The total run time was 25
minutes. Detection was performed using an Agilent 6490 triple Quadrupole mass
spectrometer in MRM mode. For polar metabolites, 30-40 mg of wet tissue was
extracted using 8:1:1 (methanol: chloroform: water) containing 13C internal standards for
TCA cycle metabolites, nucleotides and amino acids. Separation and detection was
performed on a Phenomenex Luna NH 2 column (1 mm x 150 mm x 3 μm) and an Agilent
6520 Q-TOF previously described (El-Azzouny et al., 2014; ElAzzouny et al., 2015;
Lorenz et al., 2013). Metabolites were quantified by measuring the metabolite peak area
as a ratio to its 13C internal standard analog and was normalized to the tissue weight.
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Liver Triacylglycerol and Cholesterol
Liver TAG and cholesterol were determined by modified Folch procedure (Folch et al.,
1957; Frayn and Maycock, 1980; Spriet et al., 1986). Snap frozen wet liver was
homogenized in 2:1 chloroform:methanol with overnight incubation and subsequent
extraction with magnesium chloride; the organic layer was evaporated under nitrogen at
37°C to complete dryness and saponified by incubating with ethanolic potassium
hydroxide solution at 60°C for one hour and adding magnesium sulfate. For TAG, the
resultant supernatant was evaluated for liberated glycerol (Sigma) (Folch et al., 1957;
Frayn and Maycock, 1980; Spriet et al., 1986). For cholesterol, the supernatant was
evaluated by enzymatic, colormetric kit (Inifinity Cholesterol Liquid Stable Reagent,
Thermo Scientific). Measurements were made in triplicate per sample and data was
normalized by both tissue weight and protein content determined by BCA assay.

Real-time PCR
Adipose tissue and liver RNA was extracted using Qiagen RNEasy Lipid Mini kits and
isolated adipocyte RNA was extracted using Qiagen RNEasy Plus Micro kit according to
manufacturer’s instructions. RNA was quantified and checked for purity using the
Nanodrop spectrophotometer (Nanodrop 1000, Wilmington, DE). cDNA was generated
from equal amounts of RNA, and real-time quantitative PCR was performed using SYBR
Green (Applied Biosystems 7300, Carlsbad, CA). Fold-changes were calculated as 2–
ΔΔCT, with Cyclophilin A used as the endogenous control. Primer sequences are listed
in Supplementary Table 1.

Western Blot
Isolated adipocyte protein was prepared as previously described where previously
frozen isolated adipocytes in 10% SDS were homogenized in equal amount of lysis
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buffer without SDS (0.1 mM Na 3 VO 4 , 50 mM HEPES, 2 mM EDTA, 50 mM NaF, 1 mM
benzamidine, 5 µL/mL Protease Inhibitor (Sigma), ph 7.4) plus red blood cell lysis buffer
(Sigma), then incubated for 1 hour at 37°C with vorexing, centrifuged at 14,000g for 10
minutes at room temperature, and the internatent containing protein between the fat
cake and the pellet was removed for subsequent analysis (Wang et al., 2003). Adipose
tissue and liver were homogenized in RIPA buffer with protease (Halt) and phosphatase
(PhoStop) inhibitors at 100mg/100 µL and 10mg/100 µL, respectively. Homogenates
were centrifuged at 12,400g for 10 minutes at room temperature, fat free homogenate
removed, and centrifugation repeated to ensure all fat is removed from sample.
Equal amounts of protein (determined by BCA assay) of the protein lysates were
solubilized and denatured by boiling for five minutes in 1X SDS solution with 2mercaptoethanol, which were resolved by loading into wells of 7.5% polyacrylamide gel
(Mini Protean TGX, BioRad) and run with 1X tris-glycine-SDS buffer, transferred to
nitrocellulose membrane, and blocked with 5% bovine serum albumin in tris-buffered
saline with 0.2% tween overnight at 4°C. For demonstration of the presence or lack of
ACSL4 protein content, an affinity purified antibody generously given to us by Dr. Diana
Stafforni (University of Utah) previously described (Cao et al., 2001) (1:500 dilution for
adipocytes; 1:2,000 for adipose tissue and liver) for 1.5 hours at room temperature. The
secondary antibody, donkey anti-rabbit horseradish peroxidase (GE Healthcare UK) was
diluted 1:10,000 prior to 1 hour membrane incubation at room temperature, detected by
chemiluminescence (Supersignal West Pico, Fisher), and images captured with a
sensitive camera (Fluorchem Q, Alpha Innotech). Blots were then stripped (Restore
Western Blot Stripping Buffer, Thermo Scientific), blocked overnight, and reprobed for
normalization with 1:1,000 dilution of GAPDH antibody raised in rabbit for 1 hour at room
temperature (14C10, Cell Signaling). P53 (Cell Signaling, 9282) and UCP1 (AbCam,
10983) were detected with a purchased antibody per manufacturer’s instructions.
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Immunohistochemistry
gWAT was fixed and stained for Mac-2 as previously described (Strissel et al., 2007).
Liver was fixed and stained for hematoxylin and eosin (H&E) as previously described
(Perfield et al., 2011).

Serum Fatty Acid Analysis
Serum fatty acid profiles were quantified using an established gas chromatography
method as previously described (Agren et al., 1992; Folch et al., 1957; MORRISON and
SMITH, 1964). Peaks of interest were identified by comparison with authentic fatty acid
standards (Nu-Chek Prep, Inc. Elysian, MN) and expressed as molar percentage (mol
%) proportions of total fatty acids. Interassay coefficients of variation (CV) were <4.5%
for fatty acids present at levels >1%.

Statistical Analysis
Data were analyzed using SAS 9.3 (Cary, NC) by two-way ANOVA with Tukey’s HSD for
multiple comparisons (where appropriate) or repeated measures ANOVA for time series
data, unless otherwise indicated. Gene expression data was analyzed by Student’s t-test
with a Bonferroni adjustment for the appropriate number of comparisons. Data were
expressed as mean ± standard error of the mean. Differences at values of p<0.05 were
considered significant.
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Figure 1. Mice that lack ACSL4 specifically in adipocytes were protected against
high fat diet-induced obesity.
(a) Schematic of ACSL4 wiltype gene (+/+) with loxP sites inserted on either side of
exons 3 & 4 (ACSL4floxed), which is deleted when mated to a mouse expressing Cre
recombinase (Ad-KO). (b) ACSL4 mRNA expression quantified by real-time PCR relative
to Cyclophilin A in isolated gonadal & subcutaneous white adipocytes, brown adipose
tissue, and liver in 20 week old males on LFD. n=3-7 mice per group. *p<0.05
ACSL4floxed vs. Ad-KO. Student’s t-test. (c) Representative immunoblot against ACSL4 in
isolated gonadal adipocytes of 20 week old males on LFD. (d) Total ACSL enzyme
activity in isolated gonadal adipocytes of 20 week old males on LFD or HFD for 12
weeks. n=4-6 mice/group *p<0.05 ACSL4floxed vs. Ad-KO within diet. Student’s t-test. (e)
Body weight and (f) fat mass from 8 to 20 weeks of age in male mice fed a LFD or HFD;
n= 11-12 mice/group LFD, 28-31 mice/group HFD; #p<0.05 ACSL4floxed LFD vs. HFD,
*p<0.05 ACSL4floxed HFD vs. Ad-KO HFD; Repeated measures ANOVA with Tukey’s
HSD for multiple comparisons.
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Figure 2. Ad-KO mice on HFD were protected against adipose tissue inflammation
and adipocyte death
(a) Adipose tissue depot weight determined at time of sacrifice after 12 weeks on diet.
n=11-12 mice/group LFD, 28-31 mice/group. *p<0.05 ACSL4floxed HFD vs. Ad-KO within
diet; #p<0.05 LFD vs. HFD within genotype; Two-way ANOVA with Tukey’s HSD for
multiple comparisons. (b) Isolated gonadal adipocyte volume at time of sacrifice after 12
weeks on diet; n=6-12 mice/group adipocyte volume; *p<0.0001 ACSL4floxed HFD vs. AdKO within diet; #p<0.0001 LFD vs. HFD within genotype; Student’s t-test after log
transformation. (c) Gonadal adipose tissue inflammatory genes of interest mRNA
expression quantified by real-time PCR relative to Cyclophilin A. n=7-8 mice per group.
*p<0.0125 ACSL4floxed vs. Ad-KO within diet; #p<0.0125 LFD vs. HFD within genotype.
Student's t-test with Bonferroni correction for 4 comparisons.
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Figure 2. Continued.
(d) Crown-like structure abundance determined by MAC-2 staining in gonadal adipose
tissue of 20 week old male mice; n=3-4 mice/group LFD, 12-15 mice/group HFD.
Student’s t-test. (e) Insulin tolerance test (ITT) and (f) ITT area under the curve after 11
weeks on diet. *p<0.05 ACSL4floxed HFD vs. Ad-KO HFD; Repeated measures ANOVA
ITT, Student’s t-test AUC; n=16-19 mice/group. (g) Representative immunoblot against
p53 and ACSL4 in gonadal adipose tissue on 20 week old male mice on HFD for 12
weeks and (h) p53 downstream target genes in isolated gonadal adipocytes of 20-week
old male ACSL4floxed or Ad-KO mice on LFD or HFD for 12 weeks RNA expression
quantified by real-time PCR relative to Cyclophilin A. n=5-7 mice per group. *p<0.0125
ACSL4floxed vs. Ad-KO within diet; #p<0.0125 LFD vs. HFD within genotype; Student's ttest with Bonferroni correction for 4 comparisons.
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Low-Fat Diet

High-Fat Diet

ACSL4floxed

Ad-KO

ACSL4floxed

Ad-KO

Serum TAG (mg/dL)

73.1 ± 3.5

72.4± 3.7

67.7± 2.9

69.3± 3.2

Serum Cholesterol
(mg/dL)

114.4 ± 5.6

111.0 ± 5.6

184.5 ± 4.3#

151.3 ± 4.9#*

Serum FFA (μmol/L)

360.3 ± 18.0

337.3 ± 19.0

376.1 ± 14.7

337.2 ± 16.5

Serum Glucose (mg/dL)

169.7 ± 12.3

196.0 ± 11.1

206.20 ±
17.4#

194.6 ± 18.6

Serum Insulin (ng/mL)

0.41 ± 0.052

0.39 ± 0.049

1.84 ± 0.15#

0.93 ± 0.13#*

Liver Weight (grams)

0.934 ± 0.03

0.920 ± 0.03

1.066 ±
0.02#

0.870 ±
0.03#*

Liver TAG
(mg/mg protein)

0.194 ±
0.047

0.134 ±
0.047

0.592 ±
0.052#

0.350 ±
0.047#*

Liver Cholesterol
(µg/mg protein)

35.17 ± 5.56

37.06 ± 5.56

34.02 ± 6.21

45.62 ± 5.56

Table 1. Ad-KO on HFD were protected against markers of metabolic syndrome
and nonalcoholic steatohepatitis.
TAG, cholesterol, FFA, and glucose n=9-15 mice/group; Insulin n=5-10 mice/group;
Liver weight n=11-12 mice/group LFD, 26-31 mice/group HFD; Liver TAG and
cholesterol n=8 mice/group. *p<0.05 ACSL4floxed HFD vs. Ad-KO within diet; #p<0.05
LFD vs. HFD within genotype. Two-way ANOVA with Tukey’s HSD for multiple
comparisons.
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Figure 3. Ad-KO mice on HFD had higher whole-body energy expenditure and
isolated gonadal adipocyte oxygen consumption, not due to increased food
intake, activity, or browning of adipose tissue.
(a) Energy expenditure per kg lean mass per hour at 7 weeks on HFD; n=5-7
mice/group; *p<0.05 ACSL4floxed HFD vs. Ad-KO HFD; Repeated measures ANOVA.
(b) Mean energy expenditure per day normalized by fat mass, body weight, and lean
mass in 15 week-old male mice on HFD for 7 weeks; n=5-7 mice/group; *p<0.05
ACSL4floxed HFD vs. Ad-KO HFD; **p<0.0125 ACSL4floxed HFD vs. Ad-KO HFD; Two-way
ANOVA. (c) food intake, (d) activity, and (e) respiratory exchange ratio; n=5-7
mice/group. (f) Oxygen consumption in isolated gonadal adipocytes measured by Clark
Electrode in 20 week-old male mice on HFD for 12 weeks. Rate of basal respiration with
5 mM glucose measured for 15 minutes, then 50 µM FCCP added to determine rate of
maximal uncoupling for 10 minutes, and lastly 1mM NaCN added to shut off respiration
for 10 minutes; n=3-6 mice/group; *p<0.05 ACSL4floxed HFD vs. Ad-KO HFD; #p<0.05
treatment vs. basal within genotype; Two-way ANOVA. (g) Representative immunoblot
against Ucp1 in gonadal adipose tissue on 20 week old male mice on HFD for 12 weeks.
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Figure 4. Ad-KO isolated gonadal adipocytes had improved glutathione-mediated
detoxification and altered polyunsaturated fatty acid metabolism gene expression
without differences in lipogenesis or adipogenesis on HFD.
(a) ACSL isoform, (b) adipogenic and lipogenic genes of interest, (c) glutathionemediated detoxification genes, and (d) PUFA metabolism genes of interest in isolated
gonadal adipocytes of 20-week old male ACSL4floxed or Ad-KO mice on LFD or HFD for
12 weeks RNA expression quantified by real-time PCR relative to Cyclophilin A. n=5-8
mice per group. *p<0.05 ACSL4floxed vs. Ad-KO within diet; **p<0.0125 ACSL4floxed vs.
Ad-KO within diet; #p<0.05 LFD vs. HFD within genotype; ##p<0.0125 LFD vs. HFD
within genotype; Student's t-test.
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Figure 5. Adipocytes from Ad-KO mice on HFD had alterations in n-6 PUFA fatty
acyl-CoA formation, phospholipid incorporation, FFA, and 4-HNE production.
(a) Long-chain acyl-CoA species determined in gonadal adipose tissue of male
ACSL4floxed or Ad-KO mice on HFD for 12 weeks as determined by two-way ANOVA.
*p<0.05 ACSL4floxed vs. Ad-KO within diet; **p<0.0125 ACSL4floxed vs. Ad-KO within diet.
n=7-8 mice/group. (b) Fold-change of isolated adipocyte AA, DHA, and LA phospholipid
species. Significant differences between groups represented in yellow (p<0.05) and
italicized (p<0.01) as determined by two-way ANOVA (Black boxes=Species not
detected). n=6-9 mice/group. (c) Isolated adipocyte FFA species (no species less than
20 carbons had significant differences) as determined by two-way ANOVA. *p<0.05
ACSL4floxed vs. Ad-KO within diet; **p<0.0125 ACSL4floxed vs. Ad-KO within diet. n=6-9
mice/group. (d) Isolated adipocyte 4-HNE content as determined by two-way ANOVA.
*p<0.05 ACSL4floxed vs. Ad-KO within diet; **p<0.0125 ACSL4floxed vs. Ad-KO within diet.
n=6-9 mice/group. (e) Representative model of ACSL4’s actions in adipocytes. In the
context of diet-induced obesity, LA is converted to AA, and AA, both dietary and from
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Figure 5. Continued.
LA, is converted to AA-CoA by ACSL4 and directed to phospholipid incorporation. AA in
phospholipids are attacked by ROS produced from HFD-induced obesity and detrimental
lipid peroxidation products like 4-HNE are produced. 4-HNE both inhibits cellular oxygen
consumption and promotes p53 activation. P53 is known to promote insulin resistance,
inflammation, and cell death, ultimately resulting in DIO.
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Supplementary Figure 1. Subcutaneous Adipose Tissue Analysis.
Subcutaneous adipose tissue (a) average adipocyte volume; n=6-12 mice/group
adipocyte volume; *p<0.0001 ACSL4floxed HFD vs. Ad-KO within diet; #p<0.0001 LFD vs.
HFD within genotype; Student’s t-test after log transformation. Subcutaneous adipose
tissue expression of ACSL4 mRNA (b) and protein (c) demonstrate that the knockdown
of ACSL4 in adipose tissue. n=10-12 mice/group mRNA; n=3 mice/group protein.
*p<0.0125 FL vs. KO within diet; #p<0.0125 LFD vs. HFD within genotype. Student's ttest with Bonferroni correction for 4 comparisons. Subcutaneous adipose gene
expression for genes relative to (d) browning and (d) p53 activation without inflammation
from 20-week old male ACSL4floxed or Ad-KO mice on LFD or HFD for 12 weeks
quantified by real-time PCR relative to Cyclophilin A. n=10-12 mice per group. *p<0.0125
ACSL4floxed HFD vs. Ad-KO within diet; #p<0.0125 LFD vs. HFD within genotype;
Student's t-test with Bonferroni correction for 4 comparisons. Data represent ± SEM.
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Supplementary Figure 2. Liver analysis.
(a) Representative images of H&E staining in liver of 20 week old male mice on LFD or
HFD for 12 weeks consistent with increased liver TAG in ACSL4floxed HFD liver compared
to Ad-KO HFD liver. Liver expression of ACSL4 (b) mRNA and (c) protein demonstrate
that the knockout of ACSL4 is adipocyte-specific. n=8 mice/group mRNA; n=3
mice/group protein.
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Supplementary Figure 3. Brown Adipose Tissue Analysis.
Brown adipose tissue (a) total ACSL activity and (b) relative ACSL gene expression in
brown adipose tissue. n=4-7 mice/group ACSL activity; n=8 mice/group mRNA. *p<0.05
ACSL4floxed HFD vs. Ad-KO within diet; Student's t-test. Brown adipose gene expression
for genes relative to (c) increased oxidative capacity and mitochondrial biogenesis from
20-week old male ACSL4floxed or Ad-KO mice on LFD or HFD for 12 weeks quantified by
real-time PCR relative to Cyclophilin A. n=8 mice/group.
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Supplemental Figure 4. Gonadal adipose tissue analysis.
(a) Representative images of Mac-2 staining in adipose tissue of 20 week old male mice
on LFD or HFD for 12 weeks consistent with increased CLS in ACSL4floxed HFD adipose
compared to Ad-KO HFD adipose. (b) Isolated adipocyte lipolysis in basal conditions and
with stimulation of 1µM isoproterenol consistent with 2.1-fold greater change between
stimulated vs. basal lipolysis in ACSL4floxed HFD adipocytes compared to Ad-KO HFD
adipocytes. p=0.04; Student’s paired t-test. n=6-12 mice/group. (c) Gonadal adipose
tissue acylcarnitines, (d) hydroxyl-acylcarnitines and (e) TCA cycle metabolites. *p<0.05
ACSL4floxed vs. Ad-KO within diet; **p<0.0125 ACSL4floxed vs. Ad-KO within diet;
#p<0.0125 LFD vs. HFD within genotype. Student's t-test. n=3-4 mice/group LFD; 7-8
mice/group HFD.
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Supplementary Figure 5.
Gonadal adipose tissue
bound and free oxylipins.
Fold-change of tissue
bound oxylipin abundance
(n=10 mice/group).
Significant differences
between groups
represented in yellow
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Supplementary Table 1. RT-PCR Primer Sequences
Gene
Forward (5’-3’)
Reverse (5’-3’)
CAGAACATGTGGGTGTCCAG
GTTACCAACATGGGCTGCTT
ACSL1
GGGACTACAATACCGGCAGA
CCGCTGTCCATTTTCATCTT
ACSL3
TGGAAGTCCATATCGCTCTGT
TTGGCTACAGCATGGTCAAA
ACSL4
GCGACCAATGTCCCCAGTGTGA
ACSL5 AATGTGTTCAAAGGCTACCTAAAGGACCC
TGAATGCACAGCTGGGTGTA
ATGTGGTTGCAGGGCAGAG
ACSL6
ACCAGTGTCCAGGGGTACAG
TGTCTCCCAGCTGACATGAG
FATP1
CACAGCTCAGTGGACTGGAA
ACCCTAGACCCACAATGCAG
CDKN1A
TGTTTTCTGGTCCAGCCTCT
CAAGCCACTCCTCTTTCCTG
IGFBP3
TCTTCCATCACGGAGAGGTC
GATGCACTGCCTATGAGCAC
PPARƔ
AACATCCCCACGCTAAACAG
CTGACAAGGTGGCGTGAAG
ACC-1
CCCTTGATGAAGAGGGATCA
GAACAAGGCGTTAGGGTTGA
FASN
CGAGAAGGTGGTAGAGTCC
AGCCTTCTGGGTCCTCTG
PLIN1
ACCTGTAACTTCATTGTCGGCAT
ACGGCAAATAGAAGGAAGACGTA
GLUT4
GAATCATTATGACGGCAGCA
TCATGTACACCGTGATGTGGT
ADIPOQ
AGGTCCCTGTCATGCTTCTG
TCTGGACCCATTCCTTCTTG
MCP-1
CACTCAGTGACTGCCCAAAA
CCTCAAGACAGGACATCGCT
CD11C
CTTTGGCTATGGGCTTCCAGTC
GCAAGGAGGACAGAGTTTATCGTG
F4/80
ACCGCCATGTAGTCCAGGTA
ATCCCCACCTGTCTCTCTCA
CD68
ATGGGCTTTCCGAATTCAC
GAGGCAACCTGACCACTCTC
TNFα
CTCCTGAGACCAGCCAAGAC
GAGCCTAAGCCTGAATGCAC
GPX3
ACTAAGGTCCTGGGCTGGAT
TGGATAGCTGACACCTGCTG
GSTT2
GCTCGAACTGGGAGACAGAC
CACAGGTGATGCAGAGAGGA
GSTT3
AGTGCAGCGTGCTTTAAGGT
GGGCAGAGTGGTTTTGTTGT
GSTA4
CAGTGCAACTCCTTCGAACA
AAAAACAGCTTCTCCCAGCA
FADS1
AAACCAAGCTCCATGAGTGG
TGGTGGTGTCGGTAACTGAA
CEPT1
GGCAAAAACAGAAGGATTGC
TAAGCCGGCTGAGATCTTGT
UCP1
ATGTGCGCCTTCTTGCTCT
CACGACCTGTGTCGAGAAAA
PGC1Α
GTCCGCAAATGACCCCTTT
CCCACCCACTCTCTGACTTTC
DIO2
GTGGTCTTTGGGAAGGTGAA
TTACAGGACATTGCGAGCAG
CYCA
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Low-Fat Diet

High-Fat Diet

ACSL4floxed

Ad-KO

ACSL4floxed

Ad-KO

37.62 ± 0.22

37.29 ± 0.27

37.51 ± 0.38

38.10 ± 0.32

0.404 ± 0.0159

0.387 ± 0.0186

0.251 ± 0.0098##

0.264 ± 0.0055##

15.14 ± 0.54

14.81 ± 0.34

9.01 ± 0.44##

9.85 ± 0.18##*

5.068 ± 0.12

4.92 ± 0.05

6.10 ± 0.19##

5.98 ± 0.22##

41.77 ± 0.44

42.49 ± 0.30

47.08 ± 0.33##

45.81 ± 0.36##

18:2n-6

24.53 ± 0.24

25.38 ± 0.20*

23.74 ± 0.51

24.64 ± 0.63

18:3n-6

0.319 ± 0.020

0.313 ± 0.018

0.309 ± 0.015

0.291 ± 0.016

20:2n-6

0.199 ± 0.012

0.215 ± 0.010

0.193 ± 0.0080

0.225 ± 0.0089*

20:3n-6

1.32 ± 0.062

1.21 ± 0.025

0.941 ± 0.027##

0.949 ± 0.048##

20:4n-6

14.84 ± 0.46

14.82 ± 0.44

21.24 ± 0.50##

19.064 ± 0.66##*

22:2n-6

2.14 ± 0.12

2.038 ± 0.084

0.746 ± 0.028##

0.802 ± 0.025##

22:4n-6

0.144 ± 0.0047

0.161 ± 0.0044

0.129 ± 0.0057

0.137 ±
0.0049##*

22:5n-6

0.401 ± 0.014

0.377 ± 0.0064

0.508 ± 0.037##

0.485 ± 0.032#

% MOL
Saturated
Trans
Monounsaturated
n-3
Polyunsaturated
n-6
Polyunsaturated

Supplementary Table 2. Serum fatty acid profile analysis.
#

p<0.05 LFD vs. HFD within genotype; ##p<0.0125 LFD vs. HFD within genotype;

*p<0.05 ACSL4floxed vs. Ad-KO within diet; Student’s t-test. n=8-9 mice/group.
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Supplementary Table 3. Isolated Adipocyte Shotgun Lipidomics Analysis.
See excel spreadsheet (20 pages adapted for thesis).

