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The A-5 Fatty Acid Desaturase FADS1 Impacts Inflammation and Metabolic

Disease by Balancing Pro-Inflammatory and Pro-Resolving Lipids

Abstract

by
ANTHONY D. GROMOVSKY

Objective — Human genetic variants near the fatty acid desaturase (FADS) gene
cluster (FADS1-2-3) are strongly associated with metabolic traits including
dyslipidemia, fatty liver, type 2 diabetes, and coronary artery disease. However,
mechanisms underlying these genetic associations are unclear.

Approach and Results — Here, we specifically investigated the physiologic role
of the A-5 desaturase FADS1 in regulating diet-induced metabolic phenotypes by
treating either wild-type or hyperlipidemic low-density lipoprotein receptor-null
mice with antisense oligonucleotides (ASO) targeting the selective knockdown of
Fads1. Fads1 knockdown resulted in striking reorganization of both w-6 and w-3
polyunsaturated fatty acid (PUFA) levels as well as their associated pro-
inflammatory and pro-resolving lipid mediators in a highly diet-specific manner.
Loss of Fads1 activity promoted hepatic inflammation, liver cancer progression,
and atherosclerosis, yet was associated with suppression of hepatic lipogenesis.
Fads1 knockdown in isolated macrophages promoted classic pro-inflammatory
activation, while suppressing alternative pro-resolving activation programs, and

also altered systemic and tissue inflammatory responses in vivo. Finally, the
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ability of Fads1 to reciprocally regulate lipogenesis and inflammation may rely in
part on its role as an effector of liver X receptor (LXR) signaling.

Conclusion — These results position Fads? as an underappreciated regulator of
inflammation initiation and resolution, and suggest that endogenously
synthesized arachidonic acid (AA) and eicosapentaenoic acid (EPA) are key

determinates of inflammatory disease progression.
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CHAPTER 1
GENERAL INTRODUCTION

Dietary fats represent one of the major categories of macronutrients humans
rely on for proper nutrition. These nutritional demands go beyond the simplistic
provision of caloric fuel, and many physiologic mechanisms are impacted by the
composition of the food we eat. Dietary macronutrients are often roughly divided
into three main categories: carbohydrate, protein, and fat — although, each
represents its own array of diverse molecules. Fats, as a general term,
encompass any variety of lipid in the diet. The most basic lipids being fatty acids
(FAs), which are aliphatic molecules comprised of an acyl chain of variable
length, with a carboxylic acid functional group at one end (when FA is in its free
form). Free fatty acids (FFASs) are esterified to glycerol molecules to form
complex lipids known as triglycerides (TGs), which are the primary storage form
of extra lipid in eukaryotic cells. Dietary TG catabolism takes place primarily in
the intestine, and is facilitated by pancreatic lipases and bile acids.” This
process, known as lipolysis, breaks down TG to its basic components, and
liberates monoacylglycerol (MAG) and FFAs for absorption by enterocytes lining
the Gl tract." Enterocytes subsequently use the absorbed MAGs and FFAs to
reassemble TGs and package it together with cholesterol and lipoproteins to
generate chylomicrons, which are excreted and ultimately delivered to the
bloodstream via the lymphatic system.1 Circulating TG cannot freely pass
through cell membranes, and must be catabolized to FFAs by lipoprotein lipase

enzymes on the luminal surface(s) of endothelial cells in the vasculature.??
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Liberated FFAs can then be absorbed by cells via fatty acid transporter-mediated
uptake and utilized by host metabolic pathways to satisfy energetic and
nutritional demands.

Fats and oils from animal and plant sources have highly variable FA
composition, which is an important factor when considering physicochemical
properties of dietary Iipids.1'4 FAs are specifically identified by biochemical
properties such as carbon chain length, number of double bonds present in the
acyl chain, and specific positioning of double bonds relative to specific carbons
comprising the fatty acyl chain. The content of double bonds is a major
distinction of dietary fats — FA that lack double bonds are termed saturated fatty
acids (SFAs), FAs with one double bond are termed monounsaturated fatty acids
(MUFAs), and FAs with multiple double bonds are termed polyunsaturated fatty
acids (PUFAs). Acyl chains lacking double bonds in SFAs can interact tightly
with one another, resulting in stable lipids that are solid at room temperature
(such as animal fats). Double bonds present in naturally-derived MUFAs and
PUFAs are in cis configuration, which disrupt these tight interactions and
decrease stability. As a consequence, PUFA-rich substances (such as planted-
based oils) are generally liquid at room temperature and are increasingly volatile
as double bond content is increased. Saturated and unsaturated FAs are
present in variable abundances in foods we eat, and imbalances in the intake of
these biochemically distinct lipids can influence metabolic health.’

While all FAs have the same caloric value per weight when metabolized for

energy, FAs have different physiological effects depending on their structural
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identity.® In fact, extremely imbalanced relative FA intake can be detrimental to
long term health. Studies have shown that diets rich in SFA and MUFA can
promote obesity,” metabolic syndrome,® and cardiovascular disease (CVD),? and
the American Heart Association states that a healthy diet should prioritize PUFAs
and MUFAs over SFAs, specifically recommending inclusion of fatty fish, nuts,
seeds, and plant-based oil sources of dietary PUFAs.>'®"" Importantly, dietary
PUFAs are primarily w-6 or w-3 FAs,® which is a nomenclature for identifying
double bond positioning relative to the final carbon in the fatty acyl chain. PUFAs
containing a double bond at the 6™ carbon from the methyl end of the acyl chain
are termed w-6, while PUFAs containing a double bond at the 3™ carbon from
the methyl end of the acyl chain are termed w-3. This structural distinction adds
another layer of complexity to FA biology because w-6 and w-3 PUFA are
utilized in a coordinated manner by numerous pathways in the body to support
mechanisms fundamental to life."

Mammals are unable to synthesize essential long chain PUFA de novo, and
must obtain specific shorter-chain PUFAs from the diet in order to generate the
complete repertoire of PUFAs needed by tissues in the body. Mammalian cells
use a system of enzymes to successively elongate (add carbons) and desaturate
(introduce double bonds) fatty acyl chains in order to make long-chain PUFAs
from dietary precursors.”'* Humans cells have a restricted PUFA biosynthetic
capacity based on the limited types of reactions catalyzed by necessary
enzymes. Elongase enzymes catalyze the extension of fatty acyl chains by two

carbons at a time, and desaturase enzymes introduce double bonds in a
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stereospecific manner.”>'* Humans only have desaturases capable of adding
double bonds at specific acyl chain carbon positions: A4, A5, A6, and A9. Similar
to the methodology behind w-6/w-3 nomenclature, A4 represents the 4" carbon
from the carboxylic acid head group of a given FA. Human cells are also
incapable of interconverting w-6 and w-3 PUFAs, which necessitates dietary
intake of both PUFA varieties. For instance, many plant and seed oils are rich
dietary source of a-linolenic acid (ALA), a shorter-chain w-3 PUFA with 18
carbons and 3 double bonds (18:3 A9,12,15). Dietary ALA is metabolized to
generate important long-chain w-3 fatty acids, particularly eicosapentaenoic acid
(EPA, 20:5 A5,8,11,14,17) and docosahexaenoic acid (DHA, 22:6
A4,7,10,13,16,19). Analogously, many plant and animal fats are rich dietary
sources of linoleic acid (LA), the shortest-chained w-6 PUFA (18:2 A9,12).
Dietary LA is elongated and desaturated to produce downstream long-chain w-6
fatty acids, most importantly arachidonic acid (AA, 20:4 A5,8,11,14). Dietary
PUFA act as competing substrates for the same enzymes during long chain w-3
and w-6 PUFA synthesis, which highlights the importance of the proportion of w-
3 to w-6 fatty acids in the diet."*'* Consider a very simplified scenario as an
example: dietary enrichment in ALA will result in higher levels of EPA in
comparison to AA, simply as a result of substrate availability being skewed in
favor of w-3 PUFA precursors.

Long-chain w-6 and w-3 PUFAs are fundamental to proper growth and
development because they play pivotal signaling roles throughout every tissue in

the body."'® Structurally, PUFA contribute to the proper regulation of
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phospholipid (PL) membrane fluidity and specialized tissue function.® Lipid
profiling of the human body reveals that different organ systems have distinct
PUFA compositions."® Of note, the human brain is known to be very rich in
DHA, and cognitive development is stunted without sufficient w-3 PUFA in the
diet.”®?? However, the physiologic requirement of long-chain PUFA is not
satisfied by diet alone. Humans rely on the function of two enzymes that play
indispensable roles in essential PUFA synthesis: the A5 desaturase Fatty Acid
Desaturase 1 (FADS1, encoded by the FADS1 gene in humans), and the A6
desaturase Fatty Acid Desaturase 2 (FADS2, encoded by the FADS2 gene in
humans).?*** FADS1 and FADS2 share a bidirectional promoter region on
chromosome 11 (11q12-13.1).% This region also harbors FADS3, a gene
encoding Fatty Acid Desaturase 3 (FADS3), a protein with predicted desaturase
ability, but no known function to date.*® FADS2 has 4 main substrates: LA (18:2),
ALA (18:3), tetracosatetraenoic acid (24:4, w-6) and tetracosapentaenoic acid
(24:5, w-3), which it converts into y-linolenic acid (18:3), stearidonic acid (18:4),
tetracosapentaenoic acid (24:5, w-6), and tetracosahexaenoic acid (24:6, w-3),
respectively (Figure 1). FADS1 catalyzes the conversion of dihomo-y-linolenic
acid (DGLA, 20:3) and eicosatetraenoic acid (ETA, 20:4) into AA (20:4) and EPA
(20:5), respectively (Figure 1). FADS1 is the only human enzyme known to have
AS desaturase activity, making it the sole source of endogenously-derived AA
and EPA, and essential for life. Although FADS1 is expressed in all tissues
throughout the body, highest protein expression is found in the liver, heart

muscle, skeletal muscle, gastrointestinal tract, and male reproductive organs.?®?’
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Figure 1. Polyunsaturated Fatty Acid Biosynthesis. Schematic representation of endogenous
w-6 and w-3 polyunsaturated fatty acid metabolism.
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Genetic deletion of Fads? in mice causes death within 8-12 weeks after birth in
the absence of exogenous AA and EPA supplementation,?®?® demonstrating that
the importance of A5 desaturase function is conserved across species.

Proper PUFA balance is achieved through a combination of exogenous
(dietary) and endogenous (enzymatic) contributions, and genome-wide
association (GWA) studies have recently highlighted the significance of this
nutritional interplay by revealing that human genetics may have evolved to adapt
to human dietary regimens. In particular, genetic data from Greenlandic Inuit
populations demonstrate high frequency single nucleotide polymorphisms
(SNPs) in the FADS1-2-3 gene locus.*® These SNPs translate to reduced levels
of AA and EPA, and concomitantly increased levels of DGLA and ETA — a shift in
substrate and product levels indicative of reduced FADS1 function.® It is thought
that the Greenlandic Inuit population has a high incidence of reduced function
FADS gene variants due to their unique diet, which is traditionally rich in fatty/oily
fish.>® Qily fish are bountiful sources of w-3 PUFA,>"" especially EPA, which is a
FADS1 product. With so much EPA being supplied exogenously, the
Greenlandic Inuit people evolved with a relatively reduced dependence on
FADS1-derived PUFA, and genetic variants that better suited their physiological
demands presumptively developed and persisted in the population over time.
These observations suggest that regulation and balance of PUFA levels are of
paramount importance, so much so that human genetics can change in order to

account for dietary patterns.
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In all tissues of the body, PUFA metabolism can dramatically affect the
regulation of inflammation state by dictating the identity of locally active lipid
signaling mediators.®' Lipid mediator biology became a topic of interest following
early studies which discovered that ovine tissues could enzymatically convert AA
into prostaglandin E2 (PGEZ2), a physiologically active lipid agent which promotes
inflammation and the sensation of pain during the early phase tissue responses
to trauma and/or infection.®® In the following years, numerous classes of distinct
lipid mediators — prostacyclins, thromboxanes, and leukotrienes — were
characterized and broadly classified as eicosanoids. Produced from 20-carbon
essential PUFA in response to growth and/or stress signals, eicosanoids are
short-lived lipid signaling molecules that function in autocrine and paracrine
fashion(s) to coordinate the body’s metabolic and inflammatory state.**** Cellular
stress signals, such as pro-inflammatory cytokines and damage associated
molecular patterns, promote the activation of phospholipase enzymes, which
catalyze the removal of PUFA from PL membranes in cells to facilitate lipid
mediator synthesis.*>*® Enzymes with oxidoreductive capacity such as
cyclooxygenases, lipoxygenases, and certain cytochrome P450s subsequently
catalyze stereospecific modifications of the PUFA being drawn from PL
reserves.>° Structural diversity of PUFA substrates and positional selectivity of
enzyme catalysis contribute to a cell’s ability to synthesize a vast array of
oxidized PUFA metabolites. Broadly, eicosanoids synthesized from w-6 PUFA
(mainly AA) are more potently pro-inflammatory than those synthesized from w-3

PUFA (mainly EPA). Importantly, cells also generate distinct non-eicosanoid
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varieties of immunomodulatory lipid mediators during inflammatory responses to
stress stimuli.

Different phases of inflammation are coordinated in part by lipid mediator
signaling, requiring temporal regulation of PUFA metabolites in order to properly
manage local inflammation.*® Immune cells must work in concert with proximal
parenchymal and stromal cells to properly resolve inflammatory responses.
Timely and complete resolution of inflammation is critical for maintaining tissue
health and function, and unresolved inflammation can be pathogenic.*°
Resolution is an active process orchestrated, in part, by specialized pro-resolving
mediators (SPM) that signal through distinct receptors to both dampen local
inflammation and promote resolution.*'*> SPM are a class of PUFA metabolites
that encompass lipoxins, resolvins, maresins, and protectins that function to
actively modulate the duration and intensity of inflammatory responses.*!?
Lipoxins are bioactive autacoid metabolites of AA during inflammatory
responses, and are the only subset of biologically relevant SPM derived mainly
from w-6 PUFA. Resolvins are dihydroxy or trihydroxy metabolites of w-3 PUFA,
primarily EPA and DHA, while maresins and protectins are derived from
DHA.*"*2 Common enzymes catalyze the synthesis of all pro-inflammatory lipid
mediators and SPM — the oxygenase enzymes that are primarily responsible for
metabolizing PUFA to lipid mediators are: 15-lipoxygenase-1 (encoded by the
ALOX15 gene in humans), 12-lipoxygenase (encoded by the ALOX72 gene in
humans), 5-lipoxygenase (encoded by the ALOX5 gene in humans),

cyclooxygenase-2 (encoded by the PTGSZ2 gene in humans), and certain
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cytochrome P450 monooxygenases.**>°

It is important to note that human
ALOX12 and ALOX15, as well as murine leukocyte-type Alox12 and Alox15, are
commonly referred to as 12/15-lipoxygenases based on their shared ability to
metabolize AA to both 15-hydroperoxyeicosatetraenoic acid (15-HpETE) and 12-
hydroperoxyeicosatetraenoic acid (12-HpETE).** Enzyme expression is cell
specific, which influences the repertoire of PUFA metabolites generated by
different cells in a given microenvironment. Differential synthetic capacities
promote the local exchange of oxidized PUFA metabolites among cells that
cannot produce critical hydroperoxy intermediates on their own, allowing for
transcellular biosynthetic potential.** For example, platelets synthesize lipoxin
A4 (LXA4) to aid in the contractile homeostasis of vascular smooth muscle cells,
but lack expression of ALOXS, which is required to catalyze the production of a
5,6-epoxide intermediate, leukotriene A4 (LTA4). Platelets circumvent this
limitation by sourcing LTA4 from proximal neutrophils and other cells with 5-
lipoxygenase activity, and further metabolizing it through ALOX12 to ultimately
generate the 15-hydroxy product, LXA4.** Metabolite exchange also contributes
to lipid mediator regulation because it can necessitate the interplay of resident
cells and recruited leukocytes, thus restricting synthesis to separate phases of
inflammation that involve different cell types.

