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Preface to “Phospholipases: From Structure to
Biological Function”

The phospholipases regulate much of lipid metabolism and generate numerous lipid products
that control cellular signaling. Thus, in a way, lipids could be regarded as the most important
biomolecules because, when deregulated, lipid signaling contributes to a wide range of diseases,
including cardiovascular and degenerative diseases, and cancer. This book brings together
international experts in phospholipase research to provide a comprehensive view of the recent
advances in this rapidly moving field. This book is addressed to all the people interested in lipid
science, as it covers mechanistic and functional studies at molecular and cellular levels, as well as
animal models of disease.

The editors are indebted to all the contributors who have made this book possible and helped to

prove again that high-caliber lipid science is alive and well.

Maria A. Balboa and Jestis Balsinde
Editors
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Phospholipases are enzymes that cleave ester bonds within phospholipids. As a
consequence of these hydrolysis reactions, a variety of lipid products are generated, which
control much of cellular signaling. Phospholipase Ajs are key enzymes in this regard
due to their role as primary generators of free polyunsaturated fatty acids, which are
precursors of various families of compounds playing multiple roles in inflammation [1-3].
Phospholipase Ajs hydrolyze the ester bond at the sn-2 position of the glycerol backbone of
phospholipids. Based on their dependence on Ca?* and cellular localization, these enzymes
are generally classified into several families [4-6]. Three of these families are the most
studied in terms of cellular signaling and lipid mediator production: the Ca?*-dependent
cytosolic phospholipase Ajs, the Ca?*-dependent secreted phospholipase Ajs, and the
Ca?*-independent phospholipase Ass. In this respect, the contribution by Murakami
et al. [7] provides a timely overview of the functioning of members of these three major
phospholipase A, families in several pathophysiological conditions, ranging from host
defense and metabolism to cancer and skin barrier function.

The Ca?*-dependent group IVA phospholipase A, also known as cytosolic phospholi-
pase Apa (cPLA; ), is a key enzyme in inflammation because of its ability to initiate the
production of eicosanoids by preferentially releasing arachidonic acid in response to cell
activation. Due to this property, cPLA; o« has been the subject of continuing pharmaceutical
interest for the development of anti-inflammatory drugs. However, no phospholipase
A; inhibitor has yet reached the market. Targeting and inhibiting the phospholipase A,
reaction has proved problematic since numerous enzymes with phospholipase A; activity
co-exist in cells with overlapping activation properties, and the lipid metabolic pathways
are complex, often redundant, and highly interconnected. Thus, the search for improved
formulations continues. In this context, the work by Koutoulogenis et al. [8] shows that
modifying a 2-oxoester inhibitor of cPLAj by inserting a methyl group on the x-carbon
atom of the oxoester results in molecules with enhanced metabolic stability that retain
considerable inhibitor potency against cPLA;o. This increases the potential for pharma-
ceutical development of this class of inhibitors. In another study, Ashcroft et al. [9] show
that the anti-psoriatic effects of inhibiting cPLAj o with the selective inhibitor AVX001, an
n-3 polyunsaturated fatty acid derivative, results from a combination of anti-inflammatory
and anti-proliferative effects. Thus, the therapeutic mode of action of AVX001 in psoriasis
could depend both on reducing inflammatory eicosanoid production and inhibition of the
hyperproliferative state of keratinocytes.

The group V secreted phospholipase A; is known to participate in a number of
functions of macrophages exposed to interleukin 4 (IL-4), which polarizes the cells to an
anti-inflammatory phenotype. Koganesawa et al. [10] performed a mass spectrometry
analysis of phospholipase A, products and substrates using macrophages deficient or
not in the group V enzyme, and polarized to either anti-inflammatory (IL-4-treated) or
pro-inflammatory (bacterial lipopolysaccharide plus interferon-y) phenotypes. The authors
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identify selective changes between the different activation regimes, suggesting the existence
of novel lipid pathways and functions critical for inflammation, which may rely on the
group V enzyme.