Lipidomic analysis:
Isolated adipocytes from ACSL4 floxed & Ad-KO males on HFD for 12 weeks
Samples:

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

ACSL4floxed HFD
ACSL4floxed HFD
floxed
ACSL4
HFD
floxed
ACSL4
HFD
floxed
ACSL4
HFD
floxed
ACSL4
HFD
floxed
ACSL4
HFD
floxed
ACSL4
HFD
floxed
ACSL4
HFD
Ad-KO HFD
Ad-KO HFD
Ad-KO HFD
Ad-KO HFD
Ad-KO HFD
Ad-KO HFD
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floxed

ACSL4
Phosphatidylethanolamine (PE)
(nmol/mg protein)
P16:0-16:1
P16:0-18:2
P18:1-16:0/P16:0-18:1
P18:0-16:0/P16:0-18:0
D16:1-18:2
D16:0-18:2/D16:1-18:1
D16:0-18:1
P16:1-20:4
P16:0-20:4
P16:0-20:3/P18:1-18:2

HFD

Ad-KO HFD

Average
0.25
0.98
0.85
0.08
0.59
6.03
1.09
0.14
6.37
0.71

SE
0.03
0.07
0.09
0.01
0.06
0.41
0.09
0.01
0.31
0.08

Average
0.28
1.25
1.14
0.10
0.82
6.09
1.12
0.06
4.13
0.55

SE
0.05
0.22
0.20
0.02
0.09
0.70
0.16
0.01
0.56
0.09

P18:1-18:1/P18:0-18:2/P16:0-20:2
P18:0-18:1/P16:0-20:1
A18:0-18:1
D16:1-20:4
D16:0-20:4/D18:2-18:2
D18:1-18:2/D16:0-20:3
D18:0-18:2/D18:1-18:1/D16:020:2
D18:0-18:1/D16:0-20:1
P16:0-22:6/P18:2-20:4
P18:1-20:4/P16:0-22:5

948.54
950.56
952.58
958.49
960.51
962.52

0.31
0.34
0.03
0.48
3.89
6.67

0.02
0.02
0.01
0.03
0.21
0.54

0.43
0.39
0.04
0.32
2.45
8.06

0.08
0.05
0.01
0.04
0.26
0.99

964.54
966.55
968.51
970.53

9.78
0.88
3.75
1.68

0.62
0.06
0.16
0.07

10.87
0.92
2.84
1.33

1.38
0.12
0.32
0.21

P18:0-20:4/P16:0-22:4/P18:1-20:3
P18:0-20:3
P20:1-18:1/P18:1-20:1

972.54
974.56
976.58

1.09
0.20
0.03

0.05
0.01
0.01

0.80
0.10
0.06

0.11
0.01
0.02
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MASS:PE-FMOC
894.50
920.51
922.53
924.54
934.49
936.51
938.52
942.50
944.51
946.53

P18:1-20:0
P20:0-18:0/P18:0-20:0
D16:1-22:6
D16:0-22:6
D18:1-20:4D/16:0-22:5
D18:0-20:4/D16:0-22:4
D18:0-20:3/D18:1-20:2/D16:022:3
P18:2-22:6
P18:1-22:6
P18:0-22:6/P18:1-22:5
P18:0-22:5/P18:1-22:4
D18:2-22:6
D18:1-22:6
D18:0-22:6/D18:1-22:5
D18:0-22:5/D18:1-22:4

978.59
980.48
982.49
984.51
986.52
988.54

0.09
0.04
0.15
2.01
3.73
9.96

0.01
0.01
0.01
0.11
0.20
0.59

0.14
0.07
0.11
1.25
2.39
6.22

0.02
0.03
0.02
0.15
0.30
0.79

990.55
992.57
994.53
996.54
998.56
1008.51
1010.52
1012.54
1014.55
PE Sum

0.48
0.08
0.60
0.49
0.10
0.15
0.98
1.80
0.22
67.08

0.04
0.01
0.02
0.03
0.01
0.01
0.07
0.09
0.02
3.55

0.37
0.11
0.50
0.44
0.07
0.17
0.77
1.29
0.17
58.23

0.06
0.02
0.07
0.06
0.02
0.04
0.10
0.16
0.02
7.13

ACSL4floxed HFD
MASS:PI
831.50
833.52
855.50
857.52
861.55
871.53
881.52
883.53

Average
0.01
0.20
0.01
0.95
0.13
0.07
0.06
2.06

SE
0.00
0.02
0.00
0.03
0.01
0.00
0.00
0.08

Average
0.02
0.25
0.01
0.67
0.24
0.04
0.06
1.76

SE
0.00
0.03
0.00
0.07
0.03
0.00
0.01
0.19
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Phosphatidylinositol (PI)
(nmol/mg protein)
16:1-18:2
16:0-18:2
16:1-20:4
16:0-20:4
18:0-18:2
17:0-20:4
18:2-20:4
18:1-20:4

Ad-KO HFD

18:0-20:4
17:0-22:4

885.55
899.56
PI Sum

5.80
0.01
9.30

0.27
0.00
0.37

ACSL4floxed HFD
Phosphatidylserine (PS)
(nmol/mg protein)
16:0-18:2
18:2-18:2
18:1-18:2
18:0-18:2
17:0-20:4
17:0-20:1
18:2-20:4
18:1-20:4
18:0-20:4
17:0-22:4
18:1-22:6
18:0-22:6

MASS:PS
758.50
782.50
784.51
786.53
796.51
802.56
806.50
808.51
810.53
824.54
832.51
834.53
PS Sum

Average
0.23
0.34
0.13
1.50
0.20
0.01
0.21
0.69
6.63
0.35
0.58
5.64
16.49
floxed

ACSL4

MASS:LPE
460.28
476.28
486.30
488.31

Average
0.66
0.61
0.20
0.23

HFD

SE
0.04
0.05
0.02
0.01

0.47
0.00
0.78

Ad-KO HFD
Average
0.26
0.19
0.24
2.10
0.12
0.01
0.15
0.44
4.07
0.20
0.50
4.79
13.07

SE
0.03
0.04
0.04
0.34
0.02
0.00
0.02
0.06
0.42
0.04
0.07
0.51
1.42

Ad-KO HFD

Average
0.48
0.41
0.16
0.22

SE
0.08
0.05
0.03
0.01
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Lyso-Phosphatidylethanolamine
(LPE) (nmol/mg protein)
P16:0
16:0
P18:1
P18:0

SE
0.02
0.04
0.03
0.22
0.02
0.00
0.03
0.08
0.60
0.03
0.08
0.67
1.73

4.32
0.01
7.38

18:2
18:1
18:0
20:4
22:6

500.28
502.29
504.31
524.28
548.28
LPE SUM

0.49
0.74
1.19
0.40
0.19
4.72

0.05
0.08
0.09
0.04
0.02
0.36

ACSL4floxed HFD
MASS:SM
681.55
695.57
707.57
709.58
723.60
733.58
735.60
737.61
749.61
751.63
763.63
765.65
777.65
779.66
791.66
793.68
805.68
807.69
815.66

Average
0.10
0.15
0.82
10.14
0.22
0.07
1.31
5.58
0.05
0.20
0.66
1.51
0.05
0.14
0.70
1.44
0.36
0.54
0.03

SE
0.01
0.01
0.07
0.83
0.02
0.00
0.12
0.49
0.00
0.02
0.06
0.12
0.01
0.01
0.07
0.13
0.03
0.05
0.00

0.16
0.10
0.11
0.07
0.03
0.57

Ad-KO HFD
Average
0.09
0.15
0.70
9.74
0.19
0.06
0.96
4.48
0.03
0.19
0.51
1.30
0.04
0.13
0.63
1.48
0.37
0.61
0.03

SE
0.01
0.03
0.10
1.78
0.03
0.01
0.12
0.72
0.00
0.03
0.05
0.21
0.00
0.02
0.08
0.27
0.06
0.13
0.00
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Sphingomyelin (SM) (nmol/mg
protein)
N14:0
N15:0
N16:1
N16:0
N17:0
N18:2
N18:1
N18:0
N19:1
N19:0
N20:1
N20:0
N21:1
N21:0
N22:1
N22:0
N23:1
N23:0
N24:3

0.62
0.65
0.88
0.30
0.17
3.89

N24:2
N24:1
N24:0
N25:1
N25:0

817.68
819.69
821.71
833.71
835.72
Sum

0.54
1.37
0.32
0.02
0.02
26.33

0.05
0.14
0.03
0.00
0.01
2.21

ACSL4floxed HFD
MASS:PC
712.5469
736.5469
738.5625
740.5782
750.5620
752.5776
762.5625
764.5782
766.5938
768.6095
776.5776
778.5933
780.6089
786.5625
788.5782
790.5938
792.6095
794.6251
804.6089

Average
0.03
0.13
0.61
0.41
0.01
0.04
0.56
11.09
4.32
0.11
0.01
0.90
0.09
0.08
2.23
6.18
21.07
2.72
0.02

SE
0.00
0.01
0.04
0.03
0.00
0.02
0.03
0.65
0.26
0.01
0.00
0.08
0.01
0.01
0.14
0.43
1.29
0.15
0.00

0.09
0.29
0.08
0.01
0.00
4.08

Ad-KO HFD
Average
0.03
0.12
0.52
0.31
0.02
0.03
0.55
9.66
3.73
0.09
0.02
0.85
0.09
0.05
1.19
5.55
19.67
2.64
0.04

SE
0.01
0.01
0.05
0.04
0.00
0.01
0.05
1.42
0.53
0.01
0.00
0.13
0.01
0.01
0.15
0.89
2.98
0.32
0.01
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Phosphatidylcholine (PC)
(nmol/mg protein)
D14:0-16:0
D16:1-16:1/D14:1-18:1
D16:1-16:0/D14:1-18:0
D16:0-16:0
D17:1-16:1
D17:1-16:0
D16:1-18:2
D16:0-18:2
D16:0-18:1
D16:0-18:0
D17:1-18:2
D17:1-18:1
D17:1-18:0
D18:2-18:3/D16:1-20:4
D18:2-18:2/D16:0-20:4
D18:1-18:2/D16:0-20:3
D18:0-18:2/D18:1-18:1
D18:0-18:1
D17:1-20:2

0.56
1.52
0.36
0.02
0.03
24.18

D17:1-20:1
D16:0-22:6/D18:2-20:4
D18:1-20:4/D16:0-22:5
D18:2-20:2/D18:0-20:4
D18:0-20:3
D18:0-20:2
D18:1-22:6/D18:2-22:5
D18:0-22:6
D18:0-22:5

806.6246
812.5782
814.5938
816.6095
818.6251
820.6402
838.5938
840.6095
842.6251
PC Sum

0.08
0.64
0.96
3.64
0.56
0.13
0.19
0.65
0.04
57.50

0.01
0.08
0.06
0.50
0.03
0.01
0.02
0.05
0.01
3.35

ACSL4floxed HFD
Lyso Phosphatidylcholine (LPC)
(nmol/mg protein)
16:1
16:0
18:2
18:1
18:0
20:4
20:3
22:6

MASS:LPC
516.31
518.32
542.32
544.34
546.35
566.32
568.34
590.32

Average
0.64
0.88
0.98
0.59
1.67
0.15
0.02
0.02
4.95

SE
0.05
0.06
0.09
0.05
0.11
0.01
0.00
0.00
0.34

ACSL4floxed HFD
MASS:PG
717.47
719.49

Average
0.00
0.00

SE
0.00
0.00

0.01
0.04
0.06
0.40
0.05
0.02
0.03
0.06
0.01
6.96

Ad-KO HFD
Average
0.68
0.65
0.96
0.53
1.32
0.07
0.01
0.01
4.23

SE
0.12
0.08
0.20
0.09
0.18
0.01
0.00
0.00
0.56

Ad-KO HFD
Average
0.00
0.00

SE
0.00
0.00
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Phosphatidylglycerol (PG)
(nmol/mg protein)
16:1-16:1
16:0-16:1

0.10
0.33
0.48
1.65
0.45
0.13
0.16
0.44
0.03
48.95

16:1-18:2
16:0-18:2
16:0-18:1
18:2-18:2
18:1-18:2
18:1-18:1
18:2-20:4/16:0-22:6
18:1-20:4
18:0-20:4
18:1-20:2
18:1-20:1
18:1-22:6
18:0-22:6

743.49
745.50
747.52
769.50
771.52
773.53
793.50
795.52
797.53
799.55
801.57
819.52
821.53
PG Sum

0.01
0.08
0.14
0.05
0.13
0.19
0.00
0.01
0.02
0.00
0.00
0.01
0.01
0.67

0.00
0.01
0.01
0.00
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
floxed

ACSL4
Phosphatidic acid (PA)
(nmol/mg protein)
16:1-16:1
16:0-16:1
16:0-18:2
16:0-18:1
18:0-18:2/18:1-18:1
18:0-20:4
18:0-20:3
18:0-20:2

MASS:PA
643.43
645.45
671.47
673.48
699.50
723.50
725.51
727.53
Sum

Average
0.00
0.00
0.05
0.02
0.09
0.08
0.00
0.02
0.26

HFD
SE
0.00
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.03

0.00
0.01
0.01
0.01
0.02
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10

Ad-KO HFD
Average
0.00
0.00
0.05
0.02
0.12
0.05
0.01
0.04
0.30
Ad-KO HFD

SE
0.00
0.00
0.01
0.00
0.02
0.01
0.00
0.01
0.05
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ACSL4floxed HFD

0.01
0.08
0.12
0.04
0.12
0.18
0.00
0.00
0.01
0.00
0.00
0.01
0.01
0.60

Free Fatty Acid (FFA) (nmol/mg
protein)
12:0
14:1
14:0
15:0
16:2
16:1
16:0
17:1
17:0
18:3
18:2
18:1
18:0
19:2
19:1
19:0
20:5
20:4
20:3
20:2
20:1
20:0
22:6
22:5
22:4

MASS:FFA
367.27
393.29
395.31
409.32
419.31
421.32
423.34
435.34
437.35
445.32
447.34
449.35
451.37
461.35
463.37
465.38
469.32
471.34
473.35
475.37
477.38
479.40
495.34
497.35
499.37
Sum

Average
5.55
0.52
13.40
2.56
1.44
98.24
271.44
5.35
5.20
30.77
354.35
530.46
52.46
0.91
7.64
8.20
1.50
62.51
7.45
6.57
3.51
0.42
12.51
3.60
1.65
1488.21

SE
1.57
0.08
2.01
0.13
0.30
20.98
54.80
0.80
0.41
7.46
64.73
101.59
4.23
0.15
1.19
1.42
0.42
5.21
1.23
1.27
0.46
0.09
1.38
0.49
0.28
263.80

Average
8.67
0.35
10.99
2.73
1.06
65.59
172.91
4.08
4.54
17.66
249.03
377.48
44.11
1.40
7.34
7.72
0.52
32.21
5.08
4.49
3.11
0.74
7.68
2.01
1.05
1032.56

SE
6.56
0.13
1.79
0.44
0.26
14.88
29.39
0.71
0.51
4.60
62.72
92.51
7.14
0.20
1.61
1.83
0.15
5.97
1.19
1.10
0.49
0.10
1.71
0.50
0.22
222.30
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floxed

HNE (nmol/mg protein)
4-hydroxy Nonenal - Carnosine
(HNE)

MASS:HNE

ACSL4
Average

383.23

0.76

0.07
floxed

ACSL4
Cardiolipin (CL)
(nmol/mg protein)
18:2-18:2-18:2-16:1
18:2-18:2-18:2-18:2

MASS:CL
710.97
723.98
Sum

Average
0.01
0.11
0.12
floxed

ACSL4
Lyso-Cardiolipin (lyso-CL)
(nmol/mg protein)
18:2-18:2-18:2
18:2-18:2-18:1

MASS:CL
592.87
593.87
Sum

HFD
SE

Average
0.36
0.04
0.40

HFD
SE
0.00
0.01
0.02
HFD
SE
0.05
0.01
0.06

ACSL4floxed HFD
MASS:DAG
624.52
650.54
652.55
654.57
674.54
676.55

Average
0.63
5.68
13.88
11.53
3.92
20.14

SE
0.14
1.05
2.53
1.94
1.60
4.02

SE

0.52

0.08

Ad-KO HFD
Average
0.01
0.12
0.13

SE
0.00
0.02
0.03

Ad-KO HFD
Average
0.39
0.05
0.43

SE
0.12
0.02
0.14

Ad-KO HFD
Average
1.33
10.15
24.17
17.57
5.85
36.06

SE
0.33
2.43
5.85
4.42
1.33
8.28
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Diacylglycerol (DAG)
(nmol/mg protein)
C30:1
C32:2
C32:1
C32:0
C34:4
C34:3

Ad-KO HFD
Average

C34:2
C34:1
C34:0
C36:5
C36:4
C36:3
C36:2
C36:1
C36:0
C38:6
C38:5
C38:4
C38:3

678.57
680.58
682.60
700.55
702.57
704.58
706.60
708.61
710.63
726.57
728.58
730.60
732.61

183.70
89.72
3.33
6.81
27.61
94.93
92.45
12.55
0.66
5.06
4.79
8.54
3.20

20.79
15.89
0.39
2.40
4.85
16.23
16.03
2.15
0.12
0.84
0.88
1.26
0.59

271.75
161.51
4.88
9.92
41.26
163.82
172.97
23.37
0.50
5.91
5.76
11.97
6.39

43.84
43.74
1.27
2.27
10.09
44.04
48.25
7.12
0.06
1.19
1.33
2.94
1.77

C38:2
C40:7
C40:6

734.63
752.58
754.60
Sum

1.59
1.18
1.04
592.94

0.27
0.20
0.20
90.68

3.37
1.41
1.51
981.43

1.00
0.25
0.30
231.26

ACSL4floxed HFD
Total Cholesterol (CHL-T)
(nmol/mg protein)
Cholesteryl methoxyacetateH2O

MASS:CHL

Average

SE

Average

SE

483.40

237.55

17.00

213.75

33.47

ACSL4floxed HFD
MASS:CHL

Average

SE

Ad-KO HFD
Average

SE
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Free Cholesterol (CHL-F)
(nmol/mg protein)

Ad-KO HFD

Cholesteryl methoxyacetateH2O

483.40

205.03

15.13

ACSL4floxed HFD
Cholesterol ester (CHL-ester)
(nmol/mg protein)
Cholesteryl methoxyacetateH2O

28.26

Ad-KO HFD

MASS:CHL

Average

SE

Average

SE

483.40

32.52

2.89

27.36

5.49

ACSL4floxed HFD

MASS:TAG
573.47
575.49
597.47
599.49
601.50
607.45
609.47
615.52
617.53
621.47
623.49
625.50
627.52
639.52
641.53
643.55

Average
0.01
0.02
0.03
0.20
0.13
0.01
0.00
0.01
0.01
0.01
0.06
0.18
0.16
0.00
0.01
0.02

SE
0.00
0.00
0.01
0.04
0.04
0.00
0.00
0.00
0.00
0.00
0.02
0.05
0.05
0.00
0.00
0.00

Ad-KO HFD

Average
0.02
0.02
0.04
0.23
0.18
0.01
0.00
0.01
0.01
0.01
0.08
0.27
0.24
0.01
0.02
0.03

SE
0.00
0.00
0.01
0.06
0.05
0.00
0.00
0.00
0.00
0.00
0.02
0.08
0.08
0.00
0.00
0.01
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Triacylglycerol (TAG)
(mmol/mg protein),
Concentration
C31:1|||573.4706397228
C31:0|||575.486289787
C33:3|||597.4706397228
C33:2|||599.486289787
C33:1|||601.5019398512
C34:5|||607.4549896586
C34:4|||609.4706397228
C34:1|||615.5175899154
C34:0|||617.5332399796
C35:5|||621.4706397228
C35:4|||623.486289787
C35:3|||625.5019398512
C35:2|||627.5175899154
C36:3|||639.5175899154
C36:2|||641.5332399796
C36:1|||643.5488900438