The local microenvironment is dynamic and busy with signaling factors during
acute inflammation, and temporal orchestration of lipid mediator synthesis is
critical to both the induction and resolution of inflammatory responses.*'#? At the

onset of inflammation, AA-derived pro-inflammatory lipid mediators dominate the

10
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microenvironment and drive immune cell recruitment to sites of developing
inflammation.*’*? As tissue injury endures, inflammatory cytokines and
eicosanoids instruct cells to synthesize SPM in order to resolve injurious
signaling and induce healing mechanisms.*'*? Overall, AA-derived mediators
are present early in inflammatory responses, and decrease in abundance at the
relative expense of EPA- and DHA-derived SPM as the body works to reestablish
local tissue homeostasis. Because distinct phases of inflammation are
characterized by lipid mediators of different PUFA origin, immune responses are
significantly influenced by PUFA metabolism and the overall ratio of w-6 PUFA to
w-3 PUFA (w-6/w-3 ratio) in tissues. FADS1 is the sole endogenous source of
AA and EPA, which uniquely positions this enzyme to potentially modulate the
onset and resolution of inflammation by determining the amount of long-chain w-
6 and w-3 PUFA available for lipid mediator biosynthesis. The work here
investigates how FADS1-dependent PUFA metabolism impacts inflammatory

processes that contribute to overall health and, in some cases, pathogenesis.
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CHAPTER 2
FADS1 IMPACTS CARDIOMETABOLIC DISEASE BY BALANCING PRO-
INFLAMMATORY AND PRO-RESOLVING LIPID MEDIATORS

2.1 Introduction

Human genetic studies have transformed cardiometabolic drug discovery,
providing an unparalleled prediction tool for identification of new drug targets.
This is exemplified by the recent success story of large-scale genetic studies
leading to rapid development of monoclonal antibodies targeting proprotein
convertase subtilisin/kexin type 9 for hyperlipidemia and cardiovascular
disease.*® Given the target prediction power of human genetics, large consortium
genome-wide association study efforts have identified hundreds of genomic loci
linked to cardiometabolic disease traits, providing a refined list of new drug
targets. However, many genome-wide association studies have identified loci
containing genes of unknown function. Single nucleotide polymorphisms in the
FADS1-2-3 gene cluster have been repeatedly identified in genome-wide
association studies across the cardiometabolic disease spectrum, including
strong associations with obesity, type 2 diabetes, dyslipidemia, non-alcoholic
fatty liver disease, liver enzyme elevation, coronary artery disease, and heart
rate.**® However, mechanisms by which FADS7-2-3 polymorphisms link to
these comorbid disease phenotypes are unclear. Given that expression
quantitative trait loci studies have revealed altered expression of FADS1 in

several of these human genetic studies, we set out to investigate the specific role
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of FADS1 in regulating diet-induced cardiometabolic phenotypes in
hyperlipidemic mice.

FADS1 is the only mammalian A-5 fatty acid desaturase enzyme capable of
producing the important polyunsaturated fatty acids (PUFAs) arachidonic acid
(AA) and eicosapentaenoic acid (EPA) from substrates dihomo-y-linolenic acid
(DGLA) and eicosatetraenoic acid (ETA), respectively.>’°® Downstream
enzymatic and non-enzymatic oxidation of FADS1 product PUFAs (AA and EPA)
generates diverse lipid signaling mediators that coordinate both the initiation and
resolution phases of inflammatory processes.***%*? In general, AA-derived
eicosanoids are thought to initiate and potentiate pro-inflammatory
responses,**“° while EPA- and docosohexaenoic acid (DHA)-derived mediators
function in direct opposition to resolve inflammation and initiate wound healing
and tissue regenerative responses.*!*? In particular, lipoxins, resolvins, and
protectins are important lipid autacoids with varying structures and functions that
are collectively defined as specialized pro-resolving lipid mediators (SPMs) for
their ability to actively resolve inflammation.*'*? Given FADS1’s unique position
as the sole enzymatic source of endogenous AA and EPA, we hypothesized that
Fads1 loss of function would dramatically alter both pro-inflammatory and pro-
resolving lipid mediators to impact diseases of unresolved inflammation such as
atherosclerosis, obesity, insulin resistance, and steatohepatitis. Metabolic
phenotyping of global Fads?” mice has been limited due to the fact that these
mice are only viable for approximately 8-12 weeks without supraphysiological

supplementation of AA and EPA in the diet.?®?° To overcome this barrier, here
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we used second-generation antisense oligonucleotides (ASOs),* which
predominately target liver, adipose tissue, and cells within the reticuloendothelial
system to selectively knock down Fads1 in adult hyperlipidemic mice, thereby
circumventing postnatal lethality of global Fads? deletion. We hypothesized that
the underlying mechanism by which FADS7 polymorphisms alter cardiometabolic
disease phenotypes is by determining the balance of endogenous AA and EPA
substrates available for the production of SPMs, thereby impacting the proper
resolution of inflammation. To specifically address whether endogenous EPA
production by Fads1 is necessary for SPM generation and inflammation
resolution, we provided a subset of mice a diet enriched in w-3 precursor fatty

acids.

2.2 Materials and Methods
Animal Studies
To study the specific role of the Fads? in cardiometabolic disease without the

associated postnatal lethality of genetic Fads? deletion,?®%

we employed an in
vivo antisense oligonucleotide (ASO)-mediated knockdown approach in male
low-density lipoprotein receptor-knockout mice on a pure C57BL/6J background
as previously described.>® Starting at 8 weeks of age, ASOs were injected
intraperitoneally (50mg/kg BW per week) for the duration of the 16-week study
period. To carefully alter the fatty acids present in the diet, Fads? loss of function

was studied under two dietary contexts. One set of mice were fed a saturated

and monounsaturated fatty acid-enriched synthetic diet (SFA-rich diet) with an oll
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base originating from palm oil. The palm oil used for diet synthesis was
purchased from Shay and Co. (Portland, OR). To specifically alter the w-3 Fads1
substrate fatty acid eicosatetraenoic acid, another subset of mice received a diet
designed to provide elevated amounts of precursor fatty acid (a-linolenic acid =
18:3 - w-3 and stearidonic acid = 18:4 - w-3) that can be easily converted into
eicosatetraenoic acid. The seed oil used for this w-3 substrate diet originates
from Echium plantagineum, and was a generous gift from Croda Europe Ltd.
(Leek, Staffordshire, UK). Synthesis of these diets has been described in detail in
previous publications.®®®" All oils and synthetic diets were authenticated by the
Wake Forest University Center for Botanical Lipids and Inflammatory Disease
Prevention, and a certificate of analysis can be provided upon request. All mice
studies were approved by the Institutional Animal Care and Use Committee of

the Cleveland Clinic.

Plasma Lipid, Lipoprotein, and Fatty Acid Composition Analyses

Total plasma triacylglycerol levels (L-Type TG M, Wako Diagnostics) and total
plasma cholesterol levels were quantified enzymatically (Infinity Cholesterol
Reagent, Thermo/Fisher). The distribution of cholesterol across lipoprotein
classes was performed by fast-protein liquid chromatography using tandem
superose-6 HR columns for coupled with an online enzymatic cholesterol
quantification as previously described.®>®® To quantify to total plasma fatty acid
composition, alkaline hydrolysis of plasma was performed and fatty acid species

were quantified by LC-MS/MS. Briefly, chemical standards of palmitic acid,
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palmitoleic acid, stearic acid, oleic acid, linoleic acid, y-linolenic acid, a-linolenic
acid, stearidonic acid, dihomo-y-linoleic acid, arachidonic acid, eicosapentaenoic
acid and docosahexaenoic acid were purchased from Sigma-Aldrich (Vienna,
Austria). In parallel, isotope labeled standards of palmitic acid-d2, linoleic acid-
d4, arachidonic acid-d8 and docosahexaenoic acid-d5 were purchased from
Avanti Polar Lipids, Inc. (700 Industrial Park Drive, Alabaster, Alabama 35007,
USA). A 100 pl aliquot of plasma was mixed with 10 pl of mixed internal
standards at the concentration of 10 uyg/ml and the lipids were extracted into the
hexane using the Liquid/Liquid extraction method.®® The hexane layer is dried
under nitrogen flow and the pellet was resuspended with 200 ul 85% methanol.
Following centrifugation at 12000 rcf for 10 minutes, 100 pl of supernatant was
transferred into a vial for FA analysis by LC-MS/MS. A volume at 20 yl was
injected on a C18 column (Gemini, 3 um, 2 x 150mm, Phenomenex) for the
separation of FA species. Mobile phases were A (water containing 0.2% acetic
acid) and B (methanol containing 0.2% acetic acid) and the pH was adjusted with
ammonium hydroxide solution to 8.0 respectively. Mobile phase B at 85% was
used at 0-2 min, a linear gradient was used starting from 85% B to 100% B at 2-6
min, kept at 100% at 6-22 min at the flow rate of 0.2 ml/min. The HPLC system is
Waters 2690. The HPLC eluent was directly injected into a triple quatrupole mass
spectrometer (Quattro Ultima, Micromass) and the FA species were ionized at
ESI negative mode. Analytes were quantified using Selected Reaction Monitoring
(SRM) and the SRM transitions (m/z) were precursor to precursor ions (m/z) at

255 > 255 for palmitic acid, 253 > 253 for palmitoleic acid, 283 > 283 for stearic
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acid, 281 > 281 for oleic acid, 279 > 279 for linoleic acid, 277 > 277 for y-linolenic
acid, 277 > 277 for a-linolenic acid, 275 > 275 for stearidonic acid, 305 > 305 for
dihomo-y-linoleic acid, 303 > 303 for arachidonic acid, 301 > 301 for
eicosapentaenoic acid, 327 > 327 for docosahexaenoic acid, 257 > 257 for
palmitic acid-d2, 283 > 283 for linoleic acid-d4, 311 > 311 for arachidonic acid-d8
and 332 > 332 for docosahexaenoic acid-d5. Internal standard calibration curves
were used for quantitation of FA species. Resulting data were analyzed using

Masslynx Software.

Hepatic Phospholipid Fatty Acid Composition and Molecular Species
Analyses

To measure total hepatic phospholipid fatty acid composition, a total lipid
extract was made using the method of Folch and colleagues.®” Total lipid extracts
were separated into cholesteryl ester, triglyceride, and phospholipid fractions by
thin layer chromatography using a hexane/diethyl ether/acetic acid (70/30/1)
solvent system. Alkaline hydrolysis was conducted on phospholipids recovered
from the thin layer chromatography origin, and percentage fatty acid composition
was quantified by the LC-MS/MS method described above for plasma fatty acid
composition analysis using a C18 column-based HPLC separation followed by
triple quatrupole mass spectrometry (Quattro Ultima, Micromass). To more
broadly examine the molecular lipid species in Fads1 knockdown livers we
developed a shotgun lipidomics method for semi-quantitation of multiple lipid

species as previously described® with minor modifications. All the internal
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standards were purchased from Avanti Polar Lipids, Inc. (700 Industrial Park
Drive, Alabaster, Alabama 35007, USA). Ten internal standards (12:0
diacylglycerol, 14:1 monoacylglycerol, 17:0 lysophosphatidylcholine, 17:0
phosphatidylcholine, 17:0 phosphatidic acid; 17:0 phosphatidylethanolamine,
17:0 phosphatidylglycerol, 17:0 sphingomyelin, 17:1 lysosphingomyelin, and 17:0
ceramide) were mixed together with the final concentration of 100 yM each. Total
hepatic lipids were extracted using the method of Bligh and Dyer®® with minor
modifications. In brief, 50 uL of 100 uM internal standards were added to tissue
homogenates and lipids were extracted by adding by adding MeOH/CHCI3 (v/v,
2/1) in the presence of dibutylhydroxytoluene (BHT) to limit oxidation. The CHCl;
layer was collected and dried under Nz flow. The dried lipid extract was dissolved
in 1 ml the MeOH/CHCl; (v/v, 2/1) containing 5mM ammonium acetate for
injection. The solution containing the lipid extract was pumped into the TripleTOF
5600 mass spectrometer (AB Sciex LLC, 500 Old Connecticut Path,
Framingham, MA 01701, USA) at a flow rate of 40 yL/min for 2 minutes for each
ionization mode. Lipid extracts were analyzed in both positive and negative ion
modes for complete lipidome coverage using the TripleTOF 5600 System.
Infusion MS/MSALL workflow experiments consisted of a TOF MS scan from m/z
200-1200 followed by a sequential acquisition of 1001 MS/MS spectra acquired
from m/z 200 to 1200.%® The total time required to obtain a comprehensive profile
of the lipidome was approximately 10 minutes per sample. The data was
acquired with high resolution (>30000) and high mass accuracy (~5 ppm RMS).

Data processing using LipidView Software identified 150-300 lipid species,
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covering diverse lipids classes including major glycerophospholipids and
sphingolipids. The peak intensities for each identified lipid, across all samples
were normalized against an internal standard from same lipid class for the semi-

quantitation purpose.

Quantification of Pro-Inflammatory and Pro-Resolving Lipid Mediators by
LC-MS/MS

Livers collected from low-density lipoprotein receptor-null mice exposed to
control or Fads1 ASO treatment and diets for 16 weeks were minced in ice-cold
methanol containing internal deuterium-labeled standards and stored at -80°C.
These standards, which included ds-RvD2, ds-LTBy4, ds-5-HETE, d4-PGE; and ds-
LXA4 were used to assess extraction recovery. The tissue samples were then
centrifuged (3,000 rpm) and the supernatants were subjected to solid phase
extraction and LC-MS/MS analysis, essentially as described by English et al.”
Briefly, lipid mediators were extracted by C18 column chromatography and were
eluted in methyl formate fractions. The solvent was then evaporated under N,
gas and lipid mediators were resuspended in methanol:water (50:50). For
analysis, a high performance liquid chromatograph (HPLC, Shimadzu) coupled to
a QTrap5500 mass spectrometer (AB Sciex) was used and operated in negative
ionization mode. ldentification and quantification of lipid mediators was achieved
using multiple reaction monitoring transitions, information-dependent acquisition
and enhanced product ion scanning.” The levels of individual lipid mediators

were normalized to extraction recovery of internal deuterium-labeled standards
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and quantified based on calibration curves using external standards for each
mediator. The levels of each compound were then imported into MetaboAnalyst
where further statistical analyses could be performed. For this, missing value
imputation was performed in which half the minimum positive value was used for
compounds that were not detected in all samples. Next, the data were subjected
to a log transformation and autoscaling so that all metabolites carried equal
importance. We then conducted partial least squares-discriminant analysis and
volcano plot analysis. The relative levels of each detected compound was also
compared and displayed in a heatmap format to more easily appreciate the

differences between individual samples, as well as experimental groups.