Secreted phospholipase Ajys often act in concert with cPLA; « to elicit certain biological
responses [11,12]. However, the molecular mechanisms involved in this cross-talk are
still poorly defined. Using mass-spectrometry-based lipidomics, Rodriguez et al. [13]
characterized the human monocyte response to a group IIA secreted phospholipase A;
from the venom of the Central American snake Bothrops asper. The data reveal significant
interactions between the secreted phospholipase A, and the cPLAj« of the monocytes in
terms of lipid droplet biogenesis, eicosanoid responses, and biochemical pathways, which
contribute to initiating the inflammatory response. Using the same secreted phospholipase
A as a prototypical group IIA enzyme, Leiguez et al. [14] show that the enzyme can
directly activate adipocytes to release prostaglandin E; via a pathway involving cPLA;x
activation, which in turn mediates the production of various adipokines. Thus, these
findings increase our understanding of the role of group IIA secreted phospholipase A; in
obesity and associated metabolic disorders.

Crotoxin is a secreted phospholipase A, abundantly present in the venom of the South
American rattlesnake Crotalus durissus terrificus. Crotoxin is responsible for many of the
pathological conditions associated with snakebite, including neurotoxicity, myotoxicity,
and immune alterations. Sartim et al. [15] describe the effects of crotoxin on respiratory
failure, and introduce the use of nicotinic blockers and prostanoid biosynthesis inhibitors
as possible therapeutic agents to counteract rattlesnake envenomation.

Determining the involvement of the Ca?*-independent group VIA phospholipase A,
(commonly referred to as Ca?*-independent phospholipase A, or iPLA,B) in physiology
and pathophysiology has been shown to be very complex. Thanks to the generation of
knock-out mice for this enzyme [16], its involvement in a variety of pathophysiological
conditions could be established. In this regard, Chamulitrat et al. [17] discuss recent data
with iPLA; 3-deficient mice, implicating the enzyme in the development of hepatic steatosis
and inflammation in obese and non-obese murine models. Likewise, Turk et al. [18]
describe the production of mice with selective deficiency of iPLA; {3 in macrophages or
insulin-secreting {3 cells, and the contrasting metabolic phenotype exhibited by these two
kinds of cells. In studies with cultured cells, Monge et al. [19] show that in addition to
cPLA>, iPLA5 B is instrumental for activated cells to mobilize adrenic acid, the two-carbon
chain elongation product of arachidonic acid. As with arachidonic acid, free adrenic
acid can be metabolized to a number of oxygenated bioactive metabolites. Thus, adrenic
acid mobilization shares regulatory features with arachidonic acid mobilization regarding
cPLA;x involvement, but seems to be a more complex process, as it involves participation
of a second enzyme that is not involved in arachidonate release, i.e., iPLA[3.

Phospholipid phosphatases have recently received considerable attention because of
their involvement in a number of pathophysiological states. Although not immediately
recognized by some, phospholipid phosphatases are also phospholipases in their own right,
as they hydrolyze the ester bond between the glycerol/sphingosine and phosphate moieties
of certain phospholipids (i.e., a phospholipase C-type cleavage). Some have a very strict
substrate specificity, such as the lipins, which hydrolyze phosphatidic acid only, whereas
others are less specific, being able to use multiple substrates. The latter are known as lipid
phosphate phosphatases, of which there are three different groups. Tang and Brindley
provide a comprehensive view of what is currently known about the role of lipid phosphate
phosphatases in cancer [20]. The authors discuss the structure and cellular localization of
lipid phosphate phosphatases, as well as their expression levels and effects on different
cancers. The authors also review the impact of two major lipid phosphate phosphatase
substrates, i.e., lysophosphatidic acid and sphingosine 1-phosphate, on different aspects of
tumor development.

Phosphatidic acid, the substrate of lipins, is a fundamental intermediate for the
synthesis of triacylglycerol and all glycerophospholipids, and plays key roles in intracellular
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and intercellular signaling. The contribution of Lutkewitte and Finck [21] focuses on
how the lipin-mediated control of phosphatidic acid concentrations regulates metabolism
and signaling in the heart, skeletal muscle, liver, and adipose tissue. Schilke et al. [22]
describe the contribution of both lipid phosphate phosphatases and lipin-1 to generate
pro-inflammatory and/or pro-resolving lipid products during atherosclerosis that may
influence disease progression or regression. This work is not limited to discussing the
roles of phospholipid phosphatases; it also includes information on the role of other
phospholipases, i.e., various members of the phospholipase A, family, phospholipase C,
and phospholipase D.