186.39

645.56
665.53
667.55
669.56
671.58
673.60
683.58
685.60
687.61
693.56
695.58
697.60
699.61
707.58
709.60
711.61
713.63
721.60
723.61
725.63
727.64
729.66
751.64
753.66
755.67
757.69
769.60
771.61
775.64

0.01
0.00
0.01
0.07
0.07
0.01
0.01
0.01
0.01
0.01
0.06
0.07
0.02
0.00
0.01
0.01
0.00
0.00
0.01
0.01
0.01
0.02
0.01
0.03
0.04
0.02
0.00
0.00
0.00

0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00

0.02
0.00
0.02
0.14
0.14
0.01
0.01
0.01
0.01
0.02
0.12
0.15
0.05
0.00
0.01
0.01
0.01
0.00
0.02
0.02
0.01
0.01
0.01
0.05
0.07
0.04
0.00
0.00
0.00

0.00
0.00
0.00
0.03
0.03
0.00
0.00
0.00
0.00
0.01
0.03
0.04
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.01
0.01
0.00
0.00
0.00
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C36:0|||645.564540108
C38:4|||665.5332399796
C38:3|||667.5488900438
C38:2|||669.564540108
C38:1|||671.5801901722
C38:0|||673.5958402364
C39:2|||683.5801901722
C39:1|||685.5958402364
C39:0|||687.6114903006
C40:4|||693.564540108
C40:3|||695.5801901722
C40:2|||697.5958402364
C40:1|||699.6114903006
C41:4|||707.5801901722
C41:3|||709.5958402364
C41:2|||711.6114903006
C41:1|||713.6271403648
C42:4|||721.5958402364
C42:3|||723.6114903006
C42:2|||725.6271403648
C42:1|||727.642790429
C42:0|||729.6584404932
C44:3|||751.642790429
C44:2|||753.6584404932
C44:1|||755.6740905574
C44:0/C45:7|||757.6897406216
C45:1/C46:8|||769.5958402364
C45:0/C46:7|||771.6114903006
C46:5|||775.642790429

777.66
779.67
781.69
783.71
785.72
793.69
795.71
797.72
799.74
803.67
805.69
807.71
809.72
811.74
813.75
819.71
821.72
823.74
825.75
827.67
829.69
831.71
833.72
835.74
837.75
839.77
841.78
843.71
845.72

0.01
0.04
0.17
0.29
0.23
0.01
0.02
0.03
0.03
0.01
0.06
0.47
1.66
2.16
1.15
0.01
0.05
0.18
0.25
0.07
0.04
0.12
1.13
5.43
11.45
8.34
0.48
0.01
0.01

0.00
0.01
0.03
0.05
0.03
0.00
0.00
0.01
0.00
0.00
0.01
0.08
0.28
0.37
0.16
0.00
0.01
0.03
0.04
0.01
0.01
0.02
0.20
0.96
2.03
1.43
0.06
0.00
0.00

0.01
0.08
0.30
0.46
0.28
0.00
0.02
0.04
0.03
0.01
0.09
0.77
2.58
3.27
1.22
0.01
0.07
0.28
0.36
0.07
0.03
0.17
1.76
8.64
17.92
12.74
0.55
0.00
0.01

0.00
0.01
0.05
0.08
0.05
0.00
0.00
0.01
0.01
0.00
0.01
0.13
0.46
0.62
0.21
0.00
0.01
0.05
0.07
0.01
0.00
0.03
0.31
1.57
3.42
2.61
0.11
0.00
0.00
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C46:4|||777.6584404932
C46:3|||779.6740905574
C46:2|||781.6897406216
C46:1/C47:8|||783.7053906858
C46:0/C47:7|||785.72104075
C47:3|||793.6897406216
C47:2/C48:9|||795.7053906858
C47:1/C48:8|||797.72104075
C47:0/C48:7|||799.7366908142
C48:5|||803.6740905574
C48:4|||805.6897406216
C48:3|||807.7053906858
C48:2/C49:9|||809.72104075
C48:1/C49:8|||811.7366908142
C48:0/C49:7|||813.7523408784
C49:4|||819.7053906858
C49:3/C50:10|||821.72104075
C49:2/C50:9|||823.7366908142
C49:1/C50:8|||825.7523408784
C49:0/C50:7|||827.6740905574
C50:6|||829.6897406216
C50:5|||831.7053906858
C50:4|||833.72104075
C50:3/C51:10|||835.7366908142
C50:2/C51:9|||837.7523408784
C50:1/C51:8|||839.7679909426
C50:0/C51:7|||841.7836410068
C51:6|||843.7053906858
C51:5|||845.72104075

847.74
849.75
851.77
853.69
855.71
857.72
859.74
861.75
863.77
865.78
867.80
869.81
871.74
873.75
875.77
877.78
879.71
881.72
883.74
885.75
887.77
889.78
891.80
893.81
895.83
897.85
899.77
901.78
903.80

0.10
0.28
0.89
0.43
0.23
0.23
2.05
10.18
23.28
18.90
2.28
0.08
0.02
0.09
0.41
1.03
0.87
0.53
0.32
1.80
6.81
14.14
12.11
2.75
0.22
0.04
0.03
0.12
0.41

0.02
0.05
0.14
0.09
0.05
0.04
0.37
1.82
4.10
3.17
0.39
0.01
0.00
0.01
0.06
0.18
0.19
0.13
0.05
0.33
1.24
2.54
2.17
0.47
0.03
0.01
0.00
0.02
0.09

0.15
0.44
1.21
0.53
0.25
0.31
3.08
16.22
38.12
30.63
3.57
0.09
0.02
0.14
0.61
1.50
1.12
0.64
0.41
2.66
11.17
24.77
21.74
4.77
0.34
0.04
0.03
0.14
0.54

0.03
0.08
0.23
0.11
0.05
0.05
0.57
3.11
7.63
6.33
0.81
0.02
0.00
0.02
0.12
0.32
0.25
0.14
0.08
0.53
2.34
5.27
4.69
1.10
0.08
0.01
0.00
0.03
0.12
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C51:4/C52:11|||847.7366908142
C51:3/C52:10|||849.7517922984
C51:2/C52:9|||851.7679909426
C51:1/C52:8|||853.6897406216
C51:0/C52:7|||855.7053906858
C52:6|||857.72104075
C52:5|||859.7366908142
C52:4/C53:11|||861.7523408784
C52:3/C53:10|||863.7679909426
C52:2/C53:9|||865.7836410068
C52:1/C53:8|||867.799291071
C52:0/C53:7|||869.8149411352
C53:6|||871.7366908142
C53:5/C54:12|||873.7523408784
C53:4/C54:11|||875.7679909426
C53:3/C54:10|||877.7836410068
C53:2/C54:9|||879.7053906858
C53:1/C54:8|||881.72104075
C53:0/C54:7|||883.7366908142
C54:6|||885.7523408784
C54:5/C55:12|||887.7679909426
C54:4/C55:11|||889.7836410068
C54:3/C55:10|||891.799291071
C54:2/C55:9|||893.8149411352
C54:1/C55:8|||895.8305911994
C54:0/C55:7|||897.8462412636
C55:6|||899.7679909426
C55:5/C56:12|||901.7836410068
C55:4/C56:11|||903.799291071

905.72
907.74
909.75
911.77
913.78
915.80
917.81
919.83
921.85
923.86

0.49
0.37
0.18
0.35
0.52
0.58
0.57
0.37
0.09
0.02

0.11
0.09
0.03
0.07
0.10
0.11
0.10
0.06
0.01
0.00

0.65
0.48
0.21
0.43
0.73
0.96
1.05
0.70
0.16
0.03

0.15
0.11
0.04
0.09
0.16
0.20
0.22
0.16
0.03
0.01

925.78
927.80
929.81
931.74
933.75
935.77
937.78

0.01
0.02
0.03
0.03
0.03
0.05
0.08

0.00
0.00
0.01
0.01
0.00
0.01
0.01

0.01
0.02
0.03
0.02
0.03
0.06
0.11

0.00
0.00
0.01
0.00
0.01
0.01
0.02

939.80
941.81
943.83
945.85
947.86
949.88

0.08
0.05
0.03
0.02
0.02
0.01

0.01
0.01
0.00
0.00
0.00
0.00

0.12
0.08
0.04
0.04
0.03
0.01

0.02
0.02
0.01
0.02
0.01
0.00

951.89

0.01

0.00

0.01

0.00

953.81

0.01

0.00

0.01

0.00
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C55:3/C56:10|||905.72104075
C55:2/C56:9|||907.7366908142
C55:1/C56:8|||909.7523408784
C55:0/C56:7|||911.7679909426
C56:6|||913.7836410068
C56:5/C57:12|||915.799291071
C56:4/C57:11|||917.8149411352
C56:3/C57:10|||919.8305911994
C56:2/C57:9|||921.8462412636
C56:1/C57:8|||923.8618913278
C56:0/C57:7/C58:14|||925.783641
0068
C57:6/C58:13|||927.799291071
C57:5/C58:12|||929.8149411352
C57:4/C58:11|||931.7366908142
C57:3/C58:10|||933.7523408784
C57:2/C58:9|||935.7679909426
C57:1/C58:8|||937.7836410068
C57:0/C58:7/C59:14|||939.799291
071
C58:6/C59:13|||941.8149411352
C58:5/C59:12|||943.8305911994
C58:4/C59:11|||945.8462412636
C58:3/C59:10|||947.8618913278
C58:2/C59:9|||949.877541392
C58:1/C59:8/C60:15|||951.893191
4562
C58:0/C59:7/C60:14|||953.814941
1352

C59:6/C60:13|||955.8305911994
C59:4/C60:11|||959.7679909426
C59:3/C60:10|||961.7836410068
C59:2/C60:9|||963.799291071
C59:1/C60:8/C61:15|||965.814941
1352
C59:0/C60:7/C61:14|||967.830591
1994
C60:6/C61:13|||969.8462412636
C60:5/C61:12|||971.8618913278
C60:4/C61:11|||973.877541392

955.83
959.77
961.78
963.80

0.01
0.01
0.01
0.01

0.00
0.00
0.00
0.00

0.01
0.01
0.01
0.01

0.00
0.00
0.00
0.00

965.81

0.01

0.00

0.01

0.00

967.83
969.85
971.86
973.88
Sum

0.00
0.01
0.01
0.01
139.98

0.00
0.00
0.00
0.00
23.97

0.01
0.01
0.02
0.02
225.32

0.00
0.01
0.01
0.01
45.41

ACSL4floxed HFD

MASS:FA
60.00
88.00
102.00
116.00
172.00
200.00
226.00
228.00
240.00

Average
0.43
0.43
0.06
0.11
0.19
0.53
0.43
6.68
0.05

SE
0.09
0.08
0.01
0.02
0.03
0.08
0.07
1.14
0.01

Ad-KO HFD

Average
0.42
0.79
0.08
0.16
0.35
0.91
0.78
10.66
0.06

SE
0.06
0.20
0.02
0.03
0.07
0.18
0.15
2.07
0.01
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Fatty Acid (FA) in TAG
(mmol/mg protein),
Concentration
60(2:0)
88(4:0)
102(5:0)
116(6:0)
172(10:0)
200(12:0)
226(14:1)
228(14:0)
240(15:1)

242(15:0)
252(16:2)
254(16:1)
256(16:0)
268(17:1)
270(17:0)
278(18:3)
280(18:2)
282(18:1)
284(18:0)
296(19:1)
298(19:0)
302(20:5)
304(20:4)
306(20:3)
308(20:2)
310(20:1)
312(20:0)
316(21:5)
318(21:4)
328(22:6)
330(22:5)
332(22:4)
334(22:3)
336(22:2)
338(22:1)
340(22:0)

242.00
252.00
254.00
256.00
268.00
270.00
278.00
280.00
282.00
284.00
296.00
298.00
302.00
304.00
306.00
308.00
310.00
312.00
316.00
318.00
328.00
330.00
332.00
334.00
336.00
338.00
340.00
Sum

0.59
0.49
28.06
104.67
1.04
1.30
5.71
72.63
163.20
20.48
0.41
0.21
1.08
2.64
1.00
1.46
2.25
1.10
0.89
0.09
0.36
0.30
0.18
0.22
0.49
0.86
0.20
420.82

0.10
0.09
4.93
17.63
0.15
0.19
0.91
12.56
28.39
3.47
0.09
0.04
0.28
0.62
0.16
0.25
0.41
0.22
0.16
0.02
0.07
0.06
0.04
0.04
0.12
0.22
0.05
71.83

0.95
0.83
45.15
160.30
1.40
1.75
7.63
117.13
274.83
32.19
0.65
0.33
1.27
2.74
1.43
2.40
3.61
1.69
1.59
0.18
0.45
0.44
0.28
0.30
0.74
1.37
0.40
676.23

0.18
0.17
8.10
31.53
0.27
0.34
1.46
23.85
56.64
6.89
0.15
0.08
0.28
0.56
0.30
0.51
0.75
0.37
0.35
0.04
0.09
0.10
0.06
0.07
0.18
0.35
0.15
136.22
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floxed

ACSL4
Lyso Phosphatidylserine (LPS)
(nmol/mg protein)
16:0
18:2
18:1
18:0
20:4
20:3
22:6
22:5

MASS:LPS
496.27
520.27
522.28
524.30
544.27
546.28
568.27
570.28
Sum

Average
0.02
0.01
0.04
0.69
0.02
0.01
0.03
0.00
0.83

HFD
SE
0.00
0.00
0.01
0.05
0.00
0.00
0.00
0.00
0.06

ACSL4floxed HFD
Lysophosphatidylglycerol (LPG)
(pmol/mg protein)
16:1
16:0
18:2
18:1
18:0

MASS:LPG
481.26
483.27
507.27
509.29
511.30
Sum

Average
3.97
5.21
13.97
43.00
2.27
68.42
floxed

ACSL4
MASS:LPI
571.29
595.29
597.30

Average
0.11
0.02
0.49

HFD
SE
0.01
0.00
0.04

Average
0.02
0.02
0.04
0.64
0.02
0.01
0.04
0.00
0.78

SE
0.00
0.00
0.01
0.09
0.00
0.00
0.00
0.00
0.11

Ad-KO HFD
Average
4.64
5.32
14.88
44.69
2.63
72.15

SE
1.12
0.78
3.46
10.08
0.48
15.47

Ad-KO HFD
Average
0.11
0.03
0.63

SE
0.01
0.00
0.06
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Lyso Phosphatidylinositol (LPI)
(nmol/mg protein)
16:0
18:2
18:1

SE
0.39
0.34
1.32
3.97
0.11
5.98

Ad-KO HFD

18:0
20:4

599.32
619.29
Sum

0.63
0.02
1.27

0.03
0.00
0.08

ACSL4floxed HFD
Lyso Phosphatidic acid (LPA)
(pmol/mg protein)
16:0
18:1
18:0

MASS:LPA
409.24
435.25
437.27
Sum

Average
5.99
2.96
43.93
52.88

SE
0.71
0.33
3.70
4.26

ACSL4floxed HFD
Ceramide (CER) (nmol/mg
protein)
N16:0
N18:1
N18:0
N20:0
N22:0
N23:0
N24:2
N24:1
N24:0

MASS:CER
536.50
562.52
564.54
592.57
620.60
634.61
644.60
646.61
648.63
Sum

Average
0.71
0.10
0.80
0.16
0.30
0.21
0.06
0.59
0.37
3.30

SE
0.05
0.01
0.05
0.02
0.02
0.02
0.01
0.04
0.03
0.16

0.60
0.02
1.39

0.07
0.01
0.13

Ad-KO HFD
Average
7.82
2.99
47.64
58.45

SE
1.87
0.69
7.72
9.42

Ad-KO HFD
Average
0.62
0.07
0.61
0.17
0.32
0.24
0.08
0.71
0.51
3.33

SE
0.10
0.01
0.09
0.04
0.08
0.06
0.03
0.19
0.14
0.68
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Section V. Chapter 3:
Adipocyte cholesterol: role of long-chain acyl-CoA synthetase-4 (ACSL4)
on low density lipoprotein receptor (LDLR) expression in mice with dietinduced obesity
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ABSTRACT
Adipocyte cholesterol homeostasis is an important mediator of insulin sensitivity and
inflammatory signaling. We previously observed that mice with adipocyte-specific knockout (AdKO) of long-chain acyl-CoA synthetase-4 (ACSL4), an important regulator of adipocyte
arachidonic (AA) and docosahexaenoic acid (DHA) metabolism, were protected against dietinduced obesity (DIO) and associated metabolic complications. We also observed that Ad-KO
mice fed a high fat diet had reduced levels of serum total cholesterol. The purpose of this study
was to explore potential mechanisms that protect Ad-KO mice against high circulating cholesterol
on a high fat diet. Results demonstrated that Ad-KO mice had lower serum low-density
lipoprotein (LDL) and high-density lipoprotein (HDL), and they accumulated more cholesterol in
their adipose tissue. Gene expression data in isolated adipocytes suggested that these actions were
mediated through a non-sterol-dependent upregulation of low-density lipoprotein receptor
(LDLR), which takes up lipoproteins from circulation into adipose tissue and dramatically
downregulates sterol regulatory element-binding protein 2 (SREBP2) and de novo cholesterol
synthesis gene expression in adipocytes. Interestingly, there were not alterations in hepatic
cholesterol metabolism gene expression between the two lines of mice, which indicated that
adipocytes were the primary driver for the alterations in whole-body cholesterol metabolism. This
study is the first data to link ACSL4 to adipocyte cholesterol metabolism.

SUPPLEMENTARY KEYWORDS
Obesity, Adipose tissue, Lipoproteins, Fatty Acids, Arachidonic Acid; Hypercholesterolemia
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INTRODUCTION
Recent data suggest that cholesterol homeostasis in adipocytes is important for the
regulation of adipocyte insulin sensitivity and inflammatory signaling(1). Adipose tissue contains
about 25% of the body’s total cholesterol(1, 2). In obesity, adipose tissue cholesterol content
increases proportionally to triacylglycerol (TAG) accumulation as adipocytes increase in size, and
adipose tissue may store up to 50% of the body’s total cholesterol pool(1, 2). Unlike other
cholesterol-storing cells, 95% of adipocyte cholesterol is free rather than esterified(1, 3). Free
cholesterol is not soluble in the TAG in lipid droplets, so it accumulates in the lipid droplet
phospholipid monolayer and the plasma membrane(1, 4, 5).
Adipocyte cholesterol homoeostasis is maintained through a balance between de novo
cholesterol synthesis, lipoprotein cholesterol uptake, and efflux of excess free cholesterol to high
density lipoprotein (HDL)(1). However, in adipocytes, de novo cholesterol synthesis is negligible
compared to lipoprotein uptake(1, 6, 7). Free cholesterol is effluxed from adipocytes to HDL by
the transporters ATP-binding cassette A1 (ABCA1) or ATP-binding cassette G1 (ABCG1)(1, 8).
Long-chain acyl-CoA synthetase-4 (ACSL4) is an important enzyme that connects lipid
metabolism and steroid hormone synthesis(9). Of relevance, cholesterol is the precursor of steroid
hormones. In steroidogenic cells, such as in adrenal and gonadal tissues, steroid synthesis occurs
when cholesterol is transferred from intracellular stores, such as lipid droplets and the
endoplasmic reticulum (ER), to the mitochondria(10). ACSL4’s interactions with both the
mitochondrial-associated membrane (MAM) and the mitochondria has been shown to be required
for steroid hormone synthesis(11). However, there are no available data on the relationship
between ACSL4 and cholesterol metabolism in adipocytes.
Our previous work investigated the role of ACSL4 in diet-induced obesity (DIO)
adipocyte dysfunction using mice with adipocyte-specific ablation of ACSL4 (Ad-KO)(12). We
found that ACSL4 directed long-chain polyunsaturated fatty acids (PUFA) arachidonic (AA) and
docosahexaenoic acids (DHA) into phospholipids, which can subsequently undergo lipid
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peroxidation to form toxic aldehydes, like 4-hydroxynonenal (4-HNE)(12). We also demonstrated
that adipocyte-specific ablation of ACSL4 protects against DIO, adipose tissue inflammation,
activation of tumor protein 53 (p53) activation, hepatic steatosis, and insulin resistance(12).
In this study, we further investigated cholesterol metabolism in adipocytes of Ad-KO
mice. Results demonstrated that Ad-KO mice on a HFD have lower serum low-density
lipoprotein (LDL) cholesterol and high-density lipoprotein (HDL) cholesterol concentrations and
higher adipose tissue cholesterol content compared to their littermates without adipocyte ablation
of ACSL (ACSL4floxed). Gene expression data in isolated adipocytes suggests that these actions
are mediated through a non-sterol-dependent upregulation of the LDL receptor (LDLR), which
takes up lipoproteins from circulation into adipose tissue and significantly downregulates sterol
regulatory element-binding protein 2 (SREBP2) and de novo cholesterol synthesis in adipocytes.
We observed that hepatic gene expression of genes involved in cholesterol metabolism is similar
in Ad-KO and ACSL4floxed mice on the HFD, suggesting that adipocytes were, in part, a driver in
the alterations in whole-body cholesterol metabolism. This is the first study to link ACSL4 to
adipocyte cholesterol homeostasis.
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MATERIALS AND METHODS
Generation of mice that lack ACSL4 specifically in adipocytes
Mice with adipocyte-specific ablation of ACSL4 (Ad-KO) were created as previously described
using LoxP Cre recombinase technology(12). Cre expression was driven by the Adiponectin
promoter [B6;FVB-Tg(Adipoq-cre)1Evdr/J; Jackson Laboratories, Bar Harbor, ME](13).
Littermates lacking the Cre gene (ACSL4floxed) were used as controls.

Animal Care
Experiments were conducted in a viral pathogen-free facility at the Jean Mayer U.S. Department
of Agriculture Human Nutrition Research Center on Aging at Tufts University in accordance with
Institutional Animal Care and Use Committees guidelines. Experimental Ad-KO and littermate
ACSL4floxed mice were generated as described above. All mice were weaned at 3-4 weeks of age
and fed ad libitum a purified standard chow diet (Teklad 2016S) until 8 weeks of age. Mice were
individually caged at 6-7 weeks of age. At 8 weeks old, mice were randomized to receive either a
high fat diet (HFD) containing 60% kcal from fat primarily from lard and soybean oil or a low fat
diet (LFD) containing 10% kcal from fat (Research Diets D12492 and D12450J, respectively) ad
libitum for 12 weeks. Mice were sacrificed under isoflurane by cardiac puncture at 20 weeks old
(12 weeks on diet) and blood was collected by cardiac puncture, liver and gonadal adipose tissues
were dissected, weighed, and snap frozen for analysis; or gonadal adipose tissue was used to
isolate adipocytes as described below.