Atherosclerosis Quantification

Atherosclerosis burden was quantified in the aortic root after 16 weeks of diet
and ASO treatment as previously described.”" Briefly, hearts were formalin fixed
and sectioned, and slides were stained with Oil Red O and hematoxylin. Aortic
root lesion area was quantified by ImageJ software taking the mean value from
six sections, as described previously.”' Additionally, all aortae were subjected to
biochemical analyses to determine free and esterified cholesterol mass as
previously described.”>”* Hematoxylin & eosin staining of aortic root cross

sections were utilized to measure necrotic core area, as described previously.”
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Primary Macrophage Studies

Elicited peritoneal macrophages were collected 4 days after injection of 1ml of
10% thioglycolate into the peritoneal cavities of mice that had been treated with
control or Fads1 ASOs and fed the SFA-rich diet for 8 weeks as previously
described.®"%>"® Following 2 hours of culture, non-adherent cells were removed
by washing three times with PBS, and remaining adherent macrophages were
stimulated with lipopolysaccharide (50 ng/ml) or recombinant interleukin 4 (10
ng/ml) to promote classic/pro-inflammatory) or alternative/pro-resolving skewing,
respectively. Six hours after stimulus addition RNA and conditioned media were

collected for subsequent analysis.

In vivo Immune Stimulation Studies

Animals were fed diets and treated with ASOs for a period of 8 weeks before
receiving intraperitoneal injections of vehicle (0.9% saline), lipopolysaccharide
(LPS) (Escherichia coli 0111:B4), or IL-4 (2 ug, Peprotech) that was complexed
with anti-IL4 mAb (10 ug, clone 11B11) as previously described.””"® Following
injection, plasma was collected at 1 h via tail snip (for acute phase cytokine
measurements), and exactly 6 h after injection mice were sacrificed. Thereafter,
a midline laparotomy was performed, and blood was collected by heart puncture
(for terminal cytokine measurements). After blood collection, a whole-body
perfusion was conducted by puncturing the inferior vena cava and slowly
delivering 10 mL sterile 0.9% saline into the left ventricle of the heart to remove

residual blood. Aortic arches and livers were harvested and snap-frozen for

21


gromova
Typewritten Text
21


subsequent analyses. Plasma cytokine concentrations were determined using
the MSD V-PLEX Proinflammatory Panel |, a highly sensitive multiplex enzyme-
linked immunosorbent assay (ELISA) designed to quantitatively measure 10
cytokines including interferon y (IFN-y), interleukin (IL)-1, IL-2, IL-4, IL-6, IL-8,
IL-10, IL-12p70, IL-13, and tumor necrosis factor a (TNFa) from a single
specimen using an electrochemiluminescent detection method (MesoScale

Discovery, Gaithersburg, MD, USA).

Oxymax/CLAMS Energy Expenditure Studies

For indirect calorimetry studies, mice (n=6) were treated with ASOs and fed
diets for 6 weeks prior to study. Animals were allowed to equilibrate to metabolic
cage environments at room temperature (22°C) for ~72 hours before 24 hours of
continuous data collection. Oxygen consumption (VO,), heat, and respiratory
exchange ratio (RER), and activity were constantly monitored using the Oxymax
Comprehensive Laboratory Animal Monitoring System (CLAMS) home cage

system (Columbus Instruments).

Glucose Tolerance Testing

Glucose tolerance tests were performed after a 4-6 hour fast by injecting 1
g/kg body weight of glucose into the peritoneal cavity. Tail vein plasma glucose
levels were measured using a commercial glucometer (ACCU-CHEK Performa,
Roche). Glucose tolerance tests were performed on mice that had been treated

with diet and ASO for 14 weeks.
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Liver Histological Analysis

Hematoxylin and eosin staining of paraffin-embedded liver sections was
performed as previously described.?? Histopathologic evaluations were scored in
a blinded fashion by a board certified pathologist (Daniela S. Allende — Cleveland

Clinic).

Total Hepatic Triglyceride, Free Cholesterol, and Phosphatidylcholine
Analyses

Extraction of liver lipids and quantification of total hepatic triglyceride, free
cholesterol, and phosphatidylcholine was conducted using enzymatic assays as

described previously.?*%°

Hepatic Triglyceride Secretion Assay

Mice were fasted for ~18h on fresh bedding with free access to drinking
water. Blood was collected via tail snip prior to (0 h) and 1, 2, and 3 h after
intraperitoneal injection of tyloxapol (500 mg/kg Triton WR-1339). Serum
triglyceride levels were measured at each time point enzymatically (L-Type TG

M, Wako Diagnostics).

Fecal Neutral Sterol Quantification
Animals were housed in wire-bottomed cages for 3 days to isolate feces, and

feces were subsequently dried and ground into a fine powder. A measured
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amount of powdered feces (~100 mg) was extracted as described previously.”
Mass fecal neutral sterol analysis was performed by gas liquid chromatography

as previously described.®*2°

Flow Cytometric Quantification of Circulating Leukocyte Populations
Peripheral blood was obtained following 10 weeks of diet and ASO treatment
by submandibular vein puncture for circulating leukocyte analysis. Red blood
cells were removed from flow cytometry preparations by treatment with
ammonium, chloride, potassium (ACK) lysing buffer (BioWhittaker, Lonza,
Walkersville, MD). The remaining white blood cells were incubated with the
following monoclonal antibodies: CD3e-APC-Cy7 clone: 145-2C11 (BD
Pharmingen, BD Biosciences, Becton, Dickinson and Company, Franklin Lakes,
NJ); CD4-Alexa Fluor 700 clone: RM4-5 (BD Pharmingen, BD Biosciences,
Becton, Dickinson and Company, Franklin Lakes, NJ); CD8a-PE-Cyanine7 clone:
53-6.7 (eBioscience, San Diego, CA); CD115-PE clone: AFS98 (eBioscience,
San Diego, CA); Ly-6G-APC clone: 1A8 (eBioscience, San Diego, CA); Ly-6C-
FITC clone: AL-21 (BD Pharmingen, BD Biosciences, Becton, Dickinson and
Company, Franklin Lakes, NJ). Data were acquired on a BD LSRFortessa (BD
Biosciences, Becton, Dickinson and Company, Franklin Lakes, NJ) and analyzed

using FlowJo Data Analysis Software v.10.0.8 (FlowdJo, LLC, Ashland, Oregon).

Real-Time PCR Analysis of Gene Expression

Cells or tissue RNA extraction was performed as previously described for all
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mRNA analyses.®*%*%>"" Quantitative real time PCR (qPCR) analyses were
conducted as previously described.*%*¢>7" Cyclophilin A was used as a
housekeeping gene for all gPCR analyses and mRNA expression levels were
calculated based on the AA-CT method. gPCR was conducted using the Applied
Biosystems 7500 Real-Time PCR System. Primers used for g°PCR are available

on request.

Statistical Analysis

All data were analyzed using either t-test, one-way, or two-way analysis of
variance (ANOVA) where appropriate, followed by Tukey-HSD post hoc analysis.
Only lipid mediator data required transformation (subjected to a log
transformation and autoscaling so that all metabolites carried equal importance).
Differences were considered significant at p <0.05. Statistical analyses were
performed using JMP Pro 10 (SAS Institute; Cary, NC), Graphpad Prism 6 (La

Jolla, CA) and Metaboanalyst 3.0 (http://www.metaboanalyst.ca/) software.

2.3 Results
Fads1 is a Key Determinant of Membrane Phospholipid Composition and
Pro-Inflammatory Versus Pro-Resolving Lipid Mediator Balance

To understand the role of Fads? in maintaining membrane lipid composition
and lipid mediator balance in the context of cardiometabolic disease, we utilized
an in vivo ASO-mediated knockdown approach®® in hyperlipidemic low-density

lipoprotein receptor-null mice. To selectively alter pro-inflammatory versus pro-
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resolving lipid mediator balance in the context of Fads? loss of function, mice
were also fed synthetic diets specifically designed to provide low or high levels of
the w-3 FADS1 substrate fatty acid ETA (Figure 2A) as previously described by
Shewale and colleagues.®® Fads? ASO treatment resulted in selective
knockdown of hepatic Fads?T mRNA, without altering Fads2 or Fads3 mRNA
expression (Figure 3A). In agreement with selective Fads? knockdown, Fads1
ASO treatment resulted in plasma accumulation of the FADS1 w-6 substrate
DGLA and w-3 substrate ETA in a diet-specific manner (Figures 2B, and 3B, 3C).
Reciprocally, FADS1 product fatty acids (AA and EPA) were significantly
diminished in the plasma of Fads7 ASO-treated mice (Figures 2B, and 3B, 3C).
Similar diet-specific changes in FADS1 substrate (DGLA and ETA) and product
(AA and EPA) fatty acids were seen in the liver of Fads1 ASO-treated mice,
where PUFA biosynthesis is known to be most active (Figure 3D, 3E). Strikingly,
when mice were fed a diet enriched in w-3 PUFA precursors for ETA
biosynthesis, Fads1 knockdown resulted in greater than 80% of the total
phospholipid fatty acid pool containing ETA (Figure 3D). This was associated
with reciprocal reductions in the w-3 FADS1 product EPA in total hepatic
phospholipids (Figure 3D). This FADS1 substrate/product shift was also seen in
several phospholipid classes including phosphatidylethanolamines and
phosphatidylcholines (Figures 2C and 3E). These results suggest that Fads1 is
a major contributor to membrane phospholipid remodeling under certain dietary
conditions. Given the fundamental roles that AA and EPA play in lipid mediator

production, we next quantified a wide array of pro-inflammatory and pro-resolving
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A - SFA-Rich Diet i3 Subsirate Diet]
Fatty Acid
% of total FA % of total FA

Palmitic acid (16:0) 43.05 25.2

Palmitoleic acid (16:1) 0.4 0.3

Stearic acid (18:0) 4.4 4.05

Oleic acid (18:1) 37.9 27.75

Linoleic acid (18:2 w-6) 11 14

o~Linolenic acid (18:3 w-3) 0.3 15.2

y-Linolenic acid (18:3 w-6) 0 4.6

Stearidonic acid (18:4 w-3) 0 6.25

Euric acid (22:1 w-9) 0 0.15

Eicosapentaenoic acid (20:5 w-3) 0.31 0.29

Docosahexaenoic acid (22:6 w-3) 0.3 0.33

Plasma Fatty Acids (ug/ml) SFA-Rich Diet
Control ASO | Fads1 ASO | Control ASO | Fads1 ASO

Palmitic acid (16:0) 602.3 + 22.3 | 765.9 + 51.2* | 506.5 + 24.9* | *503.3 + 13.0
Palmitoleic acid (16:1) 85.8+5.2 99.5+15.2 64.7+7.4* | 40.2+2.8%#
Stearic acid (18:0) 188.7 +34.8 | 93.7+13.4* 48.4 + 8.6* | 99.3 + 20.3*#
Oleic acid (18:1) 482.4 +16.3 | 683.4 + 39.1* | 289.0 + 24.1* | 275.2 + 28.6*
Linoleic acid (18:2 w-6) 635.8 +46.3 | 655.1+81.7 | 546.5+36.7 | 426.2 + 12.6*#
a-Linolenic acid (18:3 w-3) 27+03 24+04 73.0+4.1* | 46.2+2.9%
y-Linolenic acid (18:3 w-6) 8.6 +0.8 18.5+1.7* 62.8+6.5* | 43.0+2.1*#
Stearidonic acid (18:4 w-3) 0.5 +0.08 0.7+ 0.1 14.0 + 2.3* 12.8 + 1.6*
Dihomo-y-Linolenic acid (20:3 w-6) | 63.8+5.6 | 258.9+16.9* | 97.1+6.6* |178.1+14.1*#
Arachidonic acid (20:4 w-6) 304.1+15.7 | 177.6 +21.7* | 184.1+6.9* | 81.1+6.5%
Eicosatetraenoic acid (20:4 w-3) 1.6 +0.1 9.1+1.6% 53.3+6.3* | 136.4 + 8.3*#
Eicosapentaenoic acid (20:5 w-3) 40.4+3.9 23.1+3.5* | 173.0+16.2* | 40.5+1.6#
Docosahexaenoic acid (22:6 w-3) 303.2+25.1 | 345.4+9.9 | 309.5+13.6 | 317.6 +20.1

#
C 0251 # —~ 04 r 0.8 #
— _
M ] )
2 0.20- = g
n a2 03 0 06
< g ] 0 0
o 2 04154 = 2
L!‘J’ o g 0.2 ™ D g
o £ o101 = w E
IIE 0.05- g 04 mg 0.2
£ ND ND £ ND ND £ ND ND
0.00- 0.0: 0.0:

ASO — Con Fads1 Con Fads1 ASO- Con Fads1 Con Fads1 ASO - Con Fads1 Con Fads1

DIET - SFA-rich w-3 Substrate SFA-rich w-3 Substrate SFA-rich w-3 Substrate

Figure 2. Fatty Acid Composition of Experimental Diets, Plasma, and Liver. (A) Fatty acid
composition of individual fatty acids in experimental diets. (B) Total fatty acid composition of
plasma (displayed as pg/ml) from mice treated with diet and ASOs for 16 weeks; n=6 per group.
Table displays mean * SEM. Statistical significance is determined by 2-way ANOVA, * =
significantly different from the control ASO — SFA-rich diet group (*p<0.05); ™ = significantly
different from control ASO group within the w-3 substrate diet group (#p<0.05). (C) Hepatic levels
of eicosapentaenoic acid (EPA), phosphatidylcholine (PC) 36:4, and phosphatidylethanolamine
(PE) 38:5 from mice treated with diet and ASOs for 16 weeks; n=5 per group. Graphs display
mean + SEM. Statistical significance determined by t-test (#p<0.05).
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Figure 3. Fads1 is a Key Determinant of Membrane Phospholipid Composition. (A) gPCR
quantification of hepatic Fads1, Fads2, and Fads3 mRNA; n=5 per group. (B-C) FADS1 substrate
(w-6 dihomo-g-linolenic acid, DGLA and w-3 eicosatetraenoic acid, ETA) and product (w-6
arachidonic acid, AA and w-3 eicosapentaenoic acid, EPA) fatty acid concentrations in plasma;
n=6 per group. (D) Total hepatic phospholipid fatty acid composition, n=5 per group. (E) Hepatic
phosphatidylethanolamine (PE) species 38:4 and 36:5, n=5 per group. Graphs display mean +
S.E.M. Statistical significance is determined by 2-way ANOVA. * = significantly different from the
control ASO - saturated and monounsaturated fatty acid (SFA)-rich diet group (*p<0.05,
**p<0.01, ***p<0.001, ****£<O 0001 = S|gn|f|cantly d|fferent from control ASO group within the
w-3 substrate diet group ("p<0.05, p<0 01, p<0 001, * p<0 0001).
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lipid mediators in the liver (Figure 4A-4E). Global lipid mediator product profiles
were clearly distinct for both dietary and genetic (Fads?) interventions. In mice
fed the diet enriched w-3 PUFA precursors, a clear shift in the production of
SPMs was observed (Figure 4A-4E). In the presence of the w-3 PUFA substrate
diet, Fads1 knockdown resulted in a clear imbalance between pro-inflammatory
and pro-resolving lipid mediators that would be predicted to oppose proper
inflammation resolution. When broadly comparing the ratio of 5-lipoxygenase-
derived SPMs to the pro-inflammatory mediator leukotriene B4, Fads1
knockdown skews towards a more pro-inflammatory and less pro-resolving
mediator profile (Figures 4E, and 5). In fact, Fads7 knockdown resulted in
significantly diminished levels of many of the major bioactive pro-resolving lipid
mediators originating from enzymatic conversion of AA (lipoxin Ay, lipoxin Ba),
EPA (15-hydroxyeicosapentaenoic acid, lipoxin As), and DHA (17R-resolvin D1,
resolvin D1; protectin D1) (Figures 4A-4E, and 5). Collectively, these results
suggest that Fads1 is a major contributor to diet-induced PUFA remodeling of
hepatic membrane lipids, thereby dictating the balance of pro-inflammatory and

pro-resolving lipid mediators.