Majeed syndrome is a rare autoinflammatory disease that develops in patients who
carry loss of function mutations in the LPIN2? gene, which encodes for lipin-2. Ferguson and
El-Shanti [23] present a comprehensive and up-to-date review of this disorder, emphasizing
clinical features, genetics, pathogenesis, and cellular and molecular mechanisms. The latter
include exacerbated activation of the NLPR3 inflamasome in macrophages, as well as
increased production of osteoclastogenic mediators by M2-polarized macrophages.

Sphingomyelinases are a special group of phospholipase C-type enzymes that specifi-
cally hydrolyze sphingomyelin to generate ceramide, a potent inductor of apoptosis. Cells
can evade apoptosis by converting ceramide to sphingosine-1-phosphate. In this regard,
Hawkins et al. [24] discuss the role of sphingomyelinases and sphingosine 1-phosphate in
glioblastoma and metastatic brain tumors. There are two main types of sphingomyelinases:
neutral and acid. Both have been well-characterized for their contribution to signaling
pathways and their roles in diverse pathologies, including liver diseases. Insausti-Urkia
et al. [25] summarize the physiological functions of neutral and acid sphingomyelinases
and their role in chronic and metabolic liver diseases.

Collectively, the papers included in this Special Issue provide forefront information
related to the role of phospholipases in a number of physiological and pathophysiological
settings. It is expected that these novel and exciting findings will help stimulate further
interest in the highly competitive and rapidly moving field of lipid signaling.

Funding: Work in the authors’ laboratories was funded by the Spanish Ministry of Science and
Innovation, grant numbers SAF2016-80883-R and PID2019-105989RB-I00. CIBERDEM is an initiative
of Instituto de Salud Carlos III.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

S

10.

11.

Astudillo, A.M.; Balboa, M.A; Balsinde, J. Selectivity of phospholipid hydrolysis by phospholipase A, enzymes in activated cells
leading to polyunsaturated fatty acid mobilization. Biochim. Biophys. Acta 2019, 1864, 772-783. [CrossRef]

Astudillo, A.M.; Balgoma, D.; Balboa, M.A.; Balsinde, ]. Dynamics of arachidonic acid mobilization by inflammatory cells. Biochim.
Biophys. Acta 2012, 1821, 249-256. [CrossRef] [PubMed]

Serhan, C.N. Pro-resolving lipid mediators are leads for resolution physiology. Nature 2014, 510, 92-101. [CrossRef] [PubMed]
Mouchlis, V.D.; Dennis, E.A. Phospholipase A, catalysis and lipid mediator lipidomics. Biochim. Biophys. Acta 2019, 1864, 766-771.
[CrossRef] [PubMed]

Guijas, C.; Rodriguez, ].P.; Rubio, ].M.; Balboa, M.A; Balsinde, ]J. Phospholipase A, regulation of lipid droplet formation. Biochim.
Biophys. Acta 2014, 1841, 1661-1671. [CrossRef]

Murakami, M. Novel functions of phospholipase Ajs. Biochim. Biophys. Acta 2019, 1864, 763-765. [CrossRef] [PubMed]
Murakami, M.; Sato, H.; Taketomi, Y. Updating phospholipase A; biology. Biomolecules 2020, 10, 1457. [CrossRef] [PubMed]
Koutoulogenis, G.S.; Kokotou, M.G.; Hayashi, D.; Mouchlis, V.D.; Dennis, E.A.; Kokotos, G. 2-Oxoester phospholipase A,
inhibitors with enhanced metabolic stability. Biomolecules 2020, 10, 491. [CrossRef]

Ashcroft, EJ.; Mahammad, N.; Midtun Flatekval, H.; Jullumstre Feuerherm, A.; Johansen, B. cPLA)x enzyme inhibition attenuates
inflammation and keratinocyte proliferation. Biomolecules 2020, 10, 1402. [CrossRef]