Serum Lipoprotein Analysis by FPLC
Serum total cholesterol concentration was determined by enzymatic assay using a commercial kit.
Cholesterol distribution among lipoproteins was determined as previously described(14). Briefly,
after fractionation of plasma by gel filtration chromatography using a Superose 6 10/300 GL
column (GE Healthcare), an aliquot of plasma containing approximately 15 μg total cholesterol
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was injected onto the column and eluted with 0.9% saline containing 0.01% EDTA and 0.01%
sodium azide at a flow rate of 0.4 ml/min. The column effluent was mixed with a commercially
available enzymatic total cholesterol reagent (Pointe Scientific, Inc., Canton, MI) delivered at
0.125 ml/min. After passing through a knitted reaction coil maintained at 37°C, the absorbance of
the reaction mixture was read at 500 nm using a UV-VIS detector. The area under the VLDL,
LDL, and HDL peaks was calculated using Chromperfect Spirit (Justice Laboratory Software)
chromatography software. To calculate the cholesterol concentration in each lipoprotein fraction,
the ratio of the respective peak area to total peak area was multiplied by the total plasma
cholesterol.

Adipose Tissue TAG and Cholesterol Quantification
Adipose tissue (100 mg) lipids were extracted by the Foch method(15). Ten percent of the lower
phase chloroform extract was saponified, followed by gas-liquid chromatography quantification
of total cholesterol as described previously(16). Another aliquot of the lower phase was taken to
measure TG concentration using a detergent based enzymatic assay(17). Results were normalized
to tissue wet weight.

Adipocyte Isolation
Adipocytes were isolated as previously described(12). Briefly, gonadal adipose fat pads were
dissected from the mouse, weighed, and immediately submerged in Krebs-Ringer bicarbonate
(KRB) buffer at pH 7.4 with 4% bovine serum albumin (BSA), 500 nM adenosine, and 5 mM
glucose and primary adipocytes were isolated by collagenase digestion (1 mg/mL KRB) as
previously described(18, 19). For mice on LFD, fat pads from 2-3 mice per genotype were pooled
to obtain enough cells for subsequent analysis. Cells then were filtered through a 250-μm nylon
mesh and washed(18). Adipocytes were washed an additional two times in KRB, then added to a
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tube with silicon oil and centrifuged at 10,000g for 2 minutes, which separates KRB (bottom)
from the adipocytes (top), and adipocytes were removed and frozen at -80°C in Triazol for
subsequent RNA analysis.

Real-time PCR
Isolated adipocyte RNA was extracted using Qiagen RNEasy Plus Micro kit and liver RNA was
extracted using Qiagen RNEasy Lipid Mini kits according to manufacturer’s instructions. RNA
was quantified and checked for purity using the Nanodrop spectrophotometer (Nanodrop 1000,
Wilmington, DE). cDNA was generated from equal amounts of RNA, and real-time quantitative
PCR was performed using SYBR Green (Applied Biosystems 7300, Carlsbad, CA). Fold-changes
were calculated as 2–ΔΔCT, with Cyclophilin A used as the endogenous control. Primer
sequences are listed in Table 1.

Statistical Analysis
Data were analyzed using SAS 9.3 (Cary, NC) by Student’s t-test or Pearson correlations. Data
are expressed as mean ± standard error of the mean. Differences at values of p<0.05 were
considered significant.
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RESULTS
Ad-KO mice on HFD had reduced serum LDL and HDL in circulation
We previously reported that Ad-KO mice on HFD were protected against
hypercholesterolemia since they had 18% lower serum total cholesterol compared to ACSL4floxed
littermates on HFD (151.3 ± 4.9 mg/dL vs. 184.5 ± 4.3 mg/dL; p<0.0001 Two-way ANOVA with
Tukey’s HSD)(12). To further investigate this prior observation, we measured the serum
lipoprotein profile of both lines of mice fed the LFD and HFD for 12 weeks by FPLC. Serum
lipoprotein cholesterol concentrations of ACSL4floxed and Ad-KO mice on LFD were similar (Fig.
1A). However, Ad-KO mice on HFD had reduced serum LDL (22.4 ± 5.5 mg/dL vs. 42.1 ± 5.0
mg/dL; p=0.057) and HDL (94.1 ± 5.9 mg/dL vs. 156.3 ± 20.8 mg/dL; p=0.04) cholesterol
concentrations without alterations in serum very low-density lipoprotein (VLDL) cholesterol
concentrations compared to ACSL4floxed littermates on HFD (Fig. 1A). When serum lipoproteins
were expressed as a percentage of total serum cholesterol, no difference was noted either between
diets or between lines of mice (Fig. 1B).

Ad-KO mice on HFD had increased adipose tissue cholesterol
To determine the role of adipose tissue in the regulation of circulating cholesterol, we
measured adipose tissue TAG and cholesterol content in the two lines of mice on HFD because
only mice on HFD exhibited differences in circulating total cholesterol and lipoproteins. Adipose
tissue TAG did not differ between the two lines of mice on a HFD (Fig. 2A). However, Ad-KO
mice on a HFD accumulated 1.3-fold more cholesterol compared to ACSL4floxed littermates on
HFD (p=0.02) (Fig. 2B), resulting in a higher ratio of cholesterol to TAG in the adipose tissue of
Ad-KO compared to ACSL4floxed mice (0.56 ± 0.032 vs. 0.45 ± 0.018 µg cholesterol/mg TAG;
p=0.012) (Fig. 2C).
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Isolated adipocytes from Ad-KO mice on HFD showed increased LDLR gene expression
with inhibition of SREBP2 and de novo cholesterol synthesis gene expression
To elucidate potential mechanisms responsible for the increased adipose tissue
cholesterol content in Ad-KO mice on HFD, we isolated adipocytes from both lines of mice on
either LFD or HFD to explore adipocyte gene expression of pathways related to de novo
cholesterol synthesis, lipoprotein uptake, and cholesterol efflux. There were not any differences
in gene expression between the two lines of mice fed the LFD. The expression of SREBP2, the
transcription factor that regulates cholesterol homoeostasis in cells by activating gene expression
in a sterol-dependent manner, was decreased 48% in adipocytes from Ad-KO mice on HFD
compared to adipocytes from ACSL4floxed littermates on HFD (p=0.038) (Fig. 3A). Consistent
with this downregulation of SREBP2, likely due to increased cell cholesterol content, the
expression of genes involved in cholesterol synthesis [3-Hydroxy-3-Methylglutaryl-CoA
Synthase 1 (HMGCS1), 7-Dehydrocholesterol Reductase (DHCR7), 24-Dehydrocholesterol
Reductase (DHCR24)] were downregulated in adipocytes from Ad-KO mice on HFD compared
to adipocytes from ACSL4floxed littermates on HFD (Fig. 3A). This suggests that de novo
cholesterol synthesis was not a contributor to increased adipose tissue cholesterol content in AdKO mice on HFD.
Next, we looked at the expression of LDLR, which takes up LDL from circulation, and
scavenger receptor B1 (SRB1), which selectively takes up HDL cholesterol from circulation.
LDLR gene expression increased 3.1-fold in adipocytes from ACSL4floxed mice on HFD compared
to LFD (p=0.021). In adipocytes from Ad-KO mice on HFD, LDLR gene expression was 1.8-fold
higher than in adipocytes from ACSL4floxed mice on HFD (p=0.029) (Fig. 3B). This is important
because LDLR is regulated by SREBP2 in a sterol-dependent manner. Since adipocytes from AdKO mice on HFD had higher cholesterol content and subsequent downregulation of SREBP2, it
would be expected that all sterol-dependent genes, including LDLR, were downregulated.
However, our data showed a clear non-sterol-dependent upregulation of LDLR gene expression
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in adipocytes from Ad-KO mice on HFD. No alterations in SRB1 nor cholesterol efflux pathways
(ABCA1, ABCG1) were detected (Fig. 3B,C).

Ad-KO mice on HFD did not have alterations in hepatic gene expression related to
lipoprotein uptake, de novo cholesterol synthesis, or cholesterol efflux
Since the liver is generally understood to be the major driver of whole-body cholesterol
metabolism, we also investigated whether cholesterol metabolism was also altered in the liver.
Previously, we reported that liver of Ad-KO mice on HFD were protected against hepatic TAG
accumulation compared to ACSL4floxed mice on HFD (0.350 ± 0.047 vs. 0.592 ± 0.052 mg
TAG/mg protein; p=0.0046 Two-way ANOVA with Tukey’s HSD)(12). We also reported that
there were not differences in hepatic cholesterol content between the two lines of mice(12).
Liver gene expression of pathways related to de novo cholesterol synthesis, lipoprotein
uptake, and cholesterol efflux showed no differences between the two lines of mice (Fig. 4).
SREBP2 and its downstream targets HMGCS1 and LDLR were both significantly upregulated in
liver by HFD between ACSL4floxed mice on LFD compared to HFD which is consistent with the
literature(20), but no differences were observed in gene expression between liver of ACSL4floxed
and Ad-KO mice on HFD. These results indicated that liver cholesterol metabolism was not
altered between the two lines of mice on the HFD suggesting that adipocytes were, in part, a
driver in the alterations in whole-body cholesterol metabolism.
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DISCUSSION
In their seminal Science paper in 1988, Hofmann et al.(21) demonstrated that mice with
global overexpression of LDLR cleared injected LDL from circulation 8-10 times faster than
wildtype mice. Importantly, they demonstrated that 90% of LDL was cleared without affecting
HDL clearance(21). Consistent with this data, more recent studies demonstrated that tissuespecific overexpression of LDLR in the liver strongly reduced serum total cholesterol and
promoted hepatic TAG and cholesterol storage(22). However, to date, no studies have
investigated the therapeutic effects of LDLR overexpression in adipocytes in vivo.
In this study, we investigated the mechanism that mediates our previous observation that
Ad-KO mice with adipocyte-specific ablation of ACSL4 are protected against
hypercholesterolemia on HFD(12). Here, we documented that Ad-KO mice on HFD had reduced
serum LDL and HDL cholesterol concentrations without alterations in VLDL cholesterol. We
also observed that adipose tissue of Ad-KO mice on HFD had increased cholesterol content.
Compared to ACSL4floxed littermates on HFD, isolated adipocytes from Ad-KO mice showed a
dramatic upregulation of LDLR gene expression while the expression of SREBP2 and its
downstream de novo cholesterol synthesis target genes were significantly reduced. These changes
in systemic and adipocyte cholesterol metabolism were independent of alterations in liver
expression of genes involved in cholesterol metabolism.
It is logical that the upregulation of LDLR in adipocytes in Ad-KO mice on HFD can
explain reductions in total serum cholesterol and increased cholesterol accumulation in adipose
tissue of these mice compared to ACSL4floxed littermates on HFD. Known factors that upregulate
LDLR expression independent of cellular sterol content include hormones(23, 24), growth
factors(24, 25), cytokines(24, 26, 27), and long-chain PUFA(28) through mechanisms that are not
well understood. The alterations in cholesterol metabolism in this model are driven by the local
absence of ACSL4 in the adipocyte rather than systemic changes since hepatic cholesterol
metabolism was not altered, which suggests that these effects are not driven by hormones, growth
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factors, or cytokines that all circulate systemically. It is particularly interesting to note that the
antidiabetic drugs thiazolidinediones (TZDs) have been demonstrated to potently block the
catalytic activity of ACSL4 by a non-PPAR-ɣ mechanism(29, 30); however, TZDs also have
been shown to upregulate LDLR protein expression and activity through PPAR-ɣ activation(31,
32).
We previously reported that ACSL4 regulated the incorporation of AA (48% less free
AA in adipocytes from Ad-KO mice compared to ACSL4floxed mice on HFD; p=0.0023 Two-way
ANOVA) and DHA (39% less free DHA in adipocytes from Ad-KO mice compared to
ACSL4floxed mice on HFD; p=0.046 Two-way ANOVA) into phospholipid and free fatty acid
pools(12). Therefore, here we hypothesized that the upregulation of LDLR in adipocytes from
Ad-KO mice on HFD was driven by the reductions in AA and/or DHA content in these
adipocytes. In vitro work has demonstrated that treatment of cells with long-chain PUFA
decreased LDLR mRNA ~30% compared to controls, and, translationally, LDL from humans
supplemented with long-chain PUFA inhibited LDLR activity and mRNA levels (28). This
suggested that long-chain PUFA inhibit LDLR mRNA expression, which explains why in our
model of Ad-KO mice on HFD with a depletion of AA and DHA also had an upregulation of
LDLR mRNA expression.
A limitation of this study is that mice differ in cholesterol metabolism from humans.
First, VLDL secreted from the liver contain both apoB48 and apoB100 rather than only apoB100
like in humans(33). Additionally, mice do not express cholesteryl ester transfer protein (CETP),
which is necessary to transfer TAG from HDL particles to VLDL particles, so circulating HDL in
mice remains very high(34, 35). For these reasons, mice carry most of their circulating
cholesterol in the HDL fraction, but humans transport most of their plasma cholesterol in LDL
fraction(36). Future in vitro work must be done to further understand the mechanisms by which
long-chain PUFA regulate LDLR gene expression in both murine and human cells.
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In conclusion, this study is the first to report the relationship between ACSL4 and LDLR
gene expression. Ablation of ACSL4 in the context of DIO protected against increased circulating
LDL and HDL. This is explained by the accumulation of cholesterol in adipose tissue of Ad-KO
mice on HFD, which was accompanied by a dramatic non-sterol-dependent upregulation of
LDLR in adipocytes that lacked ACSL4 expression. We hypothesize that an alteration in
adipocyte lipid metabolism induced by ACSL4 ablation, such as reductions in long-chain PUFAs
AA and DHA, drives the expression of LDLR in adipocytes, independent of cholesterol content
of adipose tissue.
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FIGURE LEGENDS
Figure 1. Ad-KO mice on HFD had reduced serum LDL and HDL in circulation
(A) Serum lipoprotein concentrations determined by FPLC and (B) serum lipoproteins expressed
as a percentage of total serum cholesterol in male ACSL4floxed and Ad-KO mice on a LFD or HFD
for 12 weeks. n = 3 mice/group. *p<0.05.

Figure 2. Ad-KO mice on HFD had increased adipose tissue cholesterol
Gonadal adipose tissue (A) TAG, (B) total cholesterol, and (C) ratio of cholesterol to TAG in
male ACSL4floxed and Ad-KO mice on HFD for 12 weeks. n = 8 mice/group. *p<0.05.

Figure 3. Isolated adipocytes from Ad-KO mice on HFD showed increased LDLR gene
expression with inhibition of SREBP2 and de novo cholesterol synthesis gene expression
(A) De novo cholesterol synthesis, (B) lipoprotein uptake, and (C) cholesterol efflux genes of
interest in isolated gonadal adipocytes of male ACSL4floxed or Ad-KO mice on LFD or HFD for
12 weeks. RNA expression quantified by real-time PCR relative to Cyclophilin A. n=4-6
floxed

samples/group. *p<0.05 ACSL4floxed vs. Ad-KO within diet; **p<0.0125 ACSL4

vs. Ad-KO

within diet; #p<0.05 LFD vs. HFD within genotype; ##p<0.0125 LFD vs. HFD within genotype.

Figure 4. Ad-KO mice on HFD did not have alterations in hepatic gene expression related to
lipoprotein uptake, de novo cholesterol synthesis, or cholesterol efflux
De novo cholesterol synthesis, lipoprotein uptake, and cholesterol efflux genes of interest in
isolated liver of male ACSL4floxed or Ad-KO mice on LFD or HFD for 12 weeks. RNA expression
quantified by real-time PCR relative to Cyclophilin A. n=6-8 mice/group. #p<0.05 LFD vs. HFD
within genotype; ##p<0.0125 LFD vs. HFD within genotype.
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TABLES
Table 1: RT-PCR Primer Sequences
Gene
ACSL4
CYCA
SREBP2
HMGCS1
DHCR7
DHCR24
LDLR
SRB1
ABCA1
ABCG1

Forward (5’-3’)
TGGAAGTCCATATCGCTCTGT
GTGGTCTTTGGGAAGGTGAA
GCTGCTGGAGCATAGCCTAC
CTTTGCCTGACTGTGGTTCA
CAGCCTTGGGAAGCATAGAG
CACTCAGCTGCTATGGGACA
GAACTCAGGGCCTCTGTCTG
GGGCTCGATATTGATGGAGA
CCTGGATCTACTCTGTCG
GAAGTGGCATCAGGGGAGTA

Reverse (5’-3’)
TTGGCTACAGCATGGTCAAA
TTACAGGACATTGCGAGCAG
GGAAAGAGAGGGGAAGATGG
CCTCAAACAGCTGCATCAAA
CGTGTGAATTCAGCTCTCCA
TTCAGCAACAGCCAATTCAG
AGCAGGCTGGATGTCTCTGT
GGAAGCATGTCTGGGAGGTA
GCCATTGTCCAGACCCATGA
AAAGAAACGGGTTCACATCG
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FIGURES
Figure 1. Ad-KO mice on HFD had reduced serum LDL and HDL in circulation

Figure 2. Ad-KO mice on HFD had increased adipose tissue cholesterol

Figure 3. Isolated adipocytes from Ad-KO mice on HFD showed increased LDLR gene
expression with inhibition of SREBP2 and de novo cholesterol synthesis gene expression
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Figure 4. Ad-KO mice on HFD did not have alterations in hepatic gene expression related to
lipoprotein uptake, de novo cholesterol synthesis, or cholesterol efflux
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Section VI. Summary and Discussion
VI.1. Research Summary
The work described in this thesis leveraged the use of a long-chain acyl-CoA
synthetase-4 (ACSL4) adipocyte-specific knockout mouse model to characterize the role
of adipocyte ACSL4 in the development of diet-induced obesity (DIO) and its associated
metabolic disorders, adipocyte dysfunction, regulation of arachidonic acid (AA) and its
subsequent metabolites, and alterations adipocyte gene expression that influences both
adipocyte health as well as whole-body physiology.
The purpose of the research in this thesis was to determine the role of ACSL4 in
regulating adipocyte metabolism and its subsequent effects on obesity. To better
understand potential mechanisms that promote DIO and adipocyte dysfunction, we used
an adipocyte-specific in vivo model of ACSL4 ablation to understand the regulatory
actions and functions of ACSL4 to answer the following: (1) if and/or how ACSL4 can
regulate n-6 polyunsaturated fatty acids (PUFA) and their incorporation into specific lipid
classes and subsequent metabolism in adipocytes; (2) if ACSL4 can direct AA towards
metabolism by cyclooxygenase (COX), lipoxygenase (LOX), and/or cytochrome P450
(CYP450) enzymes and what the specific effects of these metabolites are in adipocytes;
and (3) can ACSL4 regulate the production of AA peroxidation products, like 4hydroxynonenal (4-HNE).
Results from these experiments (1) provided a link between diet-induced obesity,
adipose tissue inflammation, and adipocyte dysfunction; (2) identified ACSL4 as a
regulator of adipocyte metabolism and obesity through its regulation of AA and linoleic
acid (LA) in vivo; and (3) described a novel relationship between ACSL4 and LDL
receptor in DIO adipocyte cholesterol metabolism. This work has identified adipocyte
ACSL4 as a potential novel target to prevent adipocyte dysfunction in the context of
obesity.
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The data presented in the first study elucidated ACSL4’s in vivo actions,
specifically that ACSL4 expression in obese adipocytes regulated development of DIO
and associated metabolic complications, and reductions in whole-body energy
expenditure and isolated adipocyte oxygen consumption. Mechanistically, we
demonstrated that adipocyte ACSL4 regulates AA incorporation into phospholipid (PL)
and free fatty acid (FFA) pools and, with obesity, promoted the production of the lipid
peroxidation product 4-HNE.
It is critical to note that ACSL4 represents a fraction of total ACSL activity in
adipocytes, but eliminating its contribution, in the context of DIO, caused major wholebody physiological effects. We propose that adipocyte ACSL4 regulates the formation of
AA-CoA and directs AA into phospholipid incorporation. By reducing the incorporation of
AA into PL and FFA pools in adipocytes, mice with adipocyte-specific ablation of ACSL4
(Ad-KO) mice were protected against DIO, liver fat accumulation, insulin resistance,
adipose tissue inflammation, adipocyte death, reductions in whole body energy
expenditure after chronic high fat diet (HFD) feeding, and inhibition of adipocyte oxygen
consumption compared to control littermates (ACSL4floxed).
In the second study, we built upon the observation that mice with adipocytespecific ablation of ACSL4 were protected against systemic hypercholesterolemia and
explored potential reasons for this observation. We determined that Ad-KO mice on HFD
had reduced low-density lipoprotein (LDL) and high-density lipoprotein (HDL) in
circulation without alterations in very-low density lipoprotein (VLDL). Subsequently, we
observed that adipose tissue of Ad-KO mice on HFD had increased accumulation of
cholesterol. Analysis of isolated adipocytes from Ad-KO mice revealed a dramatic
upregulation of LDL receptor (LDLR) gene expression while sterol regulatory element
binding protein 2 (SREBP2) and downstream de novo cholesterol synthesis gene
expression were significantly reduced. This is the first study to identify a relationship
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between ACSL4 and LDLR gene expression in adipocytes. This second study was
descriptive and cannot provide a mechanism of action. However, since the first study
demonstrated that ACSL4 regulates the availability of AA and docosahexaenoic acid
(DHA) in adipocytes, we hypothesized that the upregulation of LDLR in adipocytes from
Ad-KO mice on HFD was driven by the reductions in AA and/or DHA content in these
adipocytes.