Fads1 Reciprocally Regulates Hepatic Inflammation and Lipogenesis
In parallel to the observed imbalance between pro-inflammatory and pro-

resolving lipid mediators, mice treated with Fads?1 ASO develop pathological

histology and gene expression signatures that are characteristic of chronic

hepatic inflammation (Figure 6A-6E). Fads1 ASO-treated mice exhibited
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Figure 4. Fads1 is a Key Determinant of Pro-Inflammatory Versus Pro-Resolving Lipid
Mediator Balance. (A) Volcano plot of all metabolites detected with the larger circles that are
labeled representing metabolites that exceed the minimum thresholds for significance (p<0.05)
and fold change (> or <2). Lipid mediators that were significantly increased in w-3 diet-fed
animals are blue and appear in the shaded region while those that were significantly decreased
are white; n=5 per group. (B) Volcano plot of all metabolites detected with the larger circles that
are labeled representing metabolites that exceed the minimum threshold for significance (p<0.05)
and fold change (> or <2). Lipid mediators that were significantly decreased by Fads? ASO are
white and appear in the shaded region while those that significantly increased are blue; n=5 per
group. (C) Partial least squares-discriminant analysis two-dimensional scores plot demonstrated
clustering of samples into distinct and separate groups based on both diet and ASO. (D) Venn
diagram displaying the lipid mediators that were significantly increased by w-3 diet with control
ASO in the blue circle and those that were significantly decreased by Fads? ASO while on w-3
diet in the gray circle. Those metabolites in the overlapping region both increased on w-3 diet and
were decreased by Fads1 ASO; n=5 per group. (E) (Left) Combined levels of 5-lipoxygenase (5-
LOX)-derived specialized pro-resolving lipid mediators (SPM) are shown for each diet and
treatment group. SPM included in this index are resolvin (Rv) D1, 17R-RvD1, RvD2, 17R-RvD3,
RvD4, RvD6, RvE1, RvE2, lipoxin (LX) A4, 15R-LXA,, LXAs, LXB, and LXBs; n=5 per group.
Graph displays mean + S.E.M. (Middle) Levels of leukotriene B4 (LTB4). Only one of the five
samples in the group fed a control diet and treated with Fads? ASO contained LTB, above the
limit of detection (0.1 pg) and thus the entire group was omitted; n=3-5 per group. Graph displays
mean + S.E.M. Statistical significance is determined by t-test. # p<0.05 control ASO vs Fads?
ASO. (Right) The ratio of 5-LOX-derived SPM to LTB, is shown for mice on w-3 rich diet exposed
to control or Fads1 ASO; n=5 per group. Graph displays mean + S.E.M. Statistical significance is
determined by f-test. # p<0.05 control ASO vs Fads1 ASO).
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Figure 5. Fads1 Knockdown Diversifies PUFA-Derived Lipid Mediators in a Diet-Specific
Manner. (A) Representative multiple reaction monitoring (MRM) chromatograms used for
identification of protectin D1 (PD1), 17R-resolvin D1 (17R-RvD1) and lipoxin B4 (LXB,4). (B) A
heatmap delineates the relative levels of all metabolites measured in each sample. (C) Data
representing selected arachidonic acid (AA)-, eicosapentaenoic acid (EPA)-, and
docosahexaenoic acid (DHA)-derived lipid mediators that were altered by Fads1 knockdown in a
diet-specific manner.
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Figure 6. Fads1 is a Critical Regulator of Hepatic Inflammation and Lipogenesis. (A) H&E-
stained liver sections show enhanced immune cell invasion characterized mainly by foamy
histiocytes in the context of Fads? knockdown (shown at 200x magnification); Arrows indicate
areas of foamy histiocytes. (B) Pathologist quantified foamy histiocyte clusters per 40x field, n=3
per group. (C-E) Hepatic expression of macrophage genes including cluster of differentiation 68
(Cd68), interleukin 6 (/L-6), and macrophage inflammatory protein 1a (Mip-1a); n=5 per group. (F-
1) Total hepatic triglycerides (TG), phosphatidylcholine (PC), free cholesterol (FC), and cholesteryl
ester (CE); n=6 per group. (J-M) Hepatic expression of lipogenic genes including sterol regulatory
element-binding proteins 1c (Srebp1c) and 2 (Srebp?2), acetyl-CoA carboxylase 1 (Acc1), and
fatty acid synthase (Fas); n=5 per group. All graphs display mean + S.E.M. Statistical
significance is determined by 2-way ANOVA. * = significantly different from the control ASO —
saturated and monounsaturated fatty acid (SFA)-rich diet group (*p<0.05, **p<0.01, ***p<0.001,
****n<0.0001); #= significantly different from control ASO group within the w-3 substrate diet
group (*p<0.05, #p<0.01, #p<0.001, #*p<0.0001).
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abnormal appearance of foamy histiocyte clusters that were significantly
increased in mice fed the w-3 PUFA substrate diet (Figure 6A, 6B). Fads1
knockdown was also associated with increased expression of macrophage-
selective genes including cluster of differentiation 68 (Cd68), interleukin-6 (/L-6),
and macrophage inflammatory protein 1 a (Mip-1a) (Figure 6C-6E). It is
important to note that Fads1 ASO-driven hepatic inflammation was most
apparent in mice fed the w-3 PUFA substrate diet (Figure 6A-6E), a condition
where the ratio of 5-lipoxygenase-derived SPMs to leukotriene By is dramatically
decreased (Figure 4E). In addition to effects on hepatic inflammation, Fads?1
knockdown was also associated with reorganization of hepatic lipid metabolism
that extends beyond the scope of direct effects on PUFA biosynthesis. Fads?
knockdown resulted in reduced hepatic triglycerides in mice fed the w-3 PUFA
substrate diet (Figure 6F), while increasing phosphatidylcholine, free cholesterol
and cholesteryl ester levels (Figure 6G-61). In conjunction with these alterations
in major hepatic lipid species, Fads1 knockdown was associated with
reorganization of lipid metabolic gene expression. Fads7 knockdown
significantly reduced the expression of the master lipogenic transcription factors
sterol regulatory element-binding proteins 1c (Srebp1c) and 2 (SrebpZ2), and their
downstream target genes including acetyl-CoA carboxylase 1 (Acc1), and fatty
acid synthase (Fas) in the liver (Figure 6J-6M). In agreement with suppression of
hepatic de novo lipogenesis, Fads1 ASO-treated mice also exhibited reduced
body weight and white adipose tissue mass (Figure 7), despite eating the same

amount of food (data not shown). Although Fads7 ASO treatment produced very
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Figure 7. Fads1 Knockdown Decreases Adiposity. (A-B) Body weight curves over the study
period; n=9-12 per group. (C-D) Gonadal white adipose tissue weight from mice fed diets and
treated with ASOs for 16 weeks; n=9-12 per group. Graphs display mean + SEM. Statistical
significance determined by t-test (*p<0.05).
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minor alterations in oxygen consumption (VO;) and carbon dioxide production
(VCOz), Fads1 knockdown did significantly increase the respiratory exchange
ratio (RER) in the SFA-fed group (Figure 8F). In line with alterations in adiposity,
Fads1 ASO-treated mice had improvements in glucose tolerance and modest
reductions in fasting plasma insulin levels (Figure 9). Collectively, these data
suggest that Fads1 knockdown limits hepatic fatty acid synthesis, adipose tissue
expansion, and glucose intolerance, while promoting hepatic inflammation under
dietary conditions that favor an imbalance of pro-inflammatory and pro-resolving

lipid mediators.

Fads1 Knockdown Promotes Dyslipidemia and Atherosclerosis in a Diet-
Specific Manner

Polymorphisms in the FADS1-2-3 gene cluster have been repeatedly
associated with plasma lipids and other cardiovascular disease risk factors,*¢¢
yet whether FADS1-driven A-5 desaturation underlies these genetic associations
has remained elusive. Selective ASO-mediated knockdown of Fads? trended
(p=0.06) towards promoting aortic root atherosclerosis in saturated fat-fed mice,
and significantly increased aortic root lesion size in mice fed the w-3 PUFA
substrate diet (Figure 10A, 10B). In agreement with effects in the aortic root,
Fads1 knockdown increased cholesteryl ester levels in whole aortae of mice fed
the w-3 PUFA substrate diet, and also trended towards elevating aortic free

cholesterol levels (Figure 10C, 10D). In contrast, Fads? knockdown did not

significantly alter the total necrotic core area on either dietary background (Figure
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Figure 8. Effects of Fads7 Knockdown on Energy Expenditure. (A-F) Oxymax/CLAMS data
from mice fed SFA-rich diet and treated with ASOs for 6 weeks; n=6 per group. (G-L)
Oxymax/CLAMS data from mice fed w-3 substrate diet and treated with ASOs for 6 weeks; n=6
per group. Graphs display mean + SEM. Statistical significance is determined by t-test (*p<0.05).
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Figure 9. Fads1 Knockdown Improves Glucose Tolerance. (A-B) Glucose tolerance tests in
mice fed diets and treated with ASOs for 14 weeks; n=8-10 per group. (C) Incremental AUCs
corresponding to glucose tolerance tests: n=8-10 per group. (D) Plasma insulin in mice fed diets
and treated with ASOs for 16 weeks; n=6 per group. Graphs display mean + SEM. Statistical
significance is determined by 2-way ANOVA, * = significantly different from the control ASO —
SFA-rich diet group gp<0.05); # = significantly different from control ASO group within the -3
substrate diet group ("p<0.05).
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Figure 10. Fads71 Knockdown Promotes Dyslipidemia and Increases Atherosclerosis in a
Diet-Specific Manner. (A) Representative Oil Red O stained (with hematoxylin counterstain)
aortic root cross-sections. (B) Quantification of aortic root lesion area; n=7-10 per group. (C) Total
free cholesterol (FC) content in mouse aortas; n=8-10 per group. (D) Total cholesteryl ester (CE)
content in mouse aortas; n=8-10 per group. (E) Representative hematoxylin & eosin stained
aortic root cross-sections. (F) Quantification of necrotic core area; n=8-10 per group. (G) Plasma
total triglyceride (TG) and total plasma cholesterol (TPC); n=6 per group. (H-J) Very low-density
lipoprotein (VLDL), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) cholesterol
levels after 16 weeks of diet and ASO treatment; n=4 per group. All graphs display mean +
S.E.M. Statistical significance is determined by 2-way ANOVA. * = significantly different from the
control ASO - saturated and monounsaturated fatty acid (SFA)-rich diet group (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001); = significantly different from control ASO group within the
w-3 substrate diet group (*p<0.05, #p<0.01, #*p<0.001, **p<0.0001).
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10E, 10F). Unlike the significant effects on hepatic triglyceride levels (Figure 6F,
6J-6M), Fads? knockdown resulted in very minor alterations in plasma
triglycerides, producing a transient triglyceride lowering effect that was only
apparent at 8 weeks of dietary induction (Figure 10G). Given that very low-
density lipoprotein triglyceride secretion rates were not significantly altered by
Fads1 knockdown (Figure 11), the alterations in plasma triglyceride and
cholesterol levels observed in Fads1 ASO-treated mice likely arise from altered
intravascular metabolism and turnover of apoB-containing lipoproteins.
Interesting, the hepatic expression of lipoprotein lipase (Lp/) was increased in
Fads1 ASO treatment (Figure 18L), which may contribute to the dyslipidemia
seen in Fads1 knockdown mice. However, Fads1 ASO treatment promoted
hypercholesterolemia under both dietary settings, characterized by significant
increases in low-density lipoprotein cholesterol levels (Figure 101) without altering
very low-density lipoprotein cholesterol levels (Figure 10H). The previously
reported ability of the w-3 PUFA substrate diet to increase high-density
lipoprotein cholesterol levels®® was abolished by Fads? knockdown (Figure 10J),
indicating that endogenous EPA biosynthesis is necessary for this phenotype. In
addition to alterations in plasma lipid levels, Fads7 knockdown resulted in diet-
specific reorganization of circulating leukocyte populations. In saturated fat-fed
mice, Fads? knockdown reduced Ly6C"™" monocytes, and similarly reduced both
CD4+ and CD8+ T cell populations (Figure 12A-12F). When challenged with the
w-3 PUFA substrate diet Fads1 ASO-treated mice exhibited elevations in

Ly6C™" and Ly6C"*" monocytes and neutrophils, without significant alterations
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Figure 11. Fads1 Knockdown Reduces Circulating Triglyceride Levels Without Changing
Triglyceride Secretion Rate. (A) Triglyceride accumulation in plasma following Tyloxapol
administration in mice fed diets and treated with ASOs for 10 weeks; n=5 per group. Graph
displays mean + SEM. Statistical significance is determined f-test at each time point. * =
significantly different from the control ASO — SFA-rich diet group (*p<0.05); * = significantly
different from control ASO group within the ®w-3 substrate diet group (#p<0.05). (B) Calculated
rates of triglyceride accumulation in plasma following Tyloxapol administration in mice fed diets
and treated with ASOs for 10 weeks; n=5 per group. Graph displays mean + SEM. Statistical
significance is determined by 2-way ANOVA, * = significantly different from the control ASO —
SFA-rich diet group gp<0.05); # = significantly different from control ASO group within the -3
substrate diet group ("p<0.05).
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Figure 12. Fads1 Knockdown Alters Leukocyte Populations in a Diet-Specific Manner. (A-
F) Flow cytometric detection of circulating leukocyte populations; n=6 per group. All graphs
display mean + S.E.M. Statistical significance is determined by 2-way ANOVA. * = significantly
different from the control ASO — saturated and monounsaturated fatty acid (SFA)-rich diet group
(*p<0.05, **p<0.01, ***p<0.001, ****£<0.0001); = significantly different from control ASO group

within the w-3 substrate diet group ("p<0.05, *p<0.01, #p<0.001, **p<0.0001).
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in T cell populations (Figure 12A-12F). Collectively, these data suggest that
Fads1-driven A-5 desaturation balances pro-atherogenic dyslipidemia and

monocytosis in a diet-specific manner (Figures 10 and 12).