Koganesawa, M.; Yamaguchi, M.; Samuchiwal, S.K.; Balestrieri, B. Lipid profile of activated macrophages and contribution of
group V phospholipase A;. Biomolecules 2021, 11, 25. [CrossRef]

Balboa, M.A.; Pérez, R.; Balsinde, J. Amplification mechanisms of inflammation: Paracrine stimulation of arachidonic acid
mobilization by secreted phospholipase A, is regulated by cytosolic phospholipase A;-derived hydroperoxyeicosatetraenoic acid.
J. Immunol. 2003, 171, 989-994. [CrossRef]



Biomolecules 2021, 11, 428

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ruipérez, V.; Astudillo, M.A.; Balboa, M.A.; Balsinde, J. Coordinate regulation of TLR-mediated arachidonic acid mobilization in
macrophages by group IVA and group V phospholipase Ajs. J. Immunol. 2009, 182, 3877-3883. [CrossRef]

Rodriguez, ].P; Leiguez, E.; Guijas, C.; Lomonte, B.; Gutiérrez, ].M.; Teixeira, C.; Balboa, M.A.; Balsinde, J. A lipidomic perspective
of the action of group IIA secreted phospholipase A; on human monocytes: Lipid droplet biogenesis and activation of cytosolic
phospholipase Ay . Biomolecules 2020, 10, 891. [CrossRef]

Leiguez, E.; Motta, P.; Marques, R M.; Lomonte, B.; Sampaio, S.V.; Teixeira, C. A representative group IIA phospholipase A,
activates preadipocytes to produce inflammatory mediators implicated in obesity development. Biomolecules 2020, 10, 1593.
[CrossRef] [PubMed]

Sartim, M.A.; Souza, C.O.S,; Diniz, C.R.A.F,; da Fonseca, VM.B.; Sousa, L.O.; Peti, A.PE; Costa, T.R.; Lourengo, A.G.; Borges,
M.C;; Sorgi, C.A; et al. Crotoxin-induced mice lung impairment: Role of nicotinic acetylcholine receptors and COX-derived
prostanoids. Biomolecules 2020, 10, 794. [CrossRef] [PubMed]

Turk, J.; White, T.D.; Nelson, A.J.; Lei, X.; Ramanadham, S. iPLA; 3 and its role in male fertility, neurological disorders, metabolic
disorders, and inflammation. Biochim. Biophys. Acta 2019, 1864, 846-860. [CrossRef] [PubMed]

Chamulitrat, W.; Jansakun, C.; Li, H.; Liebisch, G. Rescue of hepatic phospholipid remodeling defect in iPLA;f-null mice
attenuates obese but not non-obese fatty liver. Biomolecules 2020, 10, 1332. [CrossRef] [PubMed]

Turk, J.; Song, H.; Wohltmann, M.; Frankfater, C.; Lei, X.; Ramanadham, S. Metabolic effects of selective deletion of group VIA
phospholipase A; from macrophages or pancreatic islet beta-cells. Biomolecules 2020, 10, 1455. [CrossRef] [PubMed]

Monge, P.; Garrido, A.; Rubio, ]. M.; Magrioti, V.; Kokotos, G.; Balboa, M.A.; Balsinde, J. The contribution of cytosolic group IVA
and calcium-Independent group VIA phospholipase Ajys to adrenic acid mobilization in murine macrophages. Biomolecules 2020,
10, 542. [CrossRef] [PubMed]

Tang, X.; Brindley, D.N. Lipid phosphate phosphatases and cancer. Biomolecules 2020, 10, 1263. [CrossRef] [PubMed]
Lutkewitte, A.J.; Finck, B.N. Regulation of signaling and metabolism by lipin-mediated phosphatidic acid phosphohydrolase
activity. Biomolecules 2020, 10, 1386. [CrossRef] [PubMed]

Schilke, R.M.; Blackburn, C.M.R.; Bamgbose, T.T.; Woolard, M.D. Interface of phospholipase activity, immune cell function, and
atherosclerosis. Biomolecules 2020, 10, 1449. [CrossRef] [PubMed]