VI.2. Discussion
The work presented in this thesis demonstrated that ACSL4 catalyzes the
formation of AA-CoA in adipocytes and directs AA into phospholipids. By handling AA,
adipocyte ACSL4 links HFD-induced obesity and adipocyte dysfunction. This is
important because a major gap in the literature was understanding how different fatty
acids contribute to promoting obesity and adipose tissue inflammation. Particularly,
increased intake of n-6 PUFA has been associated with increased incidence of
inflammatory diseases, including obesity1. In rodents fed a HFD with high LA, the cellular
precursor for AA, WAT accumulated the most LA of all body compartments2. In another
study, mice fed a HFD high in safflower oil (high LA) demonstrated dramatically
increased crown-like structures (CLS) formation in adipose tissue compared to mice fed
milk fat or lard (primarily saturated fat)3. These data strongly suggest that increased
dietary LA intake promotes adipose tissue inflammation and provided a link to obesity
and type 2 diabetes mellitus (T2DM). However, it is unclear how adipocyte LA and AA
levels promote DIO adipocyte dysfunction.
Here, we demonstrated that the incorporation of AA into PL and FFA pools by
ACSL4 promoted DIO, fat mass accumulation, adipose tissue inflammation, adipocyte
death, and insulin resistance. Therefore, we have provided exciting evidence that
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ACSL4 links HFD-induced obesity to adipose tissue inflammation and adipocyte
dysfunction.
In order to understand ACSL4’s specific actions on specific fatty acids in vivo, it
was critical to perform lipidomics on isolated adipocytes from the different lines of mice.
We used an unbiased, shotgun lipidomics approach that was advantageous to us
because we were able to determine the specific fatty acid composition of every type of
lipid class. By using this technique on isolated adipocytes rather than just adipose tissue,
we specifically addressed what was occurring in adipocytes without the interference of
immune cells in adipose tissue since immune cell infiltration differed between the two
lines of mice on HFD. By measuring all lipid classes, not just specific classes of interest,
we are able to confidently report that adipocyte ACSL4 primarily regulates AA as well as
LA and DHA in vivo.
The majority of the published in vitro literature suggested that ACSL4 regulated
AA metabolism into oxylipins4-8. However, out of 54 detected free oxylipins, we did not
identify any free oxylipins, which are considered the active form, that had a signficantly
differential concentration between adipose tissue from ACSL4floxed and Ad-KO mice on
HFD. We further investigated oxylipin metabolism by measuring bound/esterified
oxylipins, which are considered a less active form since they aren’t readily available to
the cell. We detected 4 significantly different bound oxylipins in adipose tissue from
ACSL4floxed and Ad-KO mice on HFD out of 55 detected oxylpins. Two of these four
bound oxylipins, 9,12,13-trihydroxyoctadecenoic acid (9,12,13-TriHOME) and 5oxoicosatetraenoic acid (5-KETE), are metabolites of the 5-lipooxygenase (LOX)
enzyme and are derived from LA and AA, respectively9. However, comparison of
adipose tissue from ACSL4floxed mice on low fat diet (LFD) and HFD showed that many
metabolites of the 5-LOX pathway are differentially expressed due to HFD-induced
obesity and this suggested that changes in 5-LOX-derived metabolites may be due to
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differences in obesity rather than due to ablation of ACSL4. Interestingly, 9,12,13TriHOME is primarily produced by the direct oxidation of LA by reactive oxygen species
(ROS) after LA has already been esterified into phospholipids, not just by 5-LOX10. This
is consitent with our observation of reduced 4-HNE production from lipid peroxidation of
AA and explains why 9,12,13-TriHOME was highly significantly different between
ACSL4floxed and Ad-KO mice on HFD (416 ± 231 vs. 160 ± 44 pmol/gram adipose tissue;
p=0.0002 two-way ANOVA with Tukey’s HSD), but many other metabolites of the 5-LOX
pathway were not different in adipose tissue from ACSL4floxed and Ad-KO mice on HFD.
Nonetheless, in order to eliminate the role of LOX metabolism to the phenotype
of the mice, we measured AA-derived oxylipins using a more sensitive measurement, by
QTRAP 5500, in addition to the data presented in Chapter 2, which was measured by
QTRAP 4000, in adipose tissue from ACSL4floxed and Ad-KO mice on HFD. Conistent
with the data presented in Chapter 2, the further analysis by QTRAP 5500 confirmed
that there are not differences in AA-derived oxylpin metabolites (Fig. 1). Therefore, we
concluded that in vivo, adipocyte ACSL4 regulates AA incorporation into phospholipids,
but does not effect the availability of AA to be metabolized to oxylipins by COX, LOX, or
CYP450. We can speculate that since ACSL4 did not regulate the availability of AA to be
metabolized to oxylipins perhaps this is because of the location of phospholipids that
ACSL4 directs AA to such as the lipid droplet phospholipid monolayer or mitochondrial
membrane rather than plasma membrane; therefore, future research should address this
question.
Simultaneously, we also used RNA-Seq, another unbiased technique, to identify
differentially expressed genes between isolated adipocytes from ACSL4floxed and Ad-KO
mice on HFD (data not presented in this thesis but summarized in Appendix VII.7.).
Again, using isolated adipocytes from the two lines of mice, rather than adipose tissue,
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allowed us to understand differences in adipocytes without the interference of immune
cells in adipose tissue.

Figure 1. Analysis of arachidonic acid-derived oxylipins by QTRAP 5500
confirmed that there were not differences in adipose tissue concentrations from
ACSL4floxed and Ad-KO mice on HFD

From the RNA-Seq analysis, one of the most significantly differentially expressed
pathways was glutathione-mediated detoxification (log p-value=1.73e00). Genes in this
pathway that were differentially expressed in adipocytes between the two lines of mice
included members of the glutathione-S-transferase family of enzymes that catalyze the
addition of glutathione to cytotoxic molecules for detoxification from cells11. In particular,
one of these enzymes, glutathione-S-transferase A-4 (GSTA4), the major determinant of
intracellular 4-HNE concentrations12-15, was upregulated 5.75-fold in adipocytes from AdKO mice compared to ACSL4floxed on HFD (p<0.000001 Cuffdiff with Benjamini-Hochberg
correction for multiple testing). Interestingly, when gene expression of these genes were
confirmed in isolated adipocytes from both lines of mice fed either the LFD or HFD,
GSTA4 was upregulated 3.1-fold in adipocytes from Ad-KO mice compared to
ACSL4floxed mice on LFD (p<0.00001 Student’s t-test) and upregulated 5.0-fold in
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adipocytes from Ad-KO mice compared to ACSL4floxed mice on HFD (p<0.0001 Student’s
t-test). This difference is one of only a very few detectable differences we found between
both lines of mice independent of diet, which indicated that ACSL4’s effect on GSTA4
expression is a true effect due to ablation of ACSL4.
As previously mentioned, GSTA4 is the major determinant of intracellular 4-HNE
concentrations12-15. 4-HNE treatment in vitro causes activation, phosphorylation, and
enhanced nuclear accumulation of tumor protein 53 (p53) in multiple non-oncogenic cell
types13,16. Remarkably, these cells can be rescued from the negative effects of p53 by
overexpression of GSTA4, which detoxifies cells of 4-HNE13,16. The highly significant
upregulation of GSTA4 expression in adipocytes from Ad-KO mice is notable because it
suggested a potential mechanism that protects these adipocytes from p53 activation
through improved 4-HNE detoxification.
This upregulation in genes that detoxify 4-HNE was consistent with results from
the lipidomics data described earlier where adipocytes from Ad-KO mice had 32% less
4-HNE content compared to ACSL4floxed mice on HFD (0.52 ± 0.08 vs. 0.76 ± 0.08
nmol/mg protein; p=0.038 two-way ANOVA). However, a limitation of this study is that
we cannot determine if reductions in 4-HNE concentrations in adipocytes from Ad-KO
mice are from reductions in precursor PUFA or because of upregulated glutathionemediated detoxification gene expression. Nevertheless, adipocytes from Ad-KO mice
were significantly protected against 4-HNE production and its downstream effects,
including inhibition of oxygen consumption17,18 and p53 activation13,16.
The RNA-Seq analysis first provided evidence that adipocytes from Ad-KO mice
were protected from p53 activation. Classical p53 downstream targets CDKN1A and
IGFBP3 were downregulated 3.2-fold and 7.7-fold, respectively in adipocytes from AdKO mice compared to ACSL4floxed mice on HFD (p<0.000001 Cuffdiff with BenjaminiHochberg correction for multiple testing). Subsequently, we confirmed by RT-PCR that
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CDKN1A was indeed downregulated 3.2-fold and IGFBP3 was downregulated 6.9-fold in
adipocytes from Ad-KO mice compared to ACSL4floxed mice on HFD (p=0.010 and
p=0.006, respectively; Student’s t-test). Next, this led us to evaluate p53 protein
expression in the two lines of mice, and in fact, p53 protein expression was significantly
reduced 65% in adipose tissue from Ad-KO mice compared to ACSL4floxed mice on HFD
(p=0.027; Student’s t-test). Therefore, Ad-KO mice on HFD were protected against p53
activation in adipocytes.
Classically, p53 activation results in cell cycle arrest, cellular senescence, or
apoptosis19. P53 and its classical downstream genes, including CDKN1A and IGFBP3,
are highly upregulated in the adipocytes of genetically obese mice20. Mice deficient for
whole-body p53 are protected against insulin resistance induced by ROS production in
adipose tissue21. Taken together, our data is consistent with the hypothesis that ablation
of ACSL4 protects against 4-HNE production, which subsequently protects against p53
activation and cell death, and thus protects against insulin resistance in adipose tissue.
Interestingly, ACSL4 has recently been implicated in another type of cell death
called ferroptosis, which is a regulated, non-apoptotic, iron-dependent form of cell
death22. Ferroptosis is initiated by an inhibition of glutathione peroxidase 4 (GPX4), a
mitochondrial glutathione peroxidase, or by the inhibition of the cysteine import system
that is required for glutathione synthesis23. Inhibition of these systems leads to a build-up
of lipid peroxides that ultimately leads to cell death without traditional apoptosis
hallmarks22. ACSL4 was identified as a regulator of ferroptosis by molecular screening
tools that identified genes that were induced by ferroptotic small molecules in a human
myeloid leukemia cell line23. During ferroptosis, cells are depleted of PUFA, including
AA, through oxidation after GPX4 inactivation, and it was hypothesized that the ablation
of ACSL4 in the context of ferroptosis reduced the pool of PUFA susceptible to oxidation
in cells and protected from cell death23.
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The role ACSL4-induced ferroptosis is plausible in our adipocyte model since we
know that adipocytes from Ad-KO mice are protected against cell death. However, we
did not observe differences in adipocyte GPX4 gene expression by RT-PCR (ACSL4floxed
1.00 ± 0.29 vs. Ad-KO 1.08 ± 0.34; p=0.68 Student’s t-test) or adipose tissue sulfur
amino acid concentration (ACSL4floxed 4211 ± 1164 vs. Ad-KO 2498 ± 398 pmol/mg
adipose; p=0.21 Student’s t-test) between the two lines of mice on HFD (data not
presented in this thesis).
Even though we do not appear to have alterations in GPX4 expression, we
identified 6.4-fold increased expression in GPX3, a secreted glutathione peroxidase, by
RNA-Seq in adipocytes from Ad-KO mice on HFD (p<0.00001 Cuffdiff with BenjaminiHochberg correction for multiple testing) and subsequently confirmed by RT-PCR 5.6fold increased GPX3 expression in adipocytes from Ad-KO mice compared to
ACSL4floxed mice on HFD (p=0.00001; Student’s t-test). It is not clear how alterations in
GPX3 expression, rather than GPX4, contributes to ferroptosis (secreted vs.
mitochondrial glutathione peroxidase). Nonetheless, we definitively demonstrated that
adipocytes from Ad-KO had (1) improved systems to protect against lipid peroxidation,
(2) a smaller pool of PUFA susceptible to lipid peroxidation, and (3) protection against
cell death. Together, this indicated that ablation of ACSL4 in adipocytes protected
against the factors that cause ferroptosis and the outcome of ferroptosis, even though
initial analysis did not reveal alterations in GPX4, the factor whose downregulation is
necessary to execute ferroptosis.
In addition to differential expression of genes involved in glutathione-mediated
detoxification and p53 activation, RNA-Seq also revealed that the most significantly
differentially altered pathway in adipocytes from the two lines of mice on HFD was
cholesterol biosynthesis (log p-value = 2.66e00). Genes in this pathway that were
downregulated in adipocytes from Ad-KO mice compared to ACSL4floxed mice on HFD
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included: mevalonate decarboxylase (MVD) decreased 2.7-fold (p=0.001), lanosterol
synthase (LSS) decreased 2.0-fold (p<0.000001); 7-dehydrocholesterol reductase
(DHCR7) decreased 2.9-fold (p=0.000007), and 24- dehydrocholesterol reductase
(DHCR24) decreased 2.5-fold (p=0.000003) (Cuffdiff with Benjamini-Hochberg
correction for multiple testing). These genes were subsequently confirmed by RT-PCR to
have similar decreased expression as determined by RNA-Seq.
This gene expression data that revealed a dramatic downregulation of de novo
cholesterol synthesis in adipocytes from Ad-KO mice on HFD was consistent with our
prior observation that Ad-KO mice on HFD were protected against hypercholesterolemia
since they had 18% lower serum total cholesterol compared to ACSL4floxed littermates on
HFD (151.3 ± 4.9 mg/dL vs. 184.5 ± 4.3 mg/dL; p<0.0001 Two-way ANOVA with Tukey’s
HSD). Therefore, we hypothesized that downregulation of de novo cholesterol synthesis
in adipocytes was the primary driver of protection against hypercholesterolemia in AdKO mice on HFD. However, further analysis of adipose tissue from the two lines of mice
revealed that Ad-KO mice actually have 1.3-fold more cholesterol compared to
ACSL4floxed littermates on HFD (p=0.02; Student’s t-test), which indicated that a
downregulation of de novo cholesterol synthesis was likely not a contributor.
Based on these observations, we further investigated other mechanisms
responsible for the increased adipose tissue cholesterol content in Ad-KO mice on HFD
other than de novo cholesterol synthesis, including sterol regulatory element-binding
protein 2 (SREBP2), the transcription factor that regulates cholesterol homoeostasis in
cells by activating gene expression in a sterol-dependent manner; lipoprotein uptake;
and cholesterol efflux from adipocytes to HDL. Gene expression from isolated
adipocytes of both lines of mice on a HFD revealed that SREBP2 was decreased 48% in
adipocytes from Ad-KO mice on HFD compared to adipocytes from ACSL4floxed
littermates on HFD (p=0.038; Student’s t-test). Next, we looked at the expression of
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LDLR, which takes up LDL from circulation, and scavenger receptor B1 (SRB1), which
selectively takes up HDL cholesterol from circulation. In adipocytes from Ad-KO mice on
HFD, LDLR gene expression was 1.8-fold higher than in adipocytes from ACSL4floxed
mice on HFD (p=0.029; Student’s t-test). This is important because LDLR is regulated by
SREBP2 in a sterol-dependent manner. Since adipocytes from Ad-KO mice on HFD
have higher cholesterol content and subsequent downregulation of SREBP2, it would be
expected that all sterol-dependent genes, including LDLR, are downregulated. However,
our data showed a clear non-sterol-dependent upregulation of LDLR gene expression in
adipocytes from Ad-KO mice on HFD. No alterations in SRB1 nor cholesterol efflux
pathways (ABCA1, ABCG1) were detected.
It is logical that the upregulation of LDLR in adipocytes in Ad-KO mice on HFD
can explain reductions in total serum cholesterol and increased cholesterol accumulation
in adipose tissue of these mice compared to ACSL4floxed littermates on HFD. Known
factors that upregulate LDLR expression independent of cellular sterol content include
hormones24,25, growth factors25,26, cytokines25,27,28, and long-chain PUFA29 through
mechanisms that are not well understood. The alterations in cholesterol metabolism in
this model are driven by the local absence of ACSL4 in the adipocyte rather than
systemic changes since hepatic cholesterol metabolism was not altered, which
suggested that these effects were not driven by hormones, growth factors, or cytokines
that all circulate systemically. It is particularly interesting to note that the antidiabetic
drugs thiazolidinediones (TZDs) have been demonstrated to potently block the catalytic
activity of ACSL4 by a non-PPAR-ɣ mechanism30,31; however, TZDs also have been
shown to upregulate LDLR protein expression and activity through PPAR-ɣ
activation32,33.
Since we demonstrated that ACSL4 regulated the incorporation of AA (48% less
free AA in adipocytes from Ad-KO mice compared to ACSL4floxed mice on HFD; p=0.0023
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Two-way ANOVA) and DHA (39% less free DHA in adipocytes from Ad-KO mice
compared to ACSL4floxed mice on HFD; p=0.046 Two-way ANOVA) into PL and FFA
pools, we hypothesized that the upregulation of LDLR in adipocytes from Ad-KO mice on
HFD was driven by the reductions in AA and/or DHA content in these adipocytes. In vitro
work has demonstrated that treatment of cells with long-chain PUFA decreased LDLR
mRNA ~30% compared to controls, and, translationally, LDL from humans
supplemented with long-chain PUFA inhibited LDLR activity29. This suggested that longchain PUFA inhibit LDLR mRNA expression, which explains why in our model of Ad-KO
mice on HFD with a depletion of AA and DHA also had an upregulation of LDLR mRNA
expression.
Overall, data from this thesis demonstrated that, in the context of DIO, LA is
converted to AA, and AA, both dietary and from LA, is converted to AA-CoA by ACSL4
and directed to phospholipid incorporation. AA in phospholipids are attacked by ROS
produced from HFD feeding and detrimental lipid-peroxidation products like 4-HNE are
produced. 4-HNE both inhibits cellular oxygen consumption and promotes p53
activation. Both DIO and genetic obesity in mice is associated with increased adipocyte
expression of p53 protein, which likely occurs secondary to increased ROS production
due to increased caloric intake, resulting in increased WAT inflammation, hepatic
steatosis, and insulin resistance21.
In summary, results from these experiments demonstrated that (1) ACSL4
regulates n-6 PUFAs and their incorporation into phospholipids and free fatty acid pool
and subsequent metabolism in adipocytes; (2) ACSL4 does not direct AA towards
metabolism by COX, LOX, and/or CYP450 enzymes; and (3) ACSL4 regulates the
production of AA peroxidation products, like 4-HNE, which is an important regulator of
adipocyte oxygen consumption, p53 activation, and cell death. The results from this
thesis are important because they (1) provided a link between dietary n-6 PUFA,
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adipose tissue inflammation, and diet-induced adipocyte dysfunction; (2) identified
ACSL4 as a regulator of adipocyte metabolism and obesity through its regulation of AA
and LA in vivo; and (3) correlated ACSL4 expression and adipocyte lipoprotein uptake to
provide evidence of a novel relationship in DIO adipocyte cholesterol metabolism. This
work has identified adipocyte ACSL4 as a novel target to prevent adipocyte dysfunction
in the context of obesity, either by diet, by the known therapeutic anti-diabetic drug class
TZDs, or by a future, adipocyte-specific, novel therapeutic.

VI.3. Limitations
The primary limitation of this thesis is that all of the research was conducted in
mice and it is unknown what the clinical relevance is to humans. However, unpublished
data from our lab demonstrated that (1) human adipocytes expressed the ACSL
isoforms in the same relative proportion that mouse adipocytes do (ACSL1 = ACSL3 >
ACSL5 > ACSL4) and (2) human adipocyte ACSL4 expression did not change during
adipocyte differentiation, consistent with previous work in mouse adipocytes34,35 (see
Appendix VII.1). It is also important to recognize that TZDs inhibit ACSL4 enzyme
activity in both human smooth muscle cells and macrophages in vitro as well as in
mouse smooth muscle cells in vitro, but does not inhibit ACSL4 activity in mouse
macrophages in vitro. This indicated that in some cell types, as in the case of murine
macrophages, one ACSL isoform, such as ACSL1, was sufficient to mediate fatty acid
partitioning into all lipid pools and cellular fates, like β-oxidation30. Therefore, it is
important to note that relative activity of different ACSL isoforms may differ between
species and cell types (ex. macrophages from humans vs. mice in vitro), and work from
this thesis does not elucidate whether work in murine adipocytes is translationally
relevant to human adipocytes.
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Another limitation of this study was the use of a high fat diet containing 60% of
kilocalories from fat, which is not physiologically relevant to humans, but was chosen in
order to probe the system. In terms of fat composition, over 90% of the total grams of fat
was from lard and the remaining ~9% from soybean oil. Therefore, 34% of fat in the diet
was from oleic acid, 29% from linoleic acid, 20% from palmitic acid, and 11% from
stearic acid (Appendix VII.3.). Since our primary observation was that ACSL4 regulated
AA, which only accounted from 0.28% of total fat in the diet, and DHA, which was not
present at all in the diet, our model was dependent on the fact that both lines of mice
could convert LA to AA and linolenic acid to DHA at equal rates. Serum desaturase
indices, which is a biomarker of the ability to desaturate fatty acids, were not different
between lines of mice. However, an important limitation of this study is that the HFD
used was not high in either AA or DHA, so the model is dependent on efficient
conversion from precursor fatty acids.
Finally, a limitation is that the work in this thesis cannot determine the primary
event that is responsible for the phenotype differences between the two lines of mice.
For example, we cannot determine if reductions in 4-HNE concentrations in adipocytes
from Ad-KO mice are from reductions in precursor PUFA or because of upregulated
glutathione-mediated detoxification gene expression. The only conclusion we can draw
from this data is that 4-HNE content is significantly different between the two lines of
mice. Similarly, we hypothesized that 4-HNE is responsible for the inhibition of oxygen
consumption and upregulation of p53 in adipocytes from ACSL4floxed mice on HFD, but
without establishing a time course of events, we cannot definitively prove that this is the
mechanism of action.