Fads1 Impacts Macrophage-Driven Inflammation and Resolution Programs
Both In Vitro and In Vivo

Macrophages are requisite players in the pathogenesis of atherosclerosis,
playing important roles in both the initiation and resolution phases of the disease
progression.” Whereas classically activated macrophages are generally pro-
inflammatory in nature, alternatively activated macrophages are thought to be
involved in the resolution of inflammation during plaque regression and
stabilization.®? To address the role of Fads? in macrophage phenotype
switching, we elicited peritoneal macrophages from ASO-treated mice, and
acutely induced polarization programs with pro-inflammatory (lipopolysaccharide,
LPS) or pro-resolving (interleukin 4, I1L-4) stimuli (Figure 13). It is important to
note that Fads7 mRNA expression was suppressed by lipopolysaccharide
treatment (Figure 13A), yet was increased by IL-4 treatment (Figure 13F). Fads1
knockdown in macrophages was associated with skewing towards pro-
inflammatory and away from pro-resolving polarization (Figure 13). In support of
this, Fads1 knockdown resulted in augmented lipopolysaccharide-driven pro-
inflammatory gene expression (Figure 13A-13E), yet was associated with
diminished IL-4-driven alternative activation gene signatures (Figure 13F-13J).
The expression of AA and EPA oxidizing enzymes cyclooxygenases 1 (Cox-1)
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Figure 13. Fads1 Knockdown Promotes Classic Activation and Suppresses Alternative
Activation Programs in Macrophages. Low-density lipoprotein receptor-knockout mice were
treated with ASOs and the saturated and monounsaturated fatty acid (SFA)-rich diet for 8 weeks,
and then primary macrophages were elicited from the peritoneal cavity for functional
characterization. (A-E) Macrophages isolated from control and Fads? ASO-treated mice were
stimulated with 50 ng/ml lipopolysaccharide (LPS). 6 hours later gene expression was quantified
by qPCR; n=4 per group. (F-J) Macrophages isolated from control and Fads1 ASO-treated mice
were stimulated with 10 ng/ml interleukin 4 (IL-4). 6 hours later gene expression was quantified
by qPCR; n=4 per group. (K) Conditioned media was collected from non-stimulated macrophages
for LC-MS/MS detection of lipid mediators; n=4 per group. All graphs display mean + S.E.M. For
panels A-J, statistical significance is determined by 2-way ANOVA. * = significantly different from
the control ASO - vehicle stimulus group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001); # =
significant%#different from control ASO group within the LPS or IL-4 treatment group (#p<0.05,
#p<0.01, p<0.001, ####p<0.0001). For panel K, statistical significance is determined by t-test. *
= significantly different from control ASO group (*p<0.05, **p<0.01).
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and 2 (Cox-2) and 12-lipoxygenase (Alox12) were differentially expressed with
Fads1 knockdown under certain stimulated conditions (Figure 13D, 13E, 13,
13J). Fads1 knockdown in macrophages was also associated with generally
lower levels of lipid mediators originating from oxidation of AA, EPA, and DHA
(Figure 13K). Given that Fads7 knockdown was associated with such striking
diversification of lipid mediators both in isolated macrophages (Figure 13K) and
in the liver (Figures 2 and 4A-4E), we performed linear regression analysis to
correlate lipid mediator concentrations in the liver to the major in vivo phenotypes
under study. The EPA-derived lipid mediator lipoxin As was negatively
associated (R?=0.5299, p=0.0003) with atherosclerotic lesion area (Figure 14C),
while the AA-derived mediator 5(S),15(S)-dihydroxyeicosatetraenoic acid was
positively associated (R?=0.2467, p=0.026) with atherosclerosis (Figure 14D).
Circulating monocyte numbers were positively correlated with the AA-derived
mediator leukotriene B, (R?>=0.6743, p<0.0001) and the poorly studied DHA-
derived lipid mediator 21-hydroxydocosahexaenoic acid (R>=0.612, p=0.0003)
(Figure 14E, 14F). Also, blood glucose levels were negatively associated with
the DHA-derived lipid mediators 17-hydroxydocosahexaenoic acid (R>=0.5001,
p=0.0005) and 21-hydroxydocosahexaenoic acid (R?>=0.3468, p=0.006) (Figure
14G, 14H). Collectively, these data suggest that Fads?1 plays an
underappreciated role in macrophage polarization and lipid mediator production,
and provide initial clues into potential Fads7-regulated lipid mediators driving

diverse cardiometabolic phenotypes.
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Figure 14. Fads1-Driven Alterations in Lipid Mediators Correlate with Cardiometabolic
Phenotypes. Linear regression analysis of cardiometabolic phenotypes vs. lipid mediators. Each
point represents an individual animal. Regression coefficient is shown for entire data set. (A-B)
Lipoprotein-associated cholesterol (LDL+VLDL, and HDL) levels associate with atherosclerosis
burden. (C-D) Lipoxin As (LXAs) and 5(S), 15(S)-dihydroxyeicosatetraenoic acid (5(S), 15(S)-
diHETE) levels associate with atherosclerosis burden. (E-F) Leukotriene B, (LTB,) and 21-
hydroxydocohexaenoic acid (21-HDHA) levels associate with circulating monocyte levels. (G-H)
17-hydroxydocohexaenoic acid (17-HDHA) and 21-hydroxydocohexaenoic acid (21-HDHA) levels
associate with blood glucose levels.
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To further investigate the role of Fads? in orchestrating pro-inflammatory and
pro-resolving macrophage programs in vivo, we treated diet-fed control and
Fads1 knockdown mice with pro-inflammatory (LPS) or pro-resolving (IL-4)
skewing stimuli and followed acute inflammatory responses in the circulation
(Figure 15), liver (Figure 15), and aortic arch (Figure 16). Fads? knockdown did
not appreciably alter plasma cytokine levels under IL-4-stimulated conditions
(data not shown), but did significantly alter LPS-stimulated plasma cytokine
responses. Although Fads? knockdown did not alter the early LPS-induced burst
of circulating tumor necrosis factor a (TNFa), Fads?1 ASO treatment was
associated with significantly elevated LPS-stimulated levels of several
interleukins (IL-1B, IL-12p70, and IL-10) after six hours (Figure 15A-15D). In the
liver, Fads1 knockdown was associated with increased expression of the
macrophage marker genes F4/80 and Cd68, and this effect was particularly
apparent in mice fed the w-3 substrate diet (Figure 15F, 15G). Fads1
knockdown in the liver was associated with reduced expression of the
alternative/pro-resolving macrophage marker gene arginase 1 under all
conditions (Figure 15H). In contrast, Fads? knockdown enhanced LPS-
stimulated expression of macrophage-derived cytokines including MCP-1, MIP-
1a, and TNFa (Figure 151-15K), yet modestly blunted expression of the acute
phase protein serum amyloid A (SAA) in w-3 substrate diet-fed mice (Figure
15L). In the aortic arch, there was a roughly 50% knockdown of Fads? with
Fads1 ASO treatment, and much like what was seen in elicited macrophages

(Figure 13A), LPS alone suppressed Fads1 expression by 50% when compared
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Figure 15. Fads1 Knockdown Alters Systemic Inflammation In Vivo. (A) Acute phase TNF-a
levels in plasma 1 hour after Veh/LPS/IL-4 stimulation in mice fed diet and treated with ASOs for
8 weeks; n=3 per group. (B-D) Terminal cytokine levels in plasma 6 hours after Veh/LPS/IL-4
stimulation; n=3 per group. (E-L) gPCR quantification of hepatic gene expression; n=3 per group.
All graphs display mean + S.E.M. Statistical significance is determined by f-test. * = significantly
different from control ASO group within the same diet group (*p<0.05).
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Figure 16. Fads1 Knockdown Alters Aortic Inflammation In Vivo. (A-H) gPCR quantification
of aortic arch gene expression; n=3 per group. All graphs display mean + S.E.M. Statistical

significance is determined by t-test. * = significantly different from control ASO group within the
same diet group (*p<0.05).
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to saline injected mice (Figure 15A). Fads? knockdown in the aortic arch was
associated with increased expression genes encoding macrophage markers
such as F4/80 and Cd11b, particularly in the w-3 substrate diet groups (Figure
16B, 16C). Furthermore, Fads1 knockdown was associated with diet-specific
effects on both LPS- and IL-4-stimulated cytokine expression in the aortic arch
(Figure 16D-16H). Collectively, these results suggest that Fads1 regulates
systemic inflammation, tissue macrophage abundance, and macrophage

polarization in vivo in a highly gene- and tissue-specific manner.

Fads1 Determines the Reciprocal Regulation of Inflammation and
Lipogenesis Driven by Liver X Receptor (LXR).

The nuclear hormone receptor LXR is a well-known regulator of tissue
inflammation, atherosclerosis, cholesterol balance, de novo lipogenesis, and
membrane PUFA-diversification.?>® Given that our results here link Fads? to
these same phenotypes we hypothesized that Fads1 may be an important
effector of LXR signaling. To test this, we examined LXR agonist-induced
metabolic reprogramming in control and Fads7 knockdown mice maintained on a
chow diet (Figures 17 and 18). Fads7 knockdown was associated with enhanced
basal and LXR-stimulated fecal neutral sterol loss, yet was associated with
blunted basal and LXR-stimulated liver triglyceride levels (Figure 17A, 17B). In
contrast to these LXR-associated lipid phenotypes, the ability of Fads7?
knockdown to alter hepatic cholesterol levels was largely independent of LXR

activation state (Figure 17C-17E). However, Fads? knockdown significantly
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Figure 17. Fads1 Knockdown Impacts LXR-Driven Remodeling of Hepatic Lipids. Chow-fed
C57BL/6J mice were treated with control or Fads1 ASO for 10 consecutive weeks, and then were
also gavaged daily with Vehicle or T0901317 (25 mg/kg/day) during the tenth week; n=6 per
group. (A) Total fecal neutral sterol loss from mice fed chow and treated with ASOs for 10 weeks.
(B) Total hepatic triglycerides (TG); n=6 per group. (C) Hepatic free cholesterol (FC); n=6 per
group. (D) Hepatic cholesteryl ester (CE); n=6 per group. (E) Hepatic total cholesterol (TC); n=6
per group. (F) Total plasma cholesterol in mice fed chow and treated with ASOs for 10 weeks; n-6
per group All graphs display mean + S.E.M. Statistical significance is determined by 2-way
ANOVA. * = significantly different from the control ASO — vehicle gavage group (*p<0.05,
**p<0.01, ***p<0.001, ****E<O OOO‘I’) = S|gn|f|cantly dlfferent from control ASO group within the
T0901317 gavage group ("p<0.05, p<0 01, p<0 001, p<0 0001).
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Figure 18. Fads1 is an Effector of LXR-Driven Reorganization of Lipid Metabolism. Chow-
fed C57BL/6J mice were treated with control or Fads1 ASO for 10 consecutive weeks, and then
were also gavaged daily with Vehicle or T0901317 (25 mg/kg/day) during the tenth week; n=6 per
group. (A-L) gPCR quantification of hepatic gene expression, n=6 per group. All graphs display
mean + S.E.M. Statistical significance is determined by 2-way ANOVA. * = significantly different
from the control ASO — vehicle gavage group (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001); =
significant’% different from control ASO group within the T0901317 gavage group (#p<0.05,
#5<0.01, #p<0.001, #*p<0.0001).
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increased plasma cholesterol only in animals treated with pharmacological LXR
agonist (Figure 17F). Knockdown of Fads? did not significantly alter the hepatic
expression of LXRa itself (data not shown), but did result in selective alterations
in LXR-stimulated gene expression (Figure 18A-18L). For instance, the ability of
the LXR agonist T0901317 to increase the expression of Srebp1c and its target
genes (Fas, Scd1, and Acc1) was blunted in Fads1 knockdown mice (Figure
18E-18H). In parallel, LXR-stimulated expression of genes involved in
cholesterol efflux (ATP-binding cassette transporters G5 and G8) and
phosphatidylcholine remodeling (lysphosphatidylcholine acyltransferase) were
also blunted in Fads? knockdown mice (Figure 181-18K). However, not all LXR-
stimulated gene expression was blunted in Fads7 knockdown mice, as was the
case for lipoprotein lipase (Lp/) (Figure 18L). The hepatic expression of HMG-
CoA reductase (Hmgcr) and HMG-CoA synthase (Hmgcs1) were increased in
both the basal and LXR-stimulated state (Figure 18C, 18D). However, Fads1
knockdown only increased hepatic expression of Srebp2 in the T0901317-treated
mice (Figure 18B). These results suggest that Fads? is an effector of LXR
agonist-driven transcriptional control of fatty acid and cholesterol metabolic

programs in the liver.

2.4 Discussion
Cardiometabolic diseases including obesity, insulin resistance,
atherosclerosis, and steatohepatitis all share tissue-specific features of chronic

unresolved inflammation.®9? Although often underappreciated, membrane
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PUFA-derived lipid mediators play requisite roles in both the initiation and
resolution phase of inflammation. There is a wealth of evidence showing
beneficial effects of dietary PUFA supplementation on cardiometabolic

diseases, %

yet the specific contribution of endogenous PUFA synthesis driven
by FADS1 (i.e. AA and EPA generation) has been elusive. Here we provide new
evidence that Fads7-driven PUFA biosynthesis plays a role in cardiometabolic
diseases associated with chronic unresolved inflammation (obesity, insulin
resistance, atherosclerosis, and steatohepatitis). The main findings of the
current study are: (1) Fads1 is a major contributor to diet-driven enrichment of
PUFAs in membrane phospholipids; (2) Fads? loss of function results in
diminished levels of AA-, EPA-, and DHA-derived pro-resolving lipid mediators;
(3) Fads1 knockdown promotes hepatic inflammation in a diet-specific manner;
(4) Fads1 knockdown promotes atherosclerosis in a diet-specific manner; (5)
Fads1 knockdown results in the suppression of hepatic de novo lipogenesis; (6)
Fads1 knockdown is associated with reduced adiposity and improved glucose
tolerance; (7) Fads1 knockdown results in atherogenic dyslipidemia; (8) Fads1
activity impacts circulating monocyte and T cell levels in a diet-specific manner;
(9) Fads1 reciprocally regulates pro-inflammatory and pro-resolving polarization
programs in macrophages; (10) Fads1 is a tissue-specific effector of LPS- and
IL-4-driven reprogramming of systemic inflammatory responses in vivo; and (11)
Fads1 reciprocally regulates fatty acid and cholesterol reprogramming driven by
the liver X receptor (LXR). Collectively, these data support a model in which

Fads1-driven AA and EPA production diversifies both pro-inflammatory and pro-
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resolving lipid mediator production to dictate proper inflammation initiation and
resolution in cardiometabolic disease.