157
VI.4. Future Directions
The work in this thesis answered several important questions in the field of
adipocyte biology, including (1) the first in vivo actions of ACSL4 where we
demonstrated that ACSL4 regulated n-6 PUFAs and their incorporation into
phospholipids and free fatty acid pool and subsequent metabolism in adipocytes; (2)
ACSL4 does not direct AA towards metabolism by COX, LOX, and/or CYP450 enzymes;
and (3) ACSL4 regulates the production of AA peroxidation products, like 4-HNE, which
is an important regulator of adipocyte oxygen consumption, p53 activation, and cell
death. This is important in the broader picture to (1) provide a link between diet-induced
obesity, adipose tissue inflammation, and adipocyte dysfunction through ACSL4’s
actions; (2) identified ACSL4 as a regulator of adipocyte metabolism and obesity through
its regulation of AA and LA in vivo; and (3) described a novel relationship between
ACSL4 and LDL receptor in DIO adipocyte cholesterol metabolism. However, several
important questions remain unanswered, including (1) what the contribution of different
n-6 PUFAs, like LA and AA, is to promoting obesity and adipose tissue inflammation; (2)
does inhibition of adipocyte 4-HNE production protect adipocytes from p53 activation
and inhibition of adipocyte oxygen consumption; and (3) if the work presented here in
mice is translationally relevant to humans.
Future aims of this project should aim to must better understand what the
contribution of different n-6 PUFAs, like LA and AA, are to promoting obesity and
adipose tissue inflammation using our established model of adipocyte-specific ACSL4
ablation in mice. By using the same study design, but differing high fat diets with
different levels of n-6 PUFA, we could understand the contribution of n-6 PUFA to
promoting obesity and adipose tissue inflammation, and, importantly, the role of
adipocyte ACSL4 in modulating these fatty acids and subsequent effects.
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Another future direction of this project should be to determine if inhibition of
adipocyte 4-HNE production protects adipocytes from p53 activation and inhibition of
adipocyte oxygen consumption both in vitro and in vivo. By treating cells with differing
concentrations of 4-HNE, a dose-response curve with adipocyte p53 and oxygen
consumption would confirm our hypothesis that that 4-HNE is responsible for the
inhibition of oxygen consumption and upregulation of p53 in adipocytes from ACSL4floxed
mice on HFD. Performing a knockdown of p53 in these cells would answer the question
if 4-HNE inhibition of oxygen consumption is dependent or independent of p53
activation.
The ultimate aim of all nutrition science research should be to translate the work
into humans for treatment. Therefore, future work should aim to look at ACSL4’s effect in
human adipocytes in vitro in order to demonstrate that our observations here also occur
in human cells. Examples of experiments that should be performed would be using an
ACSL4 knockdown in vitro to see if treatment with radiolabeled fatty acids resulted in
reduced incorporation of AA and/or DHA into phospholipid and free fatty acid pools, 4HNE content, p53 activation, and oxygen consumption. If these experiments confirmed
our results presented here in mice, work in human subjects to modulate ACSL4
expression in adipocytes by diet or by a future, novel therapeutic would be beneficial for
the treatment of DIO, adipose tissue inflammation, and adipocyte dysfunction.
In summary, broad questions in the field of obesity and adipose tissue biology
still remain unanswered, including the contribution of different n-6 PUFA to promote
obesity and adipose tissue inflammation. More specifically, translational aspects of the
work presented here in mice on the role of adipocyte ACSL4 in mediating obesity,
inflammation, and adipocyte dysfunction still needs to be addressed. Using technology
and analytical tools, like RNA-Seq and shotgun lipidomics, will allow for innovative
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answers to some of these questions that otherwise would not be elucidated without the
use of these broader, unbiased techniques.
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Appendix VII.1: ACSL expression in human pre-adipocytes vs. differentiated
adipocytes

Purpose: To compare ACSL isoform expression in human subcutaneous pre-adipocytes
compared to differentiated adipocytes in vitro.

Methods: De-identified human subcutaneous pre-adipocytes were provided by the
Adipocyte Core at the Boston Nutrition Obesity Research Center that had been isolated
from volunteers who underwent elective surgery. Cells were cultured as previously
described by Lee and Fried1. After pre-adipocytes reached confluence, cells were
collected in Qiazol (Qiagen) or differentiation media was added, which began
differentiation day 0. After day 14, cells were collected in Qiazol then sonicated to lyse
cells. Total RNA was isolated as previously described in Chapter 2, cDNA synthesized,
and real-time PCR performed. Data was normalized to Cyclophilin A and expressed
relative to ACSL4 expression in pre-adipocytes.

Results: ACSL4 RNA expression did not increase with adipocyte differentiation. ACSL1
increased 100-fold, ACSL3 increased 9-fold, and ACSL5 increased 7.5-fold (Fig. 1).
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Figure 1: Relative ACSL Isoform RNA Expression in Human Subcutaneous PreAdipocytes and Differentiated Adipocytes
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Appendix VII.2: Diet composition of Research Diets LFD (D12450J) and HFD
(D12492)
Table 1: Diet composition of Research Diets LFD (D12450J) and HFD (D12492)

Low Fat Diet (D12450J)
10% kcal from fat &
7% kcal from sucrose
%Gram
19.2
67.3
4.3

%Kcal
20
70
10

Grams

Kcal

200

L-Cystine
Corn Starch

High Fat Diet (D12492)
60% kcal from fat &
7% kcal from sucrose
%Gram
26
26
35

%Kcal
20
20
60

%Kcal

Grams

Kcal

%Kcal

800

19.72%

200

800

19.72%

3
506.2

12
2024.8

0.30%
49.9%

3
0

12
0

0.30%
0

Maltodextrin
Sucrose

125
68.8

500
275.2

12.32%
6.78%

125
68.8

500
275.2

12.32%
6.78%

Soybean Oil

25

225

5.55%

25

225

5.55%

20
1055.05

180
4057

4.44%

245
773.85

2205
4057

54.35%

Protein
Carbohydrate
Fat

Casein

Lard
Total

Source: Research Diets, Inc. “Product Data – DIO Series Diets.” (2011). Retrieved
March 14, 2016, from
http://www.researchdiets.com/system/resources/BAhbBlsHOgZmIisyMDEzLzAyLzI4LzE
zXzI4XzI1Xzg5OF9ESU9fU2VyaWVzLnBkZg/DIO%20Series.pdf

166
Appendix VII.3: Fatty Acid Profile Research Diets HFD (D12492)

Table 1: Fatty Acid Profile of Research Diets HFD (D12492)
Ingredient (grams)

D12492

Lard
Soybean Oil
Total (grams)

245
25
270

C2, Acetic
C4, Butyric
C6, Caproic
C8, Caprylic
C10, Capric
C12, Lauric
C14, Myristic
C14:1, Myristoleic
C15
C16, Palmitic
C16:1, Palmitoleic
C16:2
C16:3
C16:4
C17
C17:1
C18, Stearic
C18:1, Oleic
C18:2, Linoleic, n-6
C18:3, Linolenic, n-3
C18:4, Stearidonic, n-3
C20, Arachidic
C20:1
C20:2
C20:3, n-6
C20:4, Arachidonic, n-6
C20:5, Eicosapentaenoic, n-3
C21:5, n-3
C22, Behenic
C22:1, Erucic
C22:4, Clupanodonic, n-6
C22:5, Docosapentaenoic, n-3
C22:6, Docosahexaenoic, n-3
C24, Lignoceric
C24:1

0
0
0
0
0.1
0.2
2.8
0
0.2
49.9
3.4
0
0
0
0.9
0
26.9
86.6
73.1
5.2
0
0.4
1.5
2.0
0.3
0.7
0
0
0
0
0
0.2
0
0
0

Total (grams)

254.5

Grams
Saturated
81.5
Monounsaturated 91.5
Polyunsaturated
81.5

% Kcal
32.0
35.9
32.0

Source: Research Diets, Inc.
“DIO Series Fatty Acid Profiles.”
(2011, Nov 15). Retrieved March
14, 2016, from
http://www.researchdiets.com/syst
em/resources/BAhbBlsHOgZmIjIy
MDEzLzEyLzEyLzEyXzQ5XzMyX
zE5NV9ESU9fRkFfUHJvZl8xMl8x
My5wZGY/DIO%20FA%20Prof%2
012-13.pdf
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Appendix VII.4: ACSL4floxed and Ad-KO mice at 8 weeks old on chow diet had
similar energy expenditure, food intake, activity, and respiratory exchange ratio

Purpose: To determine energy expenditure in ACSL4floxed and Ad-KO mice at 8 weeks
old on chow diet before mice are switched to the LFD or HFD.

Methods: Methods described in detail in Chapter 2. n=6-8 mice/group.

Results: ACSL4floxed and Ad-KO mice at 8 weeks old on chow diet had similar energy
expenditure, food intake, activity, and respiratory exchange ratio (RER).

Figure 1: ACSL4floxed and Ad-KO mice at 8 weeks old on chow diet have similar
energy expenditure, food intake, activity, and RER

(a) Energy expenditure per kg lean mass per hour; *p<0.05; Repeated measures
ANOVA. (b) Mean energy expenditure per day normalized by fat mass, body weight, and
lean mass; (c) food intake, (d) activity, and (e) respiratory exchange ratio measured by
TSE Metabolic Chambers for 72 hours in 8 week-old male mice on chow diet; *p<0.05;
Two-way ANOVA. n=6-8 mice/group. Data represent mean ± SEM.
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Appendix VII.5: Multiple linear regression model of energy expenditure data in
ACSL4floxed and Ad-KO mice on HFD for 7 weeks

Purpose: To determine appropriate linear regression model to normalize energy
expenditure (kcal/day) data in ACSL4floxed and Ad-KO mice on HFD for 7 weeks who
have significantly different body weight and fat mass but similar lean mass.

Methods: Methods described by Kaiyala and Schwartz2. Data analyzed by SAS 9.3.
First, multiple linear regression model with all variable included [experimental run (Run),
genotype, body weight (BW), fat mass (FM), lean mass (LBM)].
Proc reg; Model EEDay = Run Genotype BW FM LBM; Run;

ANOVA table output and parameter estimates (first model):

Since fat mass was the least significant contributor to the model (p=0.32), fat mass was
removed from the second model. The second model was ran without fat mass:
Proc reg; Model EEDay = Run Genotype BW LBM; Run;
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ANOVA table output and parameters estimates (second model):

Since body weight was the least significant contributor to the model (p=0.79), body
weight was removed from the thidr model. The third model was ran without fat mass and
body weight:
Proc reg; Model EEDay = Run Genotype LBM; Run;

ANOVA table output and parameters estimates (third model):
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Results: Since the overall (third) model is highly significant (p<0.0001), the best model
to predict energy expenditure per day includes experimental run (p<0.0001), genotype
(p=0.06), and lean mass (p=0.048).

Figure 1: Linear Regression of Lean Mass (grams) vs. Energy Expenditure
(kcal/day/mouse) in ACSL4floxed and Ad-KO mice on HFD for 7 weeks
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Appendix VII.6: Glucose tolerance test performed on ACSL4floxed and Ad-KO mice
at 10 weeks on HFD

Purpose: To assess differences glucose tolerance and insulin secretion after glucose
injection in ACSL4floxed and Ad-KO mice at 10 weeks on HFD (18 weeks old).

Methods: Mice described in detail in Chapter 2 were fasted for 6 hours and baseline
fasting glucose was measured and an aliquot of blood saved to measure serum insulin
by tail bleed. Glucose (1 mg/gram of body weight) was injected intraperitoneally, and
blood glucose was measured and an aliquot of blood saved to measure serum insulin by
tail bleed 30, 75, and 120 minutes after injection. Serum insulin was measured at each
timepoint as described in Chapter 2. n = 7 mice/group. *p < 0.05; Repeated Measures
ANOVA for timeseries data and two-way ANOVA for areas under the curve.

Results: Ad-KO mice on HFD had improved glucose tolerance as determined by faster
rates of glucose disposal after glucose injection compared to ACSL4floxed littermates
(Fig.1). Ad-KO mice also have dramatically lower serum insulin levels, but the same rate
of insulin secretion as determined by similar rates of change from fasting serum insulin
after glucose injection compared to ACSL4floxed littermates (Fig.2).

Figure 1: Ad-KO mice on HFD had improved glucose tolerance
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Figure 2: ACSL4floxed and Ad-KO mice on HFD had similar rates of change from
fasting serum insulin after glucose injection
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Appendix VII.7: RNA-Seq analysis of differentially expressed genes in isolated
adipocytes from ACSL4floxed vs. Ad-KO mice on HFD for 12 weeks

Purpose: To identify differentially expressed genes between isolated adipocytes from
ACSL4floxed and Ad-KO mice on HFD for 12 weeks. Study design described in detail in
Chapter 2.

Methods
Library Preparation and Illumina Sequencing
Total RNA was isolated from adipocytes from ACSL4floxed and Ad-KO mice on HFD for
12 weeks as previously described in Chapter 2. For library preparation, the TruSeq RNA
library preparation kit (Illumina) was used according to the manufacturer's protocol.
Single-end 50bp sequencing was performed on the HiSeq 2500, High Output v4 (8 lanes
flow cell) system. 8 samples were sequenced per lane (n=4 mice/group). The FastQC
tool on the Tufts Galaxy server was used to perform quality control of the reads.

Mapping of Illumina reads using TopHat
Sequence reads were aligned to the Ensembl mus musculus (NCBI 37/mm9) reference
genome using TopHat for Illumina (version 1.5.0) on the Tufts University Galaxy server
as previously described. TopHat aligns reads to mammalian-sized genomes using the
high-throughput short read aligner Bowtie and then analyzes the mapping results to
identify splice junctions between exons3. Default settings for TopHat were used.

Differential expression of genes determined by Cuffdiff
Using the resulting BAM files (.bam) containing mapped reads from TopHat and a
reference mus musculus (NCBI 37/mm9) reference genome GTF annotation file,
transcripts were assembled and normalized to fragments per kilobase of exon per million
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fragments (FPKM) expression units to estimate the relative abundance of transcripts.
Differential expression of FPKM estimates was determined using Cuffdiff as previously
described4. Differential gene expression is expressed as log2 fold change between
genotypes. Significant p-values were corrected for multiple testing using the BenjaminiHochberg (false discovery rate) correction.

Results
480 genes were significantly, differentially expressed between genotypes. 211 had
increased expression in Ad-KO adipocytes compared to ACSL4floxed adipocytes. 269
genes had decreased expression in Ad-KO adipocytes compared to ACSL4floxed
adipocytes.
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Table 1: Top 10 Genes with Greatest Fold Increase in Ad-KO adipocytes compared
to ACSL4floxed adipocytes

Gene Name
1
2

3

4

5

6
7

8
9
10

Inmt - indolethylamine Nmethyltransferase
Dennd2d - DENN domaincontaining protein 2D
isoform 2
Acsm3 – medium-chain
acyl-coenzyme A
synthetase
Tnfaip6 - tumor necrosis
factor-inducible gene 6
protein
Gulp1 - PTB domaincontaining engulfment
adapter protein
Recql5 - ATP-dependent
DNA helicase Q5
Mycl1 - myelocytomatosis
viral oncogene homolog,
lung carcinoma derived
Herc3 - hect domain and
RLD 3
Ptx3 - pentraxin-related
protein PTX3 precursor
Fam13a - family with
sequence similarity 13,
member A1

Fold
Increase
(Ad-KO/
ACSL4floxed)

Log2
(fold change)

p-value

q-value

17.88

4.16

0.00000

0.00000

12.67

3.66

0.00000

0.00000

12.31

3.62

0.00000

0.00043

9.34

3.22

0.00034

0.02047

8.08

3.01

0.00000

0.00004

8.02

3.00

0.00000

0.00055

7.99

3.00

0.00000

0.00000

7.77

2.96

0.00001

0.00102

7.63

2.93

0.00000

0.00000

7.05

2.82

0.00000

0.00000
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Table 2: Top 10 Genes with Greatest Fold Decrease in Ad-KO adipocytes
compared to ACSL4floxed adipocytes

Gene Name

1
2

Tph2 - tryptophan 5hydroxylase 2
Gpr50 - melatonin-related
receptor

Fold
Decrease
(Ad-KO/
ACSL4floxed)

Log2
(fold change)

p-value

q-value

-49.86

-5.64

0.00000

0.00000

-45.57

-5.51

0.00000

0.00000

3

Trdn - triadin

-30.36

-4.92

0.00000

0.00004

4

Otop1 - Otopetrin-1

-29.83

-4.90

0.00000

0.00000

-20.20

-4.34

0.00000

0.00000

-19.86

-4.31

0.00004

0.00330

-19.43

-4.28

0.00000

0.00000

-18.87

-4.24

0.00000

0.00001

-17.95

-4.17

0.00000

0.00000

-17.74

-4.15

0.00000

0.00000

5
6
7
8
9
10

Pawr - PRKC apoptosis
WT1 regulator protein
Pla2g5 - calciumdependent phospholipase
A2 precursor
Ubd - Ubiquitin D
Pvalb - parvalbumin alpha
H2-DMb2 histocompatibility 2, class
II, locus Mb2
Saa3 - serum amyloid A-3
protein precursor
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Table 3: Top Differentially Expressed Pathways in Ad-KO adipocytes compared to
ACSL4floxed adipocytes

Ingenuity Canonical Pathways

Log
(p-value)

1

Superpathway of Cholesterol
Biosynthesis

2.66E00

2

Cholesterol Biosynthesis I

2.47E00

3

Cholesterol Biosynthesis II
(via 24,25-dihydrolanosterol)

2.47E00

4

Cholesterol Biosynthesis III
(via Desmosterol)

2.47E00

5

Glutathione-Mediated Detoxification

1.73E00

6

Atherosclerosis Signaling

1.58E00

7

iNOS Signaling

1.56E00

LSS,NSDHL,DHCR24,
DHCR7
GSTT2/GSTT2B, GSTT3,
GSTA4, GGT5, GGT6
CXCL12,S100A8,COL3A,
CCL11,PLA2G5,VCAM1
IRF1,STAT1,LBP,NFKBIA

8

Inhibition of Matrix Metalloproteases

1.46E00

THBS2,MMP12,ADAM12

9

1D-myo-inositol Hexakisphosphate
Biosynthesis V (from Ins(1,3,4)P3)

1.44E00

ITPK1

10

Lanosterol Biosynthesis

1.44E00

LSS

Genes
MVD, LSS,NSDHL,
DHCR24, DHCR7
LSS,NSDHL,DHCR24,
DHCR7
LSS,NSDHL,DHCR24,
DHCR7
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Acyl CoA synthetase 5 (ACSL5) ablation in mice
increases energy expenditure and insulin
sensitivity and delays fat absorption
Thomas A. Bowman 1, Kayleigh R. O’Keeffe 1, Theresa D’Aquila 3, Qing Wu Yan 1, John D. Grifﬁn 1,
Elizabeth A. Killion 1, Deanna M. Salter 1, Douglas G. Mashek 2, Kimberly K. Buhman 3, Andrew S. Greenberg 1, *
ABSTRACT
Objective: The family of acyl-CoA synthetase enzymes (ACSL) activates fatty acids within cells to generate long chain fatty acyl CoA (FACoA). The
differing metabolic fates of FACoAs such as incorporation into neutral lipids, phospholipids, and oxidation pathways are differentially regulated by
the ACSL isoforms. In vitro studies have suggested a role for ACSL5 in triglyceride synthesis; however, we have limited understanding of the
in vivo actions of this ACSL isoform.
Methods: To elucidate the in vivo actions of ACSL5 we generated a line of mice in which ACSL5 expression was ablated in all tissues (ACSL5/).
Results: Ablation of ACSL5 reduced ACSL activity by w80% in jejunal mucosa, w50% in liver, and w37% in brown adipose tissue lysates.
Body composition studies revealed that ACSL5/, as compared to control ACSL5loxP/loxP, mice had signiﬁcantly reduced fat mass and adipose fat
pad weights. Indirect calorimetry studies demonstrated that ACSL5/ had increased metabolic rates, and in the dark phase, increased respiratory quotient. In ACSL5/ mice, fasting glucose and serum triglyceride were reduced; and insulin sensitivity was improved during an insulin
tolerance test. Both hepatic mRNA (w16-fold) and serum levels of ﬁbroblast growth factor 21 (FGF21) (w13-fold) were increased in ACSL5/
as compared to ACSL5loxP/loxP. Consistent with increased FGF21 serum levels, uncoupling protein-1 gene (Ucp1) and PPAR-gamma coactivator 1alpha gene (Pgc1a) transcript levels were increased in gonadal adipose tissue. To further evaluate ACSL5 function in intestine, mice were
gavaged with an olive oil bolus; and the rate of triglyceride appearance in serum was found to be delayed in ACSL5/ mice as compared to
control mice.
Conclusions: In summary, ACSL5/ mice have increased hepatic and serum FGF21 levels, reduced adiposity, improved insulin sensitivity,
increased energy expenditure and delayed triglyceride absorption. These studies suggest that ACSL5 is an important regulator of whole-body
energy metabolism and ablation of ACSL5 may antagonize the development of obesity and insulin resistance.
Ó 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Dietary fat absorption; Acyl-CoA; ACSL; Intestine; Liver; FGF21
1. INTRODUCTION
Alterations in fatty acid trafﬁcking and metabolism have been implicated as critical factors in the development of obesity and its associated complications such as non-alcoholic fatty liver disease (NAFLD),
and type2 diabetes (T2DM) [1e4]. Central to our understanding of fatty
acid trafﬁcking are proteins that determine the metabolic fate of fatty
acids. The ﬁrst step in intracellular metabolism of fatty acids is the

addition of a CoA group catalyzed by the actions of long-chain acyl-CoA
synthetases (ACSL) [5,6]. Five related ACSL isoforms have been
delineated in rats, mice and humans [5,7]. It has been hypothesized
that the different ACSL isoforms may direct fatty acids to different
metabolic fates depending upon the protein’s subcellular localization
and tissue speciﬁc expression [6].
At the present time, we have limited understanding about the relative
contributions of acyl CoA synthetase 5 (ACSL5) to in vivo lipid
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metabolism. ACSL5 has been reported to be highly expressed in liver,
small intestine, white preadipocytes, and brown adipose tissue [7,8].
Hormonal regulation of hepatic ACSL5 expression was suggested by
the observation that both fasting and streptozocin-induced diabetes
reduced ACSL5 expression, while carbohydrate feeding increased the
protein’s expression [7e9]. These prior observations indicated that
insulin and its downstream mediators such as the nuclear transcription
factor, SREBP-1C, regulate ACSL5 expression [10,11]. A role for
SREBP1c in regulating ACSL5 expression was demonstrated when
adenoviral mediated overexpression of SREBP1c in rats with
streptozocin-induced diabetes rescued hepatic ACSL5 expression
[9,10].
Overexpression of ACSL5 in rat hepatoma McCardle-RH777 cells
increased both fatty acid uptake and conversion of fatty acids to triacylglycerol [7]. Additionally, siRNA mediated knockdown of ACSL5 in
isolated rat hepatocytes reduced triglyceride accumulation and VLDL
secretion while increasing fat oxidation [12]. Furthermore, studies of
rodents have demonstrated that ACSL5 is most highly expressed
within jejunal enterocytes [8], which alludes to the possibility that
ACSL5 may be involved in fat absorption during the reesteriﬁcation of
dietary fatty acids into triglyceride. In jejunal enterocytes, triglyceride is
packaged and secreted as chylomicrons that ultimately circulate in the
blood. Importantly, ACSL5 was found to be present on cytoplasmic lipid
droplets in jejunal enterocytes [13]. However, at the present time we
have little understanding of ACSL5’s role in intestinal lipid metabolism.

As a ﬁrst step to elucidating the in vivo role of ACSL5 in tissue speciﬁc
and systemic metabolism, our laboratory has generated mice in which
ACSL5 expression is ablated in all tissues (ACSL5/). Investigations
of these mice demonstrate that loss of ACSL5 expression signiﬁcantly
reduced total ACSL activity in liver, brown adipose tissue, and most
robustly within jejunum. Intriguingly, ablation of ACSL5 resulted in
increased hepatic mRNA and serum FGF21 levels in mice consuming a
chow diet. Consistent with increased FGF21 expression, ACSL5/
mice have increased metabolic rate, reduced fat mass and serum TG,
improved insulin sensitivity, and increased expression of UCP1 in white
adipose tissue depots. Interestingly, triglyceride absorption studies
demonstrated a role for ACSL5 in dietary fat absorption.
2. MATERIALS AND METHODS
2.1. Generation of ACSL5 deﬁcient mice (ACSL5/)
We collaborated with Genoway (Lyon, France) to generate a line of
conditional ACSL5 knockout mice. The ACSL5 gene was isolated from
a C57BL6/J library and loxP sequences inserted in introns ﬂanking
exons 16 and 17 (exons nomenclature based on NM_027976.2
sequence). The ACSL5 gene construct was introduced in C57BL6/J
embryonic stem (ES) cells; ES cells were selected for homologous
recombination, injected into mice, and progeny were mated to
generate line of mice in which the ACSL5 gene was ﬂoxed (ACSL5loxP/
loxP
) (See Figure 1). Selection of recombined construct in C57BL6/J ES

Figure 1: Schematic representation of Acsl5 targeting strategy, resulting in deletion of exons 16e17. Diagram is not depicted to scale. Hatched rectangles represent Acsl5
coding sequences, gray rectangles indicate non-coding exon portions, and solid lines represent chromosome sequences. In upper panel, the initiation (ATG) and Stop (Stop) codons
are indicated. FRT sites are represented by double red triangles and loxP sites by blue triangles. The size of the ﬂanked Acsl5 sequence to be deleted is shown. The strategy results
in the deletion of 206 bp of coding sequences encoding for part of the AMP binding domain. The splicing of exon 15 to exon 18 will lead to a frame shift resulting in a premature
stop codon in exon 20. In lower panel, the scheme of Cre recombinase- or Flp recombinase-mediated excision at the recombined Acsl5 locus.
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cells was aided by inclusion of a FRT ﬂanked neomycin cassette. The
neomycin cassette and ﬂanking FRT sequences were removed by
mating chimeric mice to mice expressing ﬂip recombinase. Mice were
mated to a line of transgenic mice, on a congenic C57BL6J background, expressing Cre in all tissues to ultimately generate a line of
ACSL5 deﬁcient mice (ACSL5/). The Cre-mediated excision of exons
16 and 17 results in transcription of a sequence with a frame shift
resulting in a premature stop codon in exon 18.
To generate ACSL5 deﬁcient mice, ACSL5loxP/loxP mice were mated to a
line of wild type (ACSL5þ/þ) transgenic mice (on a congenic C57BL6J
background), which expressed a CMV Cre construct germline (Genoway). This transgenic mouse, generated at Genoway, was generated
by injecting a CMV-Cre construct into C57BL/6 embryos which gave
rise to a proprietary transgenic line which ubiquitously expressed Cre
recombinase. From the progeny of these matings, mice were selected
that were deﬁcient in ACSL5 (ACSL5/) but did not express Cre; and
these mice were used in subsequent matings to transmit the ablated
ACSL5 allele to progeny because the transgene construct for Cre was
expressed germline. The absence of ACSL5 in ACSL5/ mouse tissues was conﬁrmed by RT-PCR and western blot. Homozygous mouse
lines of ACSL5/ and ACSL5loxP/loxP were generated, and ACSL5/
mice were mated to ACSL5loxP/loxP mice to generate male and female
mice, which were heterozygous for the ACSL5 null allele and ﬂoxed
allele (ACSL5loxP/-). For all experiments male and female ACSL5loxP/mice were mated to each other and from the progeny littermate male
ACSL5loxP/loxP and ACSL5/ mice were identiﬁed and used for
experiments.
2.2. Animal care
Experiments were conducted in a viral pathogen-free facility at the
Jean Mayer-U.S. Department of Agriculture Human Nutrition Research
Center on Aging at Tufts University and at Purdue University in
accordance with Institutional Animal Care and Use Committees
guidelines. Experimental male ACSL5 knockout and littermate ﬂoxed
control mice were generated from heterozygous matings as described
above and in the results section. Genotyping of weaned mice was
conﬁrmed by RT-PCR at sacriﬁce. All mice were provided ad libitum a
puriﬁed standard diet from birth (2016S, Teklad). In these male mice,
body weights and magnetic resonance (EchoMRI-700) fat and lean
mass body composition data were monitored and repeated in two
generations of male mice. At 4 months of age an insulin tolerance test
(ITT) was performed (and repeated from two different generations of
mice) with 0.75 units of insulin per kilogram body weight injected
intraperitoneally after a 6 h morning fast, and blood obtained by tail
vein at six time points for glucose measurements. Indirect calorimetry
(TSE Systems) metabolic cages were utilized to evaluate oxygen
consumption, carbon dioxide expenditure, and activity by infrared
counts of all animal movement. Measurements were made in metabolic cages (4 mice per group average of 2 days after initial 48 h
acclimation period, bedding was transferred from cages mice had
using before). These studies were repeated in two separate generations of male mice. The resulting respiratory exchange ratios and
energy expenditure values were calculated from these measurements.
Mice were sacriﬁced by carbon dioxide narcosis at w6 months of age
and blood collected by cardiac puncture, tissues were dissected,
weighed, and snap frozen for analysis, or were ﬁxed, embedded in
parafﬁn, and sectioned for histological analysis. For studies investigating the intestine, during sacriﬁce, the small intestine was isolated,
divided into three equal-length sections on ice at the time of sacriﬁce in
order to obtain cross-sections for histology and mucosal scrapings
were obtained for RT-PCR and western blot analyses. The ﬁrst
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proximal third of the small intestine was designated as duodenum. The
second middle third of the small intestine was designated as jejunum.
And the last distal third of the small intestine was designated as ileum.
2.3. Triglyceride secretion studies
In triglyceride secretion assays in response to dietary fat, male mice
were fasted for 4 h, starting at the beginning of the light cycle [14e16].
Mice were then injected with tyloxapol (500 mg/kg) IP. Thirty minutes
after tyloxapol injection, blood was collected via submandibular bleed
for analysis of plasma triglyceride concentrations (Time 0). Mice were
then immediately gavaged with 200 ml of olive oil and blood collected
via submandibular bleed at 2 and 4 h post gavage for plasma triglyceride analysis. Plasma triglyceride concentrations were determined by Wako L-Type TG M kit (Wako Chemicals USA).
2.4. RT-PCR
Adipose tissue, brain, intestinal mucosal scrapings and spleen RNA
was extracted using Qiagen Lipid Mini kits and liver RNA was isolated
using Qiagen Mini kits according to manufacturer’s instructions. RNA
was quantiﬁed and checked for purity using the Nanodrop spectrophotometer (Nanodrop 1000, Wilmington, DE). cDNA was generated
from 1 mg of RNA, and real-time quantitative PCR was performed using
SYBR Green (Applied Biosystems 7300, Carlsbad, CA). Fold-changes
were calculated as 2eDDCT, with cyclophilin B used as the endogenous control. Primer sequences are listed in Table S1.
2.5. Western blot
Protein lysates of tissues were centrifuged at 100,000 g for sixty
minutes to remove neutral lipid. 25 mg of the homogenized protein
lysates were solubilized and denatured by boiling ﬁve minutes in 1
sodium dodecyl sulfate (SDS) solution with 2-mercaptoethanol, which
were resolved by loading into wells of 7.5% polyacrylamide gel (Mini
Protean TGX, BioRad) and run with 1 tris-glycine-SDS buffer,
transferred to nitrocellulose membrane, and blocked with 5% bovine
serum albumin in tris-buffered saline with 0.2% tween. For demonstration of the presence or lack of ACSL5 protein content in Figure 2B,
we generated and utilized an afﬁnity puriﬁed rabbit polyclonal antibody
directed against the peptide CDTPQKATMLVENVEKG located in the
ACSL5 amino terminus (5N-1) that was diluted 1:1000, and also
reprobed for normalization with 1:5000 dilution of GAPDH antibody
raised in rabbit (14C10, Cell Signaling, see lower panel). The secondary antibody, donkey anti-rabbit horseradish peroxidase (GE
Healthcare UK), was diluted 1:10,000 prior to 1 h membrane incubation and detected by chemiluminescence images captured with a
sensitive camera (Fluorchem Q, Alpha Innotech).
2.6. Acyl CoA synthetase enzyme activity
Acyl CoA synthetase enzyme activity was performed as in [17,18].
Protein lysates of tissues were centrifuged at 100,000 g for sixty
minutes to separate the membrane pellet from the cytoplasm. The
cytoplasm was discarded, and the membrane pellet, which included
the mitochondrial and microsomal fractions, was recovered and used
to measure acyl CoA synthetase activity. We determined ACSL activity
with 2e6 mg of protein, which was found to be in the linear range for
enzyme activity for all three tissues. We utilized 100 mM [1-14C] palmitic acid (PerkineElmer) incubated at room temperature for 10 min,
10 mM ATP, 250 mM CoA, 5 mM DTT, and 8 mM MgCl2 in 175 mM
Tris, pH 7.4; and stopped the reaction with Dole’s solution. We performed two sequential washes of the organic phase from heptanewater extractions. Aqueous phase radioactivity of the resulting Acyl
CoAs was measured by scintillation counter.
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Figure 2: Tissue survey of mRNA and protein expression of ACSL5 and demonstration of lack of ACSL5 protein content and decreased ACSL activity in ACSL5/ mice.
Tissues mRNA and protein were analyzed (see Methods) of 6 month old ACSL5/ and their littermate male ACSL5loxP/loxP ﬂoxed control mice as generated in Figure 1. In panel A,
mean mRNA fold expression of Acsl5 þ/ standard error of the mean (SEM) of the indicated tissues of 4e9 mice in each group were determined by semi-quantitative real-time
RT-PCR, normalized to Cyclophyllin B, and normalized again to the mean result of the proximal small intestine. Equal protein amounts (in panel B) of protein lysates were resolved
by western blot with 5N-1 antibody (see Methods) for ACSL5, producing a single band at approximately 65 kDa. The membrane was reprobed with antibody for GAPDH for loading
control. In C, ACSL activity presented as means  SEM of 3e4 mice was determined by incubation of lysates with 100 mM [1-14C] palmitic acid (see Methods), *p < 0.05 ACSL
comparing ACSL5/ (KO) and ACSL5loxP/loxP (FL).

2.7. Blood and plasma biochemistry
Whole blood glucose measurements were made by glucometer (One
Touch Ultra Blue, LifeScan, Inc). Blood plasma was obtained by cardiac
puncture. The plasma supernatant of low speed centrifugation was
analyzed by ELISA for mouse insulin (Ultra-sensitive mouse insulin,
Crystal Chem, Inc), and by enzymatic endpoint for b-hydroxybutyrate
(b-hydroxybutyrate dehydrogenase, Stanbio), and enzymatic colorimetric endpoint assay (Beckman Coulter AU400) for triglyceride
(glycerol phosphate oxidase, Beckman Coulter OSR6133) and
cholesterol (Aminoantipyrine/Phenol/Peroxidase, Beckman Coulter
OSR6116) content. Serum and liver free fatty acids were determined
using the Wako NEFA HR(2) kit from serum and liver lipid from Folch
2:1 chloroform:methanol organic layer extract dried and resuspended
in 1% Triton. Liver free fatty acids were normalized to protein content
of aqueous layer by bicinchoninic acid assay (Thermo Scientiﬁc
Pierce).
2.8. Liver triglyceride analysis
Liver triglyceride was determined by modiﬁed Folch procedure
[19e21]. Snap frozen wet liver was homogenized in 2:1 chloroform:methanol with overnight incubation and subsequent extraction with magnesium chloride; the organic layer was evaporated
under nitrogen at 37  C to complete dryness and saponiﬁed by
incubating with ethanolic potassium hydroxide solution at 60  C for
one hour and adding magnesium sulfate. The resultant supernatant
was evaluated for liberated glycerol (Sigma) [19e21].
2.9. Statistical analysis
The results are expressed as means  standard error of the mean
(SEM). All comparisons of control (ACSL5loxP/loxP) vs. knockout
(ACSL5/) mice were made using an unpaired two-tailed Student’s tMOLECULAR METABOLISM 5 (2016) 210e220
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test and graphed by GraphPad Prism 6.04. For analyses of control vs.
knockout mice, p values <0.05 were designated as signiﬁcant and
labeled in table and ﬁgures with an asterisk (*). Statistical analyses
were not performed on comparisons between tissues on tissue surveys
beyond noting the signiﬁcant absence of ACSL5 mRNA and protein in
all ACSL5/ tissues, as there were insufﬁcient data and only a
qualitative inference was made.
3. RESULTS
3.1. Generation of ACSL5/ mice and characterization of ACSL
expression and activity
To determine the in vivo role of ACSL5 in tissue and systemic metabolism, we generated a line of mice in which we could ablate ACSL5
expression. The ACSL5 gene was targeted with insertion of loxP sites
in the introns ﬂanking exons 16 and 17; the construct was introduced
into C57BL/6J embryonic stem cells, screened for homologous
recombination, and then used to generate mice homozygous for the
targeted gene (ACSL5loxP/loxP) (See Figure 1). Complete details of the
generation of these mice including targeting vector are described in the
experimental sections. To generate ACSL5 deﬁcient mice, ACSL5loxP/
loxP
mice were mated to a line of transgenic mice that expressed Cre
germline in all tissues (CMV-Cre), producing F2 and subsequent
progeny (ACSL5/) with permanent ablation of ACSL5 in the absence
of the CMV-Cre transgene, which was bred out of the colony. For all
experiments male and female mice heterozygous for the ACSL5deﬁcient allele and the ﬂoxed allele (ACSL5loxP/-) were mated to
each other and from the progeny, littermate male ACSL5loxP/loxP and
ACSL5/ mice were identiﬁed and used for experiments.
To determine the pattern of ACSL5 tissue expression in ACSL5loxP/loxP
and ACSL5/ male mice consuming a chow diet [7,8] we analyzed
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Table 1 e ACSL gene expression in ACSL5loxP/loxP and ACSL5/ mice.
Mean mRNA fold expression (see Methods)  SEM of mucosal scrapings of
the small intestine, liver and interscapular brown adipose tissue of 5e7
mice after a 3 h morning fast were determined by semi-quantitative realtime RT-PCR, normalized to Cyclophyllin B, and normalized again to the
mean result of each gene in ﬂoxed control ASCL5loxP/loxP (FL) mice samples;
* (p < 0.05) indicates signiﬁcant difference between ACSL5loxP/loxP and
ACSL5/ for each gene comparison.
Acsl1
ACSL5loxP/loxP
ACSL5/
Liver
ACSL5loxP/loxP
ACSL5/
Brown
ACSL5loxP/loxP
adipose ACSL5/

Jejunum

1.00
1.02
1.00
0.50
1.00
0.75








0.24
0.27
0.09
0.05*
0.10
0.08

Acsl3
1.00
1.38
1.00
1.43
1.00
0.58








0.22
0.43
0.11
0.19
0.17
0.06*

Acsl4

Acsl5








1.00  0.18
<0.01*
1.00  0.12
<0.01*
1.00  0.04
<0.01*

1.00
0.63
1.00
1.66
1.00
0.88

0.24
0.20
0.11
0.22*
0.17
0.14

mRNA levels by RT-PCR. We found highest expression of Acsl5 mRNA
in brown adipose tissue, liver, and in jejunal mucosa while mRNA
levels of Acsl5 were difﬁcult to detect in gonadal white adipose tissue,
spleen and brain (Figure 2A). ACSL5 protein levels were determined by

Western blot and found in ACSL5/ to be virtually absent in liver,
brown adipose tissue and jejunal mucosa lysates (Figure 2B).
Consistent with a previous report by Oikawa et al. which found highest
levels of Acsl5 mRNA in rat jejunum [8], we observed in control
ACSL5loxP/loxP mice highest levels of Acsl5 mRNA and protein in mouse
jejunum. We next determined whether ACSL5-deﬁciency was associated with alterations in mRNA expression of other ACSL isoforms. In
the jejunum of ACSL5 deﬁcient mice we observed no signiﬁcant
changes in Acsl1, 3, or Acsl4 mRNA expression (see Table 1). While in
brown adipose tissue of ACSL5/ mice, we found 42% less Acsl3
mRNA than in control mice; however similar levels of Acsl1 and Acsl4
mRNA levels compared to control mice. Finally, in liver we observed
increased mRNA levels (w66%) for Acsl4 and a 50% reduction in
Acsl1 mRNA levels compared to control mice. We next investigated the
consequences of ACSL5 ablation on total ACSL activity in tissues
where ACSL5 is highly expressed. Ablation of ACSL5 expression
potently reduced ACSL activity in jejunum mucosal lysates by w80%
(see Figure 2C) consistent with ACSL5 being the predominant ACSL in
jejunum [8]. While in liver and brown adipose lysates of ACSL5/
mice, total ACSL activity was reduced by w50% and w37%
respectively (see Figure 2C). In summary, these data conﬁrm the

Figure 3: Reduced fat mass over time and improved insulin tolerance of ACSL5/ mice. ACSL5/ (KO) male mice and their littermate male ACSL5loxP/loxP ﬂoxed control
(FL) mice were fed a standard puriﬁed diet (see Methods). Shown (A, Body Composition) are body weights, lean and fat mass measured using magnetic resonance at 3, 4 and 6
months of age. Insulin tolerance showing mean  SEM of raw (B) and percent (C) glucose response to 0.75 mg/kg of insulin administered intraperitoneally of four-month-old male
mice were determined (see Methods, n ¼ 8e10 mice per group). Each time point and for Insulin Tolerance Area Under Curve were compared by student’s t-test between ACSL5/

(KO) and their littermate male ACSL5loxP/loxP ﬂoxed control (FL) mice, signiﬁcance is indicated by *(p < 0.05).
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generation of an ACSL5 deﬁcient mouse and that ACSL5 expression
contributes signiﬁcantly to total ACSL activity in liver, brown adipose
tissue, and jejunum.
3.2. ACSL5/ mice have reduced fat mass and improved insulinglucose homeostasis
We determined both the body weights and body composition of both
ACSL5/ and ACSL5loxP/loxP mice over time (Figure 3). The body
weights of male ACSL5loxP/loxP and ACSL5/ mice did not differ as
they aged, however MRI analysis of body composition demonstrated
that starting at 4 months of age ACSL5/ mice had signiﬁcantly less
total fat mass (w65% less at 4 months of age, w71% less at 6
months) as compared to ACSL5loxP/loxP littermates (Figure 3, Table 2).
In contrast to this lower fat mass by 6 months of age, ACSL5/ were
found to have a slight but signiﬁcantly greater lean mass than
ACSL5loxP/loxP mice.
At sacriﬁce, consistent with the MRI results, weights of both subcutaneous and gonadal fat tissues (Table 2) were signiﬁcantly less in
male ACSL5/ mice. The liver weights of ACSL5/ mice were also
lower as compared to ACSL5loxP/loxP mice, but liver triglyceride content did not differ between the two lines of mice (Table 2). Serum
levels of triglyceride, but not serum b-hydroxybutyrate or free fatty
acid levels were signiﬁcantly lower in ACSL5/ mice compared to
control mice. While fasting insulin levels did not differ between the
two lines of mice, fasting blood glucose was 37% lower in ACSL5/
mice as compared to littermate ACSL5loxP/loxP mice (Table 2). To
better quantitate insulin sensitivity, insulin tolerance tests (ITT) were
performed and demonstrated improved insulin sensitivity in ACSL5
deﬁcient mice (Figure 3B). Since fasting blood glucose was lower in
ACSL5/ mice, we also analyzed the ITT data by normalizing the
zero time glucose in both groups to 100%; and conﬁrmed that with
this approach as well that the area under the curve (AUC) was
signiﬁcantly lower (Figure 3C). Thus, ACSL5/ mice have both lower
fasting blood glucose and improved insulin tolerance as compared to
mice expressing ACSL5.