The FADS1-2-3 genetic locus is unique in that it shares genome-wide
significant associations with almost all cardiometabolic phenotypes across the
metabolic syndrome spectrum.*®*® However, the relative roles of the three
separate enzymes (FADS1, FADS2, and FADS3) encoded at this locus in driving
cardiometabolic disease has been elusive. This study provides the first evidence
that specific loss of the A-5 desaturase FADS1 can dynamically alter many of the
cardiometabolic phenotypes originally identified in human genome-wide
association studies. However, it is important to compare and contrast our
findings to a recent manuscript describing cardiometabolic phenotypes in a gene
trap Fads1 loss of function mouse model.*® The work by Powell and colleagues
reported similar improvements in body weight and glucose tolerance with Fads1
loss of function, but also reported modest reductions in atherosclerotic burden in
Fads1 loss of function mice on an apolipoprotein E-null background.®® Given
these discrepant results, it is essential to note that hepatic expression levels of
Fads1 were not reported in the work by Powell and colleagues,® and AA and
EPA levels were very modestly reduced in their Fads1 targeted mice. In fact, the
authors speculate that this model produced a hypomorphic allele rather than a
complete loss of function allele.®® Furthermore, the work by Powell and
colleagues is complicated by the fact that mice were studied on diets containing
supplemental AA, thereby potentially masking the phenotypes driven by lack of

endogenous AA production. Notably, a major difference between the current
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studies and the work by Powell and colleagues® is the use of different
hyperlipidemic mouse models. Whereas atherosclerosis in the Ldlr” model used
here is mainly driven by VLDL and LDL accumulation, the more rapid
atherosclerosis progression in apoE™ mice is driven largely by the accumulation
of intestinally-derived apoB-containing lipoproteins. Given early postnatal

lethality of global Fads? knockout mice,?®%

and obvious limitations of genetic
hypomorphs and ASO-mediated knockdown, additional tissue-specific genetic
approaches will ultimately be necessary to fully understand the cell autonomous
roles of Fads1 in cardiometabolic disease. It is important to note that the ASO
knockdown approach used here does not accurately reflect the anticipated effect
of common FADS1 polymorphisms. In fact, ASOs typically only achieve
appreciable knockdown in the liver, adipose, kidney, and some cells with the
reticuloendothelial cell system, whereas the human FADS1 variants likely affect
expression across all tissues. Moving forward it will be important to study each
individual FADS1 SNP using non-ASO genetic approaches to fully understand
the functional consequences of the cardiometabolic disease-associated variants.

Given the fact that Fads1 knockdown dramatically reorganizes membrane
phospholipids as well as diversifies downstream oxidation products of AA, EPA,
and DHA (Figures 2-5), it is challenging to define a single unifying mechanistic
link between A-5 desaturation and cardiometabolic disease phenotypes. In fact,
it is most likely that certain lipid mediator alterations seen in Fads? knockdown

mice may drive specific aspects of the phenotype. For instance, recent work has

shown that vulnerable regions within human atherosclerotic plaques exhibit a
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lower SPM to leukotriene ratio similar to what is seen with Fads? knockdown
(Figure 4E).2%" Moreover, direct administration of resolvin D1 (which is reduced
in Fads1 ASO-treated mice, Figure 4A-4E) promotes features of atherosclerotic
plaque stability (e.g. increased fibrous cap thickness) in mice.®® Furthermore, the
AA-derived lipid mediator lipoxin A4, which is severely reduced in Fads7 ASO-
treated mice (Figures 4A-4E and 5C), has been shown to limit chronic
inflammation in adipose tissue and liver.**'% Importantly, Fads?’s ability to alter
lipid mediator balance is very dependent on dietary provision of substrate fatty
acids (Figures 4A-4E and 5). In support of this concept, Fads? knockdown has
minimal effects on phospholipid acyl chain composition when a primary saturated
fat source is provided, yet when a diet enriched in 18 carbon length w-3 fatty acid
precursors is fed, Fads1 knockdown is associated with striking alterations in
membrane phospholipids (Figures 2C and 3D, 3E) and downstream lipid
mediators (Figures 4A-4E and 5). These results suggest that FADS1 activity
becomes particularly important in lipid mediator balance under dietary conditions
where precursor essential fatty acid substrates for long-chain PUFA biosynthesis
are provided.

Another important finding of this work is that Fads7 is novel effector of LXR
signaling in vivo, reciprocally balancing LXR-driven increases in fecal cholesterol
disposal and de novo lipogenesis (Figures 17 and 18). Additional work is needed
to understand how Fads7-driven AA- and EPA-derived lipid mediators impact
reverse cholesterol transport and fatty acid biosynthesis, but in line with our

observations a recent report linked the AA-derived metabolome to reverse
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cholesterol transport in mice and humans.'®' Furthermore, AA has also been
shown to inhibit LXR-driven transactivation of the SREBP1c promoter, thereby
impacting a number of downstream lipid signaling pathways in cells.'®? Based on
these collective observations it is tempting to speculate that AA itself, or more
likely some downstream oxidative metabolite of AA, allows for coordinated
regulation of LXR, SREBP1c, and PPARa signaling to balance lipid metabolic
and inflammatory transcriptional programs. However, when considering the
ability of Fads1 to alter LXR signaling in our studies it is important to note that we
studied LXR activation in different dietary cholesterol levels and genetic
backgrounds. For instance, all studies examining effects of Fads7 knockdown on
atherosclerosis and hepatic inflammation (Figures 2-16) were done in Ldlr”” mice
fed synthetic diets supplemented with 0.2% cholesterol, whereas the exogenous
LXR agonist studies (Figures 17 and 18) were done in chow-fed C57BL/6 mice.

It has previously been demonstrated that dietary cholesterol levels can
dramatically alter LXR target gene expression, with high dietary cholesterol
providing substrate for endogenous oxysterol ligand production®%%1%4,
Therefore, the ability of Fads1 to alter LXR signaling is likely determined in part
by dietary cholesterol levels. It is also important to note that the ability of Fads?
to alter hepatic cholesterol levels does not solely rely on its ability to alter LXR-
driven transcriptional programs. In support of this, Fads1 ASO-driven increases
in hepatic free cholesterol levels are apparent in both basal (vehicle) and LXR-
stimulated (T0901317-treated) conditions (Figure 17). Therefore, Fads1 likely

impacts cholesterol homeostasis by LXR-dependent and independent
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mechanisms. One potential way that Fads? could impact hepatic free cholesterol
levels is by altering membrane phospholipid fatty acid composition to secondarily
alter the stability of cholesterol-rich lipid rafts. It is well known that PUFA-
enrichment in membrane phospholipids can have profound effects on lipid raft
formation and stability.'®>'® Our data suggest that under certain dietary
conditions Fads?1 can be a major determinant of phospholipid fatty acid
composition (Figure 3D). Therefore, we hypothesize that one plausible way
Fads1 could alter hepatic FC levels in a LXR-independent manner may be by
altering the stability of cholesterol-rich lipid raft domains.

Since FADS1 is the sole endogenous source of AA, it is important to note that
these studies were also conducted in the setting of w-6 FADS1 substrate dietary
supplementation (Figure 19A). As observed in the control and w-3 substrate diet
cohorts, Fads1 knockdown increased circulating FADS1 substrate concentrations
and decreased circulating FADS1 product concentrations (Figure 19B). Both
Fads1 knockdown and w-6 PUFA diet changed hepatic lipid mediator
concentrations (Figure 19C), especially altering the AA metabolome. Analogous
to the observations in the dietary context of w-3 PUFA supplementation, Fads1
knockdown increased hepatic total cholesterol levels and reduced hepatic
triglyceride levels independent of diet. Fads? knockdown increased LDL and
decreased HDL similarly in the w-6 and w-3 PUFA supplemented cohorts (Figure
19F, 19G), yet did not significantly increase atherosclerosis in the w-6 diet
(Figure 19H). These results suggest that PUFA supplementation in general may

have atheroprotective effects, but the benefits of w-3 PUFA supplementation are
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Figure 19. Effects of Fads1 Knockdown in the Dietary Context of w-6 and w-3 PUFA
Supplementation. (A) Fatty acid composition of individual fatty acids in experimental diets. (B)
FADS1 substrate (w-6 dihomo-g-linolenic acid, DGLA and w-3 eicosatetraenoic acid, ETA) and
product (w-6 arachidonic acid, AA and w-3 eicosapentaenoic acid, EPA) fatty acid concentrations
in plasma; n=6 per group. (C) A heatmap demonstrating the relative levels of all lipid metabolites
measured in each liver sample. (D) Total hepatic cholesterol; n=6 per group. (E) Total hepatic
triglycerides; n=6 per group. (F) Low-density lipoprotein (LDL) cholesterol levels after 16 weeks of
diet and ASO treatment; n=4 per group. (G) High-density lipoprotein (HDL) cholesterol levels after
16 weeks of diet and ASO treatment; n=4 per group. (H) Quantification of aortic root lesion area;
n=7-10 per group. Graphs display mean + SEM. Statistical significance is determined by 2-way
ANOVA, datasets with different letter identifiers are significantly (p<0.05) different.
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more dependent on Fads1 expression. These divergent effects of Fads1
knockdown are possibly due to downstream changes in w-3 PUFA derived pro-
resolving lipid mediator profiles, which differ based on dietary inputs.

In summary, this work demonstrates that ASO-mediated knockdown of the A-
5 desaturase FADS1 impacts many of the cardiometabolic phenotypes that were
originally genetically linked to the FADS1-2-3 locus in a highly diet-specific
manner. These findings highlight Fads? as a regulator of inflammation initiation
and resolution, and highlight the interplay between endogenous and exogenous

(dietary) fatty acids in diseases characterized by unresolved inflammation.
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CHAPTER 3
FADS1 OPPOSES HEPATOCELLULAR CARCINOMA PRPGRESSION BY
BALANCING PRO-INFLAMMATORY AND PRO-RESOLVING LIPID
MEDIATORS
3.1 Introduction
Obesity rates continue to climb in developed societies around the globe,?"1%
which is increasing overall mortality by causing deleterious health consequences
ranging from metabolic syndrome all the way to cancer.’®"'"® Adiposity
contributes to oncogenesis through various mechanisms at play both locally and
systemically in obese individuals. For example, peripheral insulin resistance
resulting from obesity causes the pancreas to produce more insulin in order to
compensate, which promotes chronic hyperinsulinemia. Insulin is a potent
growth factor that, when present at inappropriately high concentrations for too
long, can drive tumor formation and progression.''®""” However, many insulin-
independent mechanisms can also have injurious and pathogenic effects in the
setting of obesity that drive adipose tissue remodeling.'® Superfluous lipid
accumulation in tissue can promote local inflammatory signaling and immune cell
recruitment to aid in clearance of excess lipid.""®"'® In the chronically
hyperlipidemic setting of obesity, homeostatic clearance mechanisms cannot
efficiently remedy the tissue lipid burden, which leads to sustained inflammatory
signaling and a microenvironment fitting for oncogenesis. A combination of these
factors likely underlies the observation that obese individuals run a higher risk of

death from malignancies relative to their leaner counterparts.’’>'?%'2! \When
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further dissected, clinical data also reveal that the increase in relative risk ranges
considerably depending on the type of cancer and its tissue of origin.
Particularly, the relative risk of death from liver cancer is strikingly enhanced by
adiposity, as measured by body-mass index (BMI)."?? Specifically, men with a
BMI = 35 are roughly 4.5 times more likely to die from liver cancer than men with
BMI 18.5-24.9."%

Excess lipid retention in the liver, which is clinically recognized as steatosis or
non-alcoholic fatty liver (NAFLD), is the most prevalent liver disorder in
developed societies (excluding diseases of excess alcohol consumption).'?*'%
Steatosis can prompt inflammatory and fibrotic responses, which push the liver
into a pathological state known as non-alcoholic steatohepatitis (NASH)."?®
Chronic NASH is the most severe form of NAFLD and is a major cause of
cirrhosis and hepatocellular carcinoma (HCC), which are irreversible and fatal
end-stage liver diseases requiring organ transplant.'*” HCC, which develops and
progresses in the setting of chronic hepatic inflammation, is the most common
primary liver malignancy in adults and is the most common cause of death in
people suffering from cirrhosis.'?"128

While NASH is known to be a strong determinant of HCC risk, the specific
insults and pathological mechanisms that drive the development of end-stage
liver disease remain elusive. Recent studies have utilized genetic, proteomic,
and lipidomic approaches to profile NAFLD, NASH, and NASH-associated HCC

specimens in order to better understand molecular changes occurring in the liver

during disease progression. Lipidomic profiling reveals decreased levels of EPA
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and DHA in murine models of NASH-associated cancer relative to healthy
controls,'* which agree with other studies which suggest that consumption of w-
3 PUFA (by way of a diet rich in fish) reduces HCC risk."*® Lipidomic data also
demonstrate positive correlations between the w-6/w-3 PUFA ratio in circulation
and NASH-associated cirrhosis in humans, implying that changes in relative
PUFA abundances in tissue influence mammalian liver pathophysiology.**’
Furthermore, studies have started to shed light on changes that occur as livers
transition from simple steatosis (SS) to NASH in order to better understand early
disease mechanisms. Liver and red blood cell lipid profiling demonstrates lower
relative quantities of AA, EPA, and DHA in NASH versus SS patients, which
further corroborates other findings.™' However, the same study demonstrated
that FADS1 and FADS2 were actually up-regulated in NASH versus SS and
healthy controls.”™' This contradictory finding raises questions about FADS1/2
catalytic activity, protein expression, genetic variation in the FADS7-2-3 gene
cluster, and PUFA feedback signaling. Taken together, recent studies suggest
that the dysregulation of PUFA metabolism impacts NASH development, and
highlight significant gaps in knowledge surrounding how these correlative
changes contribute to disease.

Considering the trends observed between PUFA levels and liver disease
revealed by lipidomic and genetic profiling studies, we hypothesized that Fads1
knockdown would dysregulate PUFA metabolism and dramatically alter pro-
inflammatory and pro-resolving lipid mediator balance to impact hepatic

inflammation in the context of obesity-driven HCC. While the majority of global
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HCC cases result from viral infection (hepatitis B and/or C),'*?

non-virally driven
HCC are on the rise, particularly in developed countries home to Westernized
high-fat diets (HFD) and high rates of obesity.’**"*” Here, we have adapted a
murine model of carcinogen-induced, HFD-driven HCC in order to recapitulate
obesity-related HCC pathology.”® This model is unique because it requires two
“hits” in order to promote carcinogenesis: postnatal 7,12-
Dimethylbenz[alanthracene (DMBA) carcinogen exposure, and obesity caused
by chronic high fat feeding.”*® Because Fads7”~ mice can only survive for
approximately 8-12 weeks without dietary provision of AA/EPA,?%° we treated
wild-type male mice (females are almost completely protected in this HCC model,
and excluded from this study) with ASOs to selectively knock down Fads1 and
circumvent the issue of postnatal lethality. Based on evidence from other
studies, we hypothesized that Fads7 knockdown could alter local inflammatory
signaling and promote tumorigenesis even in the absence of the high-fat
nutritional stress. To test this, we included chow-fed experimental cohorts to
evaluate both diet-dependent and diet-independent changes in liver
pathophysiology brought on by reduced Fads? expression. Studies have
suggested that altered FADS1 expression and function (based on

substrate/product levels) may play a role in liver disease progression, 2%

yet
the mechanisms underlying these observations remain unknown. These work
here aim to clarify our understanding of how changes in FADS1-dependent

PUFA metabolism influence various disease mechanisms contributing to HCC

development and progression.

64


gromova
Typewritten Text
64


3.2 Materials and Methods
Animal Studies
To study the specific role of the Fads? in obesity-driven liver disease without

the associated postnatal lethality of genetic Fads? deletion,??°

we employed an
in vivo ASO-mediated knockdown approach in wild-type male mice on a
C57BL/6J background. To induce tumorigenesis, 50 yL of 0.5% DMBA (in
acetone) was painted onto the dorsal skin of pups at day 3 post-birth. Upon
weaning at approximately 3 weeks of age, mice were fed chow or high-fat
(D12492, Research Diets, Inc.) diets and injected intraperitoneally with ASOs
(50mg/kg BW per week) for the duration of the 30-week study period. Fads1
knockdown was studied under both dietary contexts to test the consequences of
altered PUFA metabolism in the presence and absence of the HFD nutritional
insult. From a caloric standpoint, HFD fed to mice was 60% fat, 20% protein,

and 20% carbohydrate. All mice studies were approved by the Institutional

Animal Care and Use Committee of the Cleveland Clinic.

Analysis of Liver Tumor Burden

Whole livers were harvested from experimental mice and photographed for
visual evidence of overall tumor burden. Livers were subsequently separated
into left, median, right, and caudal lobes. Both the ventral and dorsal sides of the
separated liver lobes were photographed for purposes of tumor counting and
measurement. Tumor area was quantified using Imaged software by measuring

the surface area of clearly visible tumors relative to overall visible liver surface
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area.

Quantification of Pro-Inflammatory and Pro-Resolving Lipid Mediators by
LC-MS/MS

Livers collected from wild-type mice exposed to control or Fads1 ASO
treatment and diets for 30 weeks were minced in ice-cold methanol containing
internal deuterium-labeled standards and stored at -80°C. These standards,
which included ds-RvD2, d4-LTBy4, ds-5-HETE, d4-PGE; and ds-LXA4, were used
to assess extraction recovery. The tissue samples were then centrifuged (3,000
rom) and the supernatants were subjected to solid phase extraction and LC-
MS/MS analysis, essentially as described by English et al.” Briefly, lipid
mediators were extracted by C18 column chromatography and were eluted in
methyl formate fractions. The solvent was then evaporated under N2 gas and
lipid mediators were resuspended in methanol:water (50:50). For analysis, a high
performance liquid chromatograph (HPLC, Shimadzu) coupled to a QTrap5500
mass spectrometer (AB Sciex) was used and operated in negative ionization
mode. ldentification and quantification of lipid mediators was achieved using
multiple reaction monitoring transitions, information-dependent acquisition and
enhanced product ion scanning.”’ The levels of individual lipid mediators were
normalized to extraction recovery of internal deuterium-labeled standards and
quantified based on calibration curves using external standards for each
mediator. The levels of each compound were then imported into MetaboAnalyst

where further statistical analyses could be performed. For this, missing value
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imputation was performed in which half the minimum positive value was used for
compounds that were not detected in all samples. Next, the data were subjected
to a log transformation and autoscaling so that all metabolites carried equal
importance. We then conducted partial least squares-discriminant analysis and

volcano plot analysis.

Real-Time PCR Analysis of Gene Expression
Cells or tissue RNA extraction was performed as previously described for all
mRNA analyses. °2%*%%"" Quantitative real ime PCR (qQPCR) analyses were

conducted as previously described. 62646577

MRNA expression levels were
calculated based on the AA-CT method. qPCR was conducted using the Applied
Biosystems 7500 Real-Time PCR System. Primers used for gPCR are available

on request.

Glucose Tolerance Testing

Glucose tolerance tests were performed after a 4-6 hour fast by injecting 1
g/kg body weight of glucose into the peritoneal cavity. Tail vein plasma glucose
levels were measured using a commercial glucometer (ACCU-CHEK Performa,
Roche). Glucose tolerance tests were performed on mice that had been treated

with diet and ASO for 15 weeks.
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Liver Histological Analysis

Hematoxylin and eosin staining of paraffin-embedded liver sections was
performed as previously described.?? Histopathologic evaluations were scored in
a blinded fashion by a board certified pathologist (Daniela S. Allende — Cleveland

Clinic).

Total Hepatic Triglyceride, Free Cholesterol, and Phosphatidylcholine
Analyses

Extraction of liver lipids and quantification of total hepatic triglyceride, free
cholesterol, and phosphatidylcholine was conducted using enzymatic assays as

described previously.?*%°

Statistical Analysis

All data were analyzed using either one-way or two-way analysis of variance
(ANOVA) where appropriate, followed by Tukey-HSD post hoc analysis.
Differences were considered significant at p <0.05. Statistical analyses were
performed using JMP Pro 10 (SAS Institute; Cary, NC), Graphpad Prism 6 (La

Jolla, CA) and Metaboanalyst 3.0 (http://www.metaboanalyst.ca/) software.

3.3 Results
Fads1 Knockdown Prevents Weight Gain and Improves Glucose Tolerance
The studies here focused on how changes in PUFA metabolism impact

pathobiology of obesity-driven HCC. As obesity-related HCC rates continue to
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climb around the world, we sought to investigate the interplay of altered lipid
metabolism and liver cancer in a murine model of HCC of obesity-driven HCC."®
Given that Fads1” mice fail to thrive and cannot be used in long-term studies

28,29 \we utilized an ASO-mediated knockdown

without PUFA supplementation,
approach to reduce tissue expression of Fads? in carcinogen-exposed wild-type
mice maintained on either chow or HFD to investigate how changes in dietary
lipid and endogenously-derived PUFA impact metabolic health and disease
severity. Consistent with observations from previous studies using ASO-
mediated Fads1 knockdown, mice treated with Fads1 ASO gained significantly
less weight over the course of the planned 30-week study period (Figure 20A).
This effect was independent of of diet, causing Fads? ASO treated mice to weigh
nearly 50% less than their control ASO treated counterparts in the setting of
chow diet (Figure 20B). When fed HFD, Fads1 ASO-treated mice weighed
approximately 60% less than their control ASO-treated counterparts (Figure
20A). Consistent with reduced body weights, Fads7 ASO-treated mice had
significantly less epididymal white adipose tissue (WAT) relative to their
respective total body weights compared to controls (Figure 20C). To our
surprise, chow-fed control animals had more WAT than HFD controls (Figure
20C). Since chow-fed animals appeared much leaner than HFD-fed counterparts
overall, this observation is likely a consequence of differences in fat storage
depots. Specifically, HFD-fed animals had much more subcutaneous and

visceral WAT than chow-fed animals, but only the more readily-accessible

epididymal fat pads were harvested for analysis. Differences in body weight and
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Figure 20. Fads1 Knockdown Prevents Weight Gain and Improves Glucose Tolerance. (A)
Body weight of mice fed HFD and treated with ASOs over the course of the 30-week study
period. n=10-14 per group. (B) Body weight of mice fed chow and treated with ASOs over the
course of the 30-week study period. n=10-14 per group. (C) Ratio of epididymal fat pad weight to
total body weight. n=10-14 per group. (D) Glucose tolerance tests in mice fed diets and treated
with ASOs for 15 weeks; n=8 per group. Graphs display mean + SEM. Statistical significance is
determined by 2-way ANOVA, * = significantly different from the control ASO — HFD group
(*p<0.05, **p<0.01); + = significantly different from control ASO group within the chow diet group
("p<0.05, "p<0.01, *p<0.001).
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apparent adiposity brought on by Fads? ASO treatment translated to improved
glucose tolerance in HFD-fed animals (Figure 20D). No differences in glucose
tolerance were observed between saline (vehicle) and control (non-targeting)
ASO treated mice, suggesting that Fads? knockdown improves regulation of
blood glucose (Figure 20D). Peripheral insulin resistance and impaired glucose
tolerance are common consequences of obesity, and resulting chronic
hyperinsulinemia (and/or diabetes) can drive tumorigenesis.”® These data imply
that Fads1 plays a role in weight gain and blood glucose regulation, which is
consistent with genome-wide association studies that have linked FADS7-2-3

variants to circulating blood glucose levels and diabetes risk.*°

Fads1 Knockdown Dramatically Increases Tumor Burden in HFD-Fed
Animals, Independent of Adiposity

Despite being leaner and having improved glucose tolerance, Fads1 ASO-
treatment significantly reduced survival (Figure 21A, 21B) and caused far more
severe liver cancer than vehicle and control ASO treatment over the course of
the 30-week study period (Figure 21C). In fact, Fads7 ASO-treated animals were
succumbing to disease at such high rates that the remaining mice in these
treatment cohorts had to be sacrificed at 28 weeks rather than 30 weeks in order
to preserve study sample size. Gross inspection of livers from study animals
demonstrates that Fads7 ASO treatment dramatically increases tumor burden
compared to controls in the setting of HFD (Figure 21C), and quantification

confirms that both tumor number and surface area were increased (Figure 21D,

71


gromova
Typewritten Text
71


A B

Survival proportions: HFD groups Survival proportions: Chow groups
1004 Ll 100 1
s L— g
2 e 2 .
g p=0.0137 2 p=0.0488
] [}
£ 504 € 50+
§ Saline §
E — Control 5 — Control
— Fads1 & — Fadst
c T T T T c I T L] T
0 50 100 150 200 0 50 100 150 200
Days Elapsed Days Elapsed

Control Fadsl

High-Fat Diet |

Tumor Burden

=
25 g 6o *kk
*kk 2 N
= 20 AL 2 L
2 * g 40
g 15 o A4
2 A
T : ‘
g 10 I < 20 N
g 5 AA * 8 o L L *
phnn  piiais |t . 5 lreeas o= :
= " B’ *
Saline Control Fads1 *Control *Fads1 Saline Control Fads1 Control Fads1
HFD Chow
HFD Chow

Figure 21. Fads1 Knockdown Increases Liver Tumor Burden, Independent of Diet and
Adiposity. (A) Kaplan—Meier plot of mice fed HFD and treated with ASOs over the course of the
30-week study period. n=10-14 per group. (B) Kaplan—Meier plot of mice fed chow and treated
with ASOs over the course of the 30-week study period. n=10-14 per group. (C) Whole liver
specimens from mice fed diets and treated with ASOs. (D) Quantification of tumor number in liver
specimens from mice fed diets and treated with ASOs. n=10-14 per group. (E) Quantification of
tumor surface area (SA) in liver specimens from mice fed diets and treated with ASOs. n=10-14
per group. Graphs display mean + SEM. Statistical significance is determined by 2-way ANOVA, *
= significantly different from the control ASO — HFD group (*p<0.05, **p<0.01); + = significantly
different from control ASO group within the chow diet group ('p<0.05, *'p<0.01, *"*p<0.001).
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21E). Histopathological evaluation of hematoxylin and eosin (H&E)-stained liver
tissue sections verified the tumors to be bona fide HCC. These data
demonstrate an interesting scenario where adiposity is negatively correlated with
HCC severity, which contradicts typical liver cancer pathology and implies that

Fads1 plays diverse roles in metabolism and HCC progression.

Fads1 Knockdown is Sufficient to Drive Tumor Growth and Decrease
Survival in Chow-Fed Animals

In the absence of ASO administration, mice only develop HCC in this “two hit”
model when fed a HFD for the duration of the 30-week study period following
DMBA exposure.*® Interestingly, Fads? ASO treatment reduced survival and
was sufficient to drive tumorigenesis in chow-fed mice (Figure 21C), suggesting

that Fads1 may play a diet-independent tumor suppressive role in liver

pathophysiology.

Fads1 Regulates Hepatic Inflammation

Liver gene expression analysis by reveals that Fads7 ASO treatment reduced
hepatic Fads1 transcript levels by over 95%, independent of diet (Figure 22A).
Detailed histopathological scoring of liver pathology demonstrates diet-
independent increases in lobular inflammation and immune cell aggregation in
the context of Fads? knockdown (Figure 22B). Hepatic gene expression
analyses corroborate these observations by showing that Fads7 knockdown

increases expression of transcripts encoding proteins involved in inflammatory

73


gromova
Typewritten Text
73


[] saline (Vehicle) ] Control ASO [l Fads1ASO

HFD Chow

>

Fads1 B

Lobular Inflammation

*
-

r -

Control Fads1 Control Fads1

Control ASO

Score

Relative Expression
(Semi-Quantitiative, 0-2)

* +

6 o o = = b N

0 Saline Control Fads1 Control Fads1

HFD Chow

Fads1ASO

HFD Chow

C D

IL6

-

Mcp-1 Cdé8

: + *
.0
0
.5
0

" Saline Control Fads1 Control Fads1

*
N
o

2,

3

»N
3

2

I
ES

1

1.0-

1

2

N
o
o

0.

Relative Expression
+
Relative Expression

c
8
»
e
2
o
3
w
o
2
8
o
[

Relative Expression

b
o

0.

0
Saline Control Fads1 Control Fads1 Saline Control Fads1 Control Fads1 Saline Control Fads1 Control Fads1

HFD Chow HFD Chow HFD Chow HFD Chow

R Histop: y i Centri Di: d
Steatosis Summar Degeneration |  Fibrosis HCe
+ -
Control| + -
ASO +
+
bl Ad HFD

Fads1 +
ASO

By s @

S
+

'S
S
*

O ERE R N

% Steatosis
o B
e

[]

i

Control
ASO

Control Fads1 Control Fads1

Chow

HFD Chow

Fads1
ASO

Figure 22. Fads1 Regulates Hepatic Inflammation. (A) Hepatic Fads1 expression; n=6 per
group. (B) Liver H&E histology and scoring of lobular inflammation; n=4 per group. (C-F) Hepatic
expression of inflammatory and immune cell marker genes; n=6 per group. (G) Histopathological
scoring of liver steatosis; n=4 per group. (H) Summary of histopathological parameters and
diagnoses; n=4 per group. Graphs display mean + SEM. Statistical significance is determined by
2-way ANOVA, * = significantly different from the control ASO — HFD group (*p<0.05, **p<0.01); +
= significantly different from control ASO group within the chow diet group (‘p<0.05, *"p<0.01,
p<0.001).
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responses (//6) (Figure 22C) and immune cell chemotaxis (Mip71a, Mcp1) (Figure
22D, 22E). In agreement with this, Fads1 knockdown also increases expression
of leukocyte-specific genes such as Cd68 (Figure 22F). Liver histology also
reveals that steatosis and ballooning degeneration (swollen hepatocytes
undergoing apoptosis) are increased by HFD, and these effects are diminished
by Fads1 knockdown (Figure 22G, 22H). These were surprising findings to us,
considering the notion that steatosis is a primary driver of disease early in HCC
development. Additionally, Masson’s Trichrome staining demonstrates that
Fads1 knockdown does not significantly alter hepatic fibrosis, another strong
driver of end-stage liver disease (data not shown). Taken together, these data
suggest that Fads? knockdown increases HCC burden primarily by increasing

hepatic inflammation without altering steatotic or fibrotic mechanisms.