Table 2 e Biochemistry and body composition in ACSL5loxP/loxP and
ACSL5/ mice. Mice fed a standard puriﬁed diet (see Methods) were
analyzed for body weight, lean and fat mass measured using magnetic
resonance at 6 months of age. The mice were sacriﬁced after a three hour
morning fast and their liver and fat depots were resected (weights shown).
Whole blood glucose measurements (by glucometer) are shown and blood
plasma obtained by cardiac puncture was analyzed for insulin, âhydroxybutyrate, free fatty acids and triglyceride (see Methods). Liver free
fatty acids and triglyceride were determined as described in methods. Data
are presented as means  SEM of 5e7 mice, *p < 0.05 for each
measurement comparison between ASCL5loxP/loxP and ACSL5/.
ACSL5loxP/loxP
Body weight (g)
Lean mass (g)
Fat mass (g)
Liver (g)
Subcutaneous fat (g)
Gonadal fat (g)
Brown fat (g)
Blood glucose (mg/dL)
Plasma insulin (ng/mL)
Liver triglyceride (mg/mg)
Plasma triglyceride (mg/dL)
Plasma b-hydroxybutyrate (ng/mL)
Plasma free fatty acids (mEq/L)
Liver free fatty acids (mEq/mg protein)
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28.54
18.70
4.93
1.19
0.44
0.81
0.11
235.9
1.58
3.37
155.9
3.42
0.79
0.096
















0.72
0.17
0.46
0.04
0.04
0.07
0.01
11.7
0.23
0.15
18.5
0.94
0.10
0.024

ACSL5/
27.12
20.27
2.88
0.74
0.29
0.37
0.10
148.4
1.32
3.74
65.4
2.51
0.71
0.094
















0.94
0.20*
0.44*
0.04*
0.03*
0.04*
0.01
10.6*
0.33
0.38
3.9*
0.19
0.05
0.030

3.3. Increased energy expenditure in ACSL5/ mice
Both lines of mice consumed equivalent amounts of food (data not
shown) indicating that food intake could not explain the differences
in body composition. To determine if alterations in energy expenditure contributed to the differences in body composition we performed studies using indirect calorimetry. We observed that
ACSL5/ mice had signiﬁcantly greater energy expenditure as
compared to ACSL5loxP/loxP mice (Figure 4A). ACSL5/ mice were
also found to have a signiﬁcantly higher respiratory exchange ratio
(RER, Figure 4B) particularly during the early nighttime and early
morning. An increase in RER is consistent with increased metabolism and utilization of carbohydrates. Despite the higher energy
expenditure, male ACSL5/ knockout mice and ACSL5loxP/loxP
control mice were found to have equivalent activity levels
(Figure 4C). In summary we observed that ACSL5/ mice, as
compared to ACSL5loxP/loxP mice, had increased energy expenditure;
and by RER measurements these mice have increased utilization of
glucose. Both parameters likely contribute to the improved metabolic
proﬁle of ACSL5 deﬁcient mice.
3.4. ACSL5/ mice have increased hepatic mRNA expression and
serum levels of FGF21 and beige adipocyte formation
To determine a potential mechanistic basis for the phenotypic differences in the two lines of mice we analyzed the expression of
several candidate genes. RT-PCR analysis of liver samples from
ACSL5/ mice revealed signiﬁcant reductions in mRNA levels of two
lipogenic genes, Srebp1c and Scd1 as well as the nuclear transcription factor Ppara (Figure 5, top panel). Importantly, the level of
ﬁbroblast growth factor 21 (FGF21) mRNA was signiﬁcantly increased
in ACSL5/ mice as compared to ACSL5loxP/loxP mice (Figure 5, top
panel). FGF21 produced in the liver can be secreted resulting in
increased circulating levels of FGF21 [22]. We found that circulating
levels of FGF21 were potently increased in ACSL5/ sera
(7317  842.5 ng/ml in ACSL5/ vs. 550.8  146.2 ng/ml in
ACSL5loxP/loxP), a more than 13-fold increase of FGF21 in ACSL5/
mice (vs. ACSL5loxP/loxP, p < 0.0001). As we noted in an earlier
section, ablation of ACSL5 in liver resulted in increased Acsl4 and
reduced Acsl1 mRNA expression (see Table 1), but the signiﬁcance of
these changes to the phenotype of the ACSL5 deﬁcient mice is
unclear.
Increased hepatic production and secretion of FGF21 has been linked
to increased conversion of white adipocytes to beige adipocytes [22e
24]. To conﬁrm the conversion to beige adipocytes we performed RTPCR analysis of gene expression in gonadal adipose tissue. Consistent
with prior known actions of FGF21 we demonstrated increased mRNA
levels of Ucp1, Dio2, Pgc1a and Atgl (Figure 5). FGF21 expression has
also been reported to increase adiponectin expression, which, however, we did not observe [4,25]. In response to ACSL5 ablation in white
adipose tissue, we observed increased levels of Acsl1 mRNA
(1.64  0.28 fold increased (p < 0.05) in ACSL5/ vs. ACSL5loxP/
loxP
), which has been suggested to promote fat oxidation in adipocytes
[5], as well as increased levels of Acsl3 (2.03  0.44 fold increased
(p < 0.05) in ACSL5/ vs. ACSL5loxP/loxP). Our analysis of gene
expression in brown adipose tissue demonstrated signiﬁcantly
increased Dio2 mRNA levels in ACSL5 deﬁcient mice, but no changes
in Ucp1, Ucp2, and reduced Ppara transcript levels (Figure 5). As noted
in Table 1, we noted no signiﬁcant changes in any other ACSL isoforms
in brown adipose tissue. In summary, both hepatic mRNA and circulating levels of FGF21 were signiﬁcantly increased in ACSL5 deﬁcient
mice in association with increased white adipose tissue expression of
UCP1 and oxidative genes.
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Figure 4: Increased energy expenditure of ACSL5/ knockout mice. Mean  SEM of energy expenditure (A), respiratory exchange ratio (B) and activity level (C) of fourmonth-old male mice were determined as in methods by indirect calorimetry in metabolic chambers (n ¼ 8 mice per group average of 2 days after initial 24 h acclimation period).
Dark and light phase cumulative means within dark or light phase and each time point were compared by student’s t-test between ACSL5/ (KO) and their littermate male
ACSL5loxP/loxP ﬂoxed control (FL) mice, signiﬁcance is indicated by *(p < 0.05).

3.5. ACSL5/ mice have altered kinetics of absorption of oral fat
ACSL5 is highly expressed in jejunum enterocytes [8], the cells critical
for absorption and repackaging of fatty acids into triglycerides and
chylomicrons for export ultimately to the circulation. We previously
noted that ACSL5 ablation did not result in altered expression of other
ACSL isoforms in the jejunal mucosa (see Table 1). Since we noted that
ablation of ACSL5 reduced total ACSL activity in jejunal lysates by
w80% we investigated whether ACSL5 regulated the kinetics of fat
absorption. For these studies, ACSL5/ and ACSL5loxP/loxP mice were
fasted for four hours, tyloxapol was injected to block peripheral lipoprotein lipase activity and then, mice were gavaged with an olive oil
bolus. Blood was collected and the increase in serum triglyceride was
then monitored over time [26]. We observed that in ACSL5/ mice as
compared to ACSL5loxP/loxP mice, the rate of increase in serum triglyceride after the oil bolus was reduced (Figure 6B). The altered
absorption of serum triglyceride was not due to any differences in
mRNA levels of Fiaf, Scd1, Dgat1, Dgat2, Mgat, or lipid droplet protein
Plin2 (Figure 6A). However, unexpectedly, we did note an increase in
Acot1 and Hmgcs2 (by more than 7-fold) which are both regulated by
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activation of PPARa [27,28]. HMGCS2 regulates ketone body formation
but we noted no increase in serum b-hydroxybutyrate (Table 1). Likely
the lack of increase in serum ketones was because Hmgcs2 production in liver was not signiﬁcantly different (Figure 5).
4. DISCUSSION
We now demonstrate in a newly generated line of ACSL5 deﬁcient
mice that the in vivo consequences of ACSL ablation are reduced
adiposity, circulating triglyceride and glucose levels, as well as
increased insulin sensitivity, energy expenditure, and reduced rate of
intestinal triglyceride absorption. Remarkably, we observed potent
increases in hepatic mRNA expression and circulating serum levels of
FGF21, The increased circulating level of FGF21 was associated with
the increased mRNA levels of Ucp1, consistent with effects of FGF21 to
promote conversion of white to beige adipocytes, leading to increased
rates of energy expenditure. The increased FGF21 levels may also
explain the reduced serum blood glucose levels, since FGF21 has been
noted to increase glucose uptake in brown adipose tissue [29].
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Figure 5: Gene expression proﬁle ACSL5/ knockout mice. Mean mRNA fold
expression (see Methods)  SEM of the liver, interscapular brown adipose tissue, and
epididymal white adipose tissue of 5e7 mice were determined by semi-quantitative
real-time RT-PCR, normalized to Cyclophyllin B, and normalized again to the mean
result of each gene in ﬂoxed control ASCL5loxP/loxP (FL) mice samples; * (p < 0.05)
indicates signiﬁcant difference between edCT values of ACSL5loxP/loxP and ACSL5/
for each gene comparison.

Consistent with prior published studies, we also found that increased
FGF21 levels resulted in reduced levels of serum triglycerides [29]. In
addition to the phenotypic consequences of ACSL5 ablation we
demonstrated signiﬁcantly reduced total ACSL activity in liver, brown
adipose tissue, and jejunum. ACSL5 is most highly expressed with
intestinal mucosa and accounts for w80% of total ACSL activity. To
further investigate the role of ACSL5 in the intestine we performed an
oral fat challenge study and noted that in ACSL5 deﬁcient mice the rate
of appearance of serum triglycerides was reduced as compared to
control ﬂoxed mice. Our studies demonstrate that ACSL5 expression is
an important regulator of metabolism and ACSL activity in several
tissues and has signiﬁcant effects on systemic metabolism.
MOLECULAR METABOLISM 5 (2016) 210e220
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Previous in vitro studies in hepatocytes have suggested that ACSL5 has
a role in the accumulation and esteriﬁcation of fatty acids into triglyceride. In one study using the McArdle cell line hepatocytes, ACSL5
was overexpressed incubated with exogenous fatty acids, fatty acid
uptake as well as triglyceride accumulation were increased [7]. Of
relevance, we observed that knockdown of ACSL5 expression in
cultured rodent hepatocytes reduced rates of de novo lipogenesis,
promoted fatty acid oxidation, and reduced triglyceride accumulation
and secretion without evidence of PPARa activation [30]. In our present
studies we fed mice a chow diet and noted no differences in serum or
liver free fatty acids or liver triglyceride accumulation between the two
lines of mice. Interestingly, in our studies on ACSL5 deﬁcient mice, we
observed that when ACSL5 expression is ablated in mice that both
hepatic Fgf21 mRNA expression and circulating levels of FGF21 were
increased. In prior studies of the effects of ACSL5 knockdown in rodent
hepatocytes, FGF21 expression was not investigated. Similar to studies
investigating ACSL5 knockdown in isolated rat hepatocytes, we did not
observe increased expression of hepatic genes downstream of the
transcription factor, PPARa (for example, Acot1 in Figure 5, top panel)
[31], suggesting that the transcription factor, PPARa, was not activated. The initial studies identifying FGF21 demonstrated that it was a
target of PPARa activation in liver [32,33]. At the present time the
underlying mechanisms for the observed increase in FGF21 in ACSL5
deﬁcient mice is not clear from the present studies. Future studies
investigating the effects of tissue speciﬁc ablation of ACSL5 including
hepatic ACSL5 ablation will focus on the causes for the increase in
FGF21 levels.
In our present studies we noted that ACSL5 contributed signiﬁcantly to
the total ACSL activity in brown adipose tissue. Previous studies have
demonstrated that ACSL5 is the predominant ACSL isoform in mitochondria of brown adipocytes [34] and that cold exposure signiﬁcantly
increased ACSL5 expression within mitochondria of brown adipocytes
[34,35]. While ablation of ACSL5 reduced brown adipose total ACSL
activity by approximately 37%, we noted an increase in Dio2 mRNA but
no increase in Ucp1, and a reduction in Ppara mRNA transcript levels.
Since UCP1 expression was not changed in brown adipose tissue of
ACSL5 deﬁcient mice it is likely that the increased UCP1 in white
adipocytes consistent with beiging of white adipose tissue contributes
more to the observed increases in energy expenditure and reduced
body fat content.
We observed that ACSL5 was most highly expressed in the jejunum [8]
and that ablation of ACSL5 within jejunal mucosa reduced total ACSL
activity by approximately 80%. Since ACSL activity is required in
jejunum enterocytes for the reesteriﬁcation of fatty acids into triglycerides, which are packaged and then exported as chylomicrons
into the circulation, we challenged our lines of mice with an olive oil
gavage and then measured serum triglycerides over time. In ACSL5
deﬁcient mice we demonstrated that the rates of triglyceride
appearance after the fat challenge were reduced. These studies
suggest that ACSL5 expression within jejunal mucosa has a critical role
in the absorption of fat. In future studies we will generate mice in
which ACSL5 is speciﬁcally ablated within enterocytes to speciﬁcally
determine the role of ACSL5 in the regulation of fatty acid absorption
and the effect of intestinal ACSL5 ablation on systemic body composition and metabolism.
Previously another group generated mice in which exons 15e17 of
ACSL5 were ablated to yield ACSL5 deﬁcient mice [36]. However,
while this group observed reductions in intestinal ACSL activity (60%
vs. our 80% reduction), the researchers observed no alterations in
rates of triglyceride appearance, body fat, and ACSL activity within the
liver. It is quite possible that differing genetic backgrounds might
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Figure 6: Intestinal gene expression proﬁle and inhibition of triglyceride secretion in ACSL5/ knockout mice. Mean mRNA fold expression (see Methods)  SEM of
mucosal scrapings of the second (middle third) section of the small intestine (A) of 5e7 mice after a 3 h morning fast were determined by semi-quantitative real-time RT-PCR,
normalized to Cyclophyllin B, and normalized again to the mean result of each gene in ﬂoxed control ASCL5loxP/loxP (FL) mice samples; * (p < 0.05) indicates signiﬁcant difference
between edCT values of ACSL5loxP/loxP and ACSL5/ for each gene comparison. (B) Mean  SEM plasma triglyceride concentrations and area under the curve for male, ACSL5/

(KO) and littermate ACSL5loxP/loxP ﬂoxed control (FL) mice 2 and 4 h after an oral gavage of 200 ml of olive oil with inhibition of triglyceride clearance by tyloxapol (500 mg/kg);
(n ¼ 4 mice per group) *p < 0.05 for each time point and for area under the curve.

explain some of the observed phenotypic differences as our mice were
on a pure C57BL6J background while the other mice were on a mixed
C57BL6J/129sJ background. In our ACSL5 deﬁcient mice we observed
reduced total ACSL activity in liver extracts consistent with previous
published studies showing that siRNA knockdown of ACSL5 in isolated
hepatocytes signiﬁcantly reduced total ACSL activity [12]. In the other
paper describing ACSL5 deﬁcient mice the authors did not report the
expression of all of the other ACSL isoforms in their mouse livers, thus,
another ACSL isoform may have compensated for any reductions in
ACSL activity. Also, some of our studies differed in certain experimental
approaches. For example, for our oral fat challenge we gavaged 200 ml
of olive oil and measured triglyceride appearance over four hours. In
contrast, in the prior publication, the group gavaged with 50 ml of olive
oil and measured triglyceride appearance over only 90 min. We have
observed that an oral gavage of 50 ml olive oil results in minimal triglyceride storage in lipid droplets in enterocytes [16]. Therefore if the
function of ACSL5 relates to its localization on lipid droplets, a
phenotype may not be observed in the deﬁciency of lipid droplets. Thus
perhaps an olive oil bolus of 50 ml may not be of sufﬁcient magnitude
to delineate differences in rates of triglyceride appearance. The difference between a 50 ml and 200 ml olive oil bolus is similar to differences between a low fat or high fat diet typically fed to mice. It is
possible that the role of ACSL5 in fat absorption varies between these
two very different physiological conditions of a smaller olive oil bolus
with shorter-term measurements or larger olive oil bolus with longerterm triglyceride serum measurements.
5. CONCLUSIONS
In summary, we now demonstrate that ablation of ACSL5 results in
reduced adiposity, increased energy expenditure and circulating serum
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levels of FGF21, increased numbers of beige adipocytes and reduced
rates of triglyceride absorption. Importantly, we demonstrate that
ACSL5 contributes signiﬁcantly to total ACSL activity within several
tissues including brown adipose tissue, liver, and jejunal mucosa.
Building upon these observations, future studies using tissue-speciﬁc
knockout of ACSL5 are warranted to further deﬁne its local contribution
to changes in energy metabolism.
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Appendix VII.10. Abstracts
Appendix VII.10.1. Adipocyte-Specific Ablation of Long-Chain Acyl-CoA
Synthetase-4 (ACSL4) in Mice Protects Against Diet-Induced Obesity-Associated
Decreases in White Adipocyte Oxygen Consumption and Whole Body Energy
Expenditure
Elizabeth A. Killion1, Dong Kong2, and Andrew S. Greenberg1
1. Obesity Metabolism Lab, USDA Human Nutrition Research Center on Aging, Tufts
University, Boston, MA
2. Department of Neuroscience, Tufts Medical School; Programs of Neuroscience and
of Cell, Molecular and Developmental Biology, Tufts University Sackler School of
Graduate Biomedical Sciences, Boston, MA
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Obesity-associated alterations in adipocyte metabolism are important to the
development of metabolic disorders, including type 2 diabetes, a leading cause of
chronic disease and death in the United States. However, we have limited understanding
of the role of white adipocyte oxygen consumption in the development of obesity and its
complications. Of particular interest, long-chain acyl-CoA synthetases (ACSL) catalyze
the addition of a coenzyme-A group to fatty acids (FA) within cells and have been
hypothesized to direct FA to distinct fates within cells. Intriguingly, the ACSL4 isoform is
suggested to preferentially activate polyunsaturated fatty acids, but little is known about
its function in regulating adipocyte metabolism. Previously, we have demonstrated that
mice with adipocyte-specific ACSL4 ablation (Ad-KO) on a high fat diet (HFD) are
protected against obesity-associated body weight & fat mass gain and insulin resistance
compared to their wildtype littermates (ACSL4floxed) without any phenotypic differences
on a low fat diet (Killion et al., FASEB Journal, 2015; 29:743.1). The purpose of the
current research is to investigate the role of ACSL4 in regulating obesity-associated
adipocyte dysfunction, including adipocyte oxygen consumption and systemic energy
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expenditure. Energy expenditure in ACSL4floxed and Ad-KO mice was measured by TSE
metabolic chamber system before mice were switched to HFD, 3 weeks of HFD, and 7
weeks of HFD (before body composition differences are observed between
ACSL4floxed and Ad-KO mice). Interestingly, after 7 weeks on HFD, but not earlier, rates
of energy expenditure (kcal/gram lean mass/day) were 10% higher in Ad-KO mice than
ACSL4floxed littermates without differences in food intake or activity. To specifically
determine the role of white adipocyte oxygen consumption, gonadal white adipocytes
were isolated from mice after 12 weeks of HFD and ex vivo oxygen consumption of
isolated adipocytes was measured using a Clark electrode. Remarkably, isolated
adipocytes from Ad-KO mice have 4-fold higher rates of basal respiration in the
presence of glucose (nmol O 2 /min/106 adipocytes) without differences in FCCP
uncoupled respiration or changes in UCP1 expression compared to
ACSL4floxed littermates. In conclusion, adipocyte ablation of ACSL4 significantly protects
against diet-induced obesity-associated decreases in adipocyte oxygen consumption
and whole body energy expenditure without beiging of white adipocytes. Funding for this
work is supported by NIH Training Grant 5T32DK062032-20, DK098606-02, P30-DK46200, USDA agreement #58-1950-7-70, and NIH K01DK094943.
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Synthetase-4 (ACSL4) Protects Against Diet-Induced Obesity
Elizabeth A. Killion1,2, Mi-Jeong Lee3, Rosalind A. Coleman4, and Andrew S.
Greenberg1,2
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Tufts University Friedman School of Nutrition Science & Policy, Boston, MA
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Boston University School of Medicine, Boston, MA
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Obesity-associated alterations in adipocyte metabolism are important to the
development of metabolic disorders including type 2 diabetes, a leading cause of chronic
disease and death in the United States. Of relevance, the family of long-chain acyl-CoA
synthetases (ACSLs) catalyze the addition of a coenzyme-A group to fatty acids (FA)
within cells and have been hypothesized to direct FA to distinct fates within cells. Longchain acyl-CoA synthetase-4 (ACSL4) preferentially activates arachidonic acid (AA).
However, the role of ACSL4 in adipocyte metabolism and its regulation of AA
metabolites is unknown. To delineate the role of adipocyte ACSL4 in regulating systemic
metabolism in vivo, we generated mice with adipocyte-specific ACSL4 ablation
(AdACSL4-KO) by mating ACSL4 floxed mice (AdACSL4-FL) to mice expressing the
adiponectin-cre transgene. At 8 weeks of age, AdACSL4-FL and AdACSL4-KO male
littermates were placed on a low fat (LFD) or high fat diet (HFD) for 12 weeks. Body
weight and fat mass were not different between AdACSL4-FL and AdACSL4-KO on
LFD, but on HFD, AdACSL4-KO mice have 34% less fat mass. Also on HFD, AdACSL4KO, as compared to AdACSL4-FL, demonstrated improved insulin sensitivity,
significantly smaller isolated gonadal adipocytes, higher rates of basal lipolysis, and
blunted rates of isoproterenol-stimulated lipolysis. Current studies are working towards
determining the underlying mechanisms by which alterations in adipocyte ACSL4
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modulate obesity development and associated metabolic complications. Funding for this
work is supported by NIH Training Grant #5T32DK062032-20 and USDA agreement
#58-1950-7-70.
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Appendix VII.10.3. ACSL5-specific siRNA reduces human adipocyte differentiation
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When fatty acids (FA) enter cells, long chain acyl CoA synthetases (ACSL) add a CoA
group to form fatty acyl CoAs. Fatty acyl CoAs are then utilized to generate
triaclyglycerol (TAG), cholesterol ester, phospholipid, or they are oxidized. There is
limited knowledge about the role of the five known ACSL isoforms in human adipocytes.
We found that ACSL5 mRNA expression increased the most (~2–3 fold) of the ACSL
isoforms in human subcutaneous adipocytes differentiated from preadipocytes. To
define the role of ACSL5, human preadipocytes were transfected with either ACSL5specific siRNAs or a scrambled siRNA oligonucleotide. ACSL5-specific siRNAs
decreased the ACSL5 mRNA expression by 81% (±1.2%) in differentiated human
preadipocytes as compared to those transfected with scrambled siRNA oligonucleotide.
Transfection of ACSL5 siRNAs reduced TAG accumulation by visual inspection, reduced
the expression of PPAR-ɣ and C/EBP-α (transcription factors necessary for preadipocyte
differentiation), as well as SREBP1c, Perilipin, and FAS expression. ACSL5 expression
appears to be necessary for adipocyte differentiation. Ongoing studies are further
defining the role of ACSL5 in adipocyte biology. This work was supported by grant 581950-7-707 from USDA Agricultural Service.