Fads1 is a Key Determinant of Pro-Inflammatory Versus Pro-Resolving
Lipid Mediator Balance in the Liver

Altered balance of pro-inflammatory and pro-resolving lipid mediators in the
liver may partially explain the increased inflammation and HCC burden observed
in the setting of Fads? knockdown. Metabololipidomic quantification and
principle component analysis revealed that overall lipid mediator profiles were
clearly distinct for dietary and pharmacological (ASO) interventions (Figure 23A).
Fads1 knockdown decreased total hepatic SPM in mice fed chow and HFD
(Figure 23B), and increased total leukotriene concentrations in HFD-fed mice

(Figure 23C). This causes a striking increase in the leukotriene:SPM ratio, which
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Figure 23. Fads1 is a Key Determinant of Pro-Inflammatory Versus Pro-Resolving Lipid
Mediator Balance in the Liver. (A) Partial least squares-discriminant analysis showed that
Fads1 ASO treatment resulted in distinct clustering of the exposed animals separate from the
controls in both diet conditions. Volcano plots display the compounds that exceeded the minimum
thresholds for significance (p<0.05) and fold change (> or <2) above their respective controls. n=5
per group. (B) Levels of total specialized pro-resolving lipid mediators (SPM). Compounds
included in the total SPM: RvD1, 17R-RvD1, RvD2, RvD3, 17R-RvD3, RvD4, RvD5, MaR1,
MaR2, 17R-PD1, 10S,17S-diHDHA, 15R-LXA4, LXB4, 15R-LXB4, LXA5, RvE1, RvE2 and RVvE3.
n=5 per group. (C) Levels of leukotrienes (LTs). Compounds included in the total leukotrienes:
LTB4, 6-trans,12-epi LTB4 and 6-trans LTB4. n=5 per group. (D) Ratio of LTs to SPM for each
group. n=5 per group. Graphs display mean + SEM. Statistical significance is determined by 2-
way ANOVA, * = significantly different from the control ASO — HFD group (*p<0.05, **p<0.01); +
= significantly different from control ASO group within the chow diet group ("p<0.05, 'p<0.01,
p<0.001).
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indicates an imbalance between pro-inflammatory and pro-resolving lipid
mediators that would presumptively impair proper inflammation resolution (Figure
23D). Collectively, these results suggest that Fads? plays a fundamental role in
balancing concentrations of lipid mediators in tissue, and that Fads? knockdown
skews the liver towards a more pro-inflammatory and less pro-resolving local

microenvironment that is favorable for HCC development and progression.

Fads1 Knockdown Reorganizes Hepatic Lipid Metabolism

Fads1 knockdown causes profound changes in the hepatic gene expression
and lipid composition, independent of diet. As seen in our previously discussed
models utilizing Fads1 ASO-mediated knockdown, Fads? knockdown
significantly reduced expression of transcripts encoding enzymes that are
required for lipid biosynthesis. Fads? knockdown significantly reduced hepatic
expression of the master lipogenic transcription factor Srebp1c (Figure 24A), and
its downstream target genes including Acc? and Fas (Figure 24B, 24C), which
encode enzymes that are particularly important for de novo FA synthesis.

Biochemical analysis of liver tissue revealed that reduced expression of
lipogenic enzymes translated to changes in overall hepatic lipid composition.
Fads1 knockdown significantly decreased hepatic TG content (Figure 24D), while
increasing cholesterol levels (Figure 24E). These findings agree with the
observed reduction in expression of enzymes necessary for FA production, since

FA are stored primarily in the form of TG. Taken together, these findings
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Figure 24. Fads1 Knockdown Reorganizes Hepatic Lipid Metabolism. (A-C) Hepatic
expression of lipogenic genes in mice fed diets and treated with ASOs for 30 weeks; n=6 per
group. (D) Hepatic triglyceride levels in mice fed diets and treated with ASOs for 30 weeks; n=6
per group. (E) Hepatic cholesterol levels in mice fed diets and treated with ASOs for 30 weeks;
n=6 per group. Graphs display mean + SEM. Statistical significance is determined by 2-way
ANOVA, * = significantly different from the control ASO — HFD group (*p<0.05, **p<0.01); + =
significantly different from control ASO group within the chow diet group (‘p<0.05, "*p<0.01,
*p<0.001).
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demonstrate that Fads? expression is important to the regulation of lipid

metabolism and composition in the liver.

3.4 Discussion

Chronic unresolved inflammation is a central driver of NALFD-NASH
progression and eventual development of end-stage liver diseases, but
mechanisms governing the transition from NASH to more advanced liver disease
remain poorly understand. While total dietary fat intake is recognized as a strong
determinant of NAFLD/NASH risk, the importance of the specific structural
identity of ingested lipids is often underappreciated. The studies here provide
novel evidence that Fads7-driven PUFA biosynthesis plays a role in inflammation
resolution and liver disease progression. The main findings of the current study
are: (1) Fads1 knockdown prevents diet-induced obesity and improves glucose
tolerance; (2) Fads1 loss of function results in dramatically enhanced HCC
growth in the setting of HFD; (3) Fads? knockdown promotes tumorigenesis in
the absence of HFD-induced obesity; (4) Fads1 knockdown reduces survival in a
murine model of HCC, independent of diet and adiposity; (5) Fads? knockdown
promotes hepatic inflammation in a diet-specific manner; (6) Fads7 knockdown
causes an imbalance of pro-inflammatory versus pro-resolving lipid mediators,
impairing proper resolution of tissue inflammation; (7) Fads? knockdown results
in the suppression of hepatic de novo lipogenesis and alters liver lipid
composition. Collectively, these data support a model in which Fads7-dependent

PUFA synthesis impacts the balance of pro-inflammatory and pro-resolving lipid
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mediators in the liver and the temporally coordinated initiation and resolution of
inflammation in hepatic disease.

Recent studies have highlighted inconsistencies in the data with regard to
changes in desaturase expression and associated lipid profiles in liver disease
and cancers in general, demonstrating clear gaps in knowledge related to how
FADS1 contributes to overall metabolic health. Studies measuring mRNA
transcript expression find that FADS 1 expression increases with liver disease
severity, specifically demonstrating that expression is increased in simple
steatosis relative to healthy controls, and further increased in NASH relative to
steatosis.’?®"3! In agreement with transcript expression data, proteomic studies
of liver disease specimens show that increased FADS1 and FADS2 protein
counts trend with disease progression.’®® However, lipidomic studies raise
questions about enzyme function because data related to PUFA metabolites
directly oppose gene and protein expression findings. Lipidomics demonstrate
lower hepatic levels of both w-6 and w-3 PUFA — especially AA, EPA, and DHA —
in NASH patients compared to SS patients.’' These data show that FADS1
product PUFA levels are negatively correlated with disease, despite increased
desaturase and lipogenic enzyme expression levels. These inconsistent findings
could be at least partially explained by genetic variation in the FADS1-2-3 gene
locus. Genetic studies have reported that FADS SNPs are associated with
altered gene transcription'° and lower indices of FADS1/2 catalytic activity.""’
This is further complicated by the fact that transcription can also be influenced

indirectly by reduced catalytic activity resulting from genetic variation. Cells may
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respond to reduced long-chain PUFA abundances by up-regulating transcription
of genes (i.e. FADS1 and FADSZ2) needed to remedy the perceived PUFA
deficiency, but increased expression may not be sufficient to restore balance if
the product enzymes have impaired catalytic capacity. Additionally, The Human
Protein Atlas reports a consistent loss of FADS1 expression in HCC relative to
normal liver, which contradicts proteomic data from mouse models of
disease."?' |t is also worth noting that FADS? expression changes are not
consistent across different types of cancer, exemplified by recent reports that

FADS1 expression is lost during lung cancer progression.*

While each study
has drawn its own conclusions related to FADS expression and function, the
unifying theme is that dysregulation of PUFA desaturation may influence liver
disease progression, which accentuates the need for more effective models.

This body of work provides novel evidence that ASO-mediated Fads?
knockdown augments hepatic inflammation, thus supporting HCC progression.
These findings also highlight Fads? as a broad regulator of hepatic lipogenesis
and a key determinant of the lipid mediator profile within tissue. In summary,
these studies highlight the distinct effects diet and FADS1-dependent metabolism

on unresolved hepatic inflammation and its contribution to liver disease

progression.
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CHAPTER 4
GENERAL DISCUSSION AND FUTURE DIRECTIONS

The studies here provide new insight on the interplay of FADS1-dependent
PUFA metabolism and inflammatory signaling in the context of cardiometabolic
and hepatic disease. Previous studies have highlighted the potentially
pathogenic role(s) of altered PUFA metabolism in various disease states,’ but
FADS1-dependent effects on inflammatory disease development and
progression have not been explored in the context of distinct dietary regimens
and consequently altered lipid mediator profiles.

A common theme across these studies is the observed effects that Fads1
knockdown has on tissue inflammation. In the liver, reduced Fads? expression
resulted in visible (by H&E) increases in immune cell aggregation. Diagnosed as
foamy macrophage clusters, the presence of these aggregates suggests that
Fads1 may be required for regulating local recruitment and subsequent retention
of leukocytes during the progressive phases of tissue inflammation. Consistent
reductions in tissue levels of SPM may partially underlie the pathological
aggregation of macrophages observed with Fads7 knockdown. SPM are
produced to actively resolve inflammation and promote tissue healing
processes.*’*? Clearance of recruited immune cells is a key component of
resolution, and SPM-mediated signaling aids in this process to restore tissue
homeostasis. Our studies demonstrate that FADS1 may partially regulate the
accumulation and removal of immune cell populations in different tissues
throughout the body during the development and progression of distinct diseases
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afflicting different organ systems. These results suggest that FADS1 could play
a broad role in leukocyte signaling and function, and warrant more scrupulous
investigation in singular immune cell subpopulation to clarify observed changes
in tissue inflammation.

Macrophages play central roles in both the initiation and resolution of local
inflammation. Classically activated pro-inflammatory macrophages predominate
the early phases of inflammation and generally function to initiate and potentiate
inflammatory signals.®? In contrast, alternatively activated pro-resolving
macrophages are more abundant during the later phases of inflammation, where
they actively resolve inflammation and facilitate tissue repair. These studies
provide novel evidence that FADS1-dependent PUFA metabolism is somehow
involved in the differential macrophage polarization programs. Specifically,
Fads1 knockdown promotes skewing towards classic (pro-inflammatory) and
away from alternative (pro-resolving) polarization. Compromised alternative
activation impairs the local attenuation of inflammatory signaling, which can
result in disproportionate and persistent tissue inflammation. Because
macrophages are responsible for coordinating the temporal progression of local
inflammatory responses, changes in relative polarization patterns can
dramatically impact homeostatic and reparative mechanisms in tissues
throughout the body.?? Impaired pro-resolving polarization could underlie the
uncontrolled inflammation and advanced disease pathologies observed in the
context of Fads?1 knockdown. However, our findings cannot assign changes in

inflammation and disease solely to changes in macrophage expression of FADS1
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because ASO-mediated knockdown was significant in multiple tissue/organ
systems, and incomplete in macrophages. Moving forward, leukocyte-specific
genetic deletion of Fads7 would most accurately model the changes in
macrophage biology prompted by Fads? knockdown.

Although ASO-mediated knockdown of Fads1 effectively reduced transcript
levels and the FADS1 product/substrate ratio in multiple tissues in experimental
animals, we do not claim that it accurately reproduces the effects of FADS1
variants that have been identified in GWA studies. Tissue-specific studies
utilizing genetic models of FADS1 loss-of-function are needed to more
appropriately test the cell-autonomous role(s) of FADS1 in the management of
inflammatory disease. Since ASOs only achieve significant knockdown in the
liver, adipose, kidney, and certain cells of the reticuloendothelial cell system, this
approach does not reflect the fact that the human FADS 1 variants likely impacts
expression across all tissues. Additionally, global genetic models of each
specific FADS SNP are needed to characterize the downstream consequences
of particular disease-associated gene variants. Since FADS1 and FADSZ2 share
a promoter,?® SNPs in this region can impact the regulation of both enzymes,
which cannot be effectively modeled in our ASO knockdown model. Itis also
important to note that ASOs may have non-specific effects. ASOs can
imprecisely form duplexes with mRNA transcripts that have sequences similar to
those in the intended target transcript, causing knockdown of off-target
transcripts. It can also not be ruled out that ASOs may cause some degree of

inflammation as tissues work to metabolize and clear them from the body. We
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have evidence that some indicators of hepatic inflammation are increased with
ASO treatment relative to vehicle (saline) controls, suggesting that the liver may
be stressed by chronic ASO exposure. Genetic models would clarify our
observations by relieving the dependence on pharmacological intervention and
eliminating off-target effects.

Even without a tissue-specific genetic knockout model, the present studies
utilizing diet and ASO interventions to investigate Fads7-governed PUFA
metabolism and inflammatory signaling could be strengthened by the PUFA add-
back experiments. To achieve this, ASO-treated mice could be fed diets
enriched in specific PUFAs to shed light on which phenotypes are most closely
associated with surpluses or deficiencies in various PUFA species. In separate
experimental models of distinct disease states, our data consistently link targeted
changes in PUFA and associated lipid mediator metabolism to impaired
inflammation resolution, but fall short of providing mechanistic rationale for the
observed effects. PUFA add-back studies could improve the current body of
work by showing that restoration of specific PUFAs may rescue observed
phenotypes, which would be informative for future studies focusing on the
metabolome(s) of individual PUFAs in disease pathophysiology.

The studies here provide the first evidence of PUFA biosynthetic capacity
dictating lipid metabolism and influencing diverse inflammatory responses during
the development of chronic disease. We investigated FADS1 biology under
diverse dietary conditions in order to better understand how differential lipid

intake and metabolism uniquely impact the development of diseases
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characterized by disproportionate inflammatory signaling. Relevant to human
health, these studies contribute to the overall body of knowledge surrounding the
physiological consequences of altering the w-6/w-3 PUFA ratio in tissues
throughout the body, either by way of dietary or genetic influence. Studies have
suggested that the relative abundances of w-6 and w-3 PUFA in the human diet
have changed drastically over time."® The human diet has changed appreciably
as people have transitioned from historically hunter-gatherer eating habits to
modern dietary regimens that are sustained by large-scale agriculture.'*® Dietary
shifts resulting from societal progression have particularly impacted the average
quantity and composition of fats humans procure from the modern diet.
Increased saturated fat and frans fat intake are well-defined changes in the
modern diet that likely contribute to ever-increasing rates of obesity in the
public.®™" However, the altered w-6/w-3 PUFA ratio in the diet may predispose
individuals to adverse health outcomes independent of total fat intake by
changing the balance in local mediators of inflammatory signaling.®!4142146.148
Diets rich in w-3 PUFA and characterized by a resultantly low w-6/w-3 PUFA
ratio have been linked to reduced biomarkers of inflammation'® and CVD risk, "
152 yet the mechanisms underlying these associations are poorly defined. The
present work supports existing evidence that prioritizing dietary w-3 PUFA over
w-6 PUFA, thereby reducing the w-6/w-3 PUFA ratio, alleviates severity of
diseases characterized by dysregulated and chronically unresolved
inflammation.’*'** This work investigates how these dietary alterations effect

health in the setting of variable Fads? expression, and provides novel evidence
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that FADS1 may be a central regulator of the PUFA metabolome and critical
determinant of disease progression in the context of CVD and HCC, ultimately
suggesting that impaired lipid mediator balance may partially underlie the

metabolic phenotypes linked to genetic variability in the FADS1-2-3 locus.
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