Ferguson, PJ.; El-Shanti, H. Majeed Syndrome: A Review of the Clinical, Genetic and Immunologic Features. Biomolecules 2021,
11, 367. [CrossRef] [PubMed]

Hawkins, C.C.; Ali, T.; Ramanadham, S.; Hjelmeland, A.B. Sphingolipid metabolism in glioblastoma and metastatic brain tumors:
A review of sphingomyelinases and sphingosine-1-phosphate. Biomolecules 2020, 10, 1357. [CrossRef]

Insausti-Urkia, N.; Solsona-Vilarrasa, E.; Garcia-Ruiz, C.; Fernandez-Checa, J.C. Sphingomyelinases and liver diseases.
Biomolecules 2020, 10, 1497. [CrossRef] [PubMed]



‘OC
XM hiomolecules N
Review

Updating Phospholipase A, Biology

Makoto Murakami **, Hiroyasu Sato and Yoshitaka Taketomi

Laboratory of Microenvironmental and Metabolic Health Sciences, Center for Disease Biology and Integrative
Medicine, Graduate School of Medicine, The University of Tokyo, Bunkyo-ku, Tokyo 113-8655, Japan;
sato-hr@m.u-tokyo.ac.jp (H.S.); taketomiys@m.u-tokyo.ac.jp (Y.T.)

* Correspondence: makmurak@m.u-tokyo.ac.jp; Tel.: +81-3-5841-1431

Received: 24 September 2020; Accepted: 15 October 2020; Published: 19 October 2020

Abstract: The phospholipase A; (PLA;) superfamily contains more than 50 enzymes in mammals
that are subdivided into several distinct families on a structural and biochemical basis. In principle,
PLA; has the capacity to hydrolyze the sn-2 position of glycerophospholipids to release fatty acids
and lysophospholipids, yet several enzymes in this superfamily catalyze other reactions rather than
or in addition to the PLA; reaction. PLA; enzymes play crucial roles in not only the production of
lipid mediators, but also membrane remodeling, bioenergetics, and body surface barrier, thereby
participating in a number of biological events. Accordingly, disturbance of PLA;-regulated lipid
metabolism is often associated with various diseases. This review updates the current state of
understanding of the classification, enzymatic properties, and biological functions of various enzymes
belonging to the PLA; superfamily, focusing particularly on the novel roles of PLAjs in vivo.

Keywords: fatty acid; knockout mouse; lipid mediator; lipidomics; lysophospholipid; membrane;
phospholipase A,; phospholipid

1. Introduction

Based on their structural relationships, the PLA; superfamily is classified into several
families, including the secreted PLA; (sPLA;), cytosolic PLA; (cPLA;), Ca2+—independent PLA,
(iPLA;, also called patatin-like phospholipase (PNPLA)), platelet-activating factor acetylhydrolase
(PAF-AH), lysosomal PLA; (LPLA;), PLA/acyltransferase (PLAAT), «/f3 hydrolase (ABHD), and
glycosylphosphatidylinositol (GPI)-specific PLA, families. PLAjs trigger the production of lipid
mediators by releasing polyunsaturated fatty acids (PUFAs) and lysophospholipids from membrane
phospholipids, and also participate in membrane homeostasis by altering phospholipid composition,
in energy production by supplying fatty acids for 3-oxidation, in generation of barrier lipids, or
in fine-tuning of the microenvironmental balance between saturated and unsaturated fatty acids,
among others. Many of the PLA; enzymes recognize the differences in the fatty acyl and/or head
group moieties of their substrate phospholipids, and several enzymes catalyze even non-PLA;
reactions such as phospholipase A; (PLA;), lysophospholipase, neutral lipid lipase, and transacylase
reactions. The in vivo functions of individual PLA;s rely on their enzymatic, biochemical, and cell
biological properties, their tissue and cellular distributions, lipid composition in target membranes, the
spatiotemporal availability of downstream lipid-metabolizing enzymes, or the presence of cofactor(s)
that can modulate the enzymatic function, in various pathophysiological settings.

During the last two decades, the functions of various PLA;s have been clarified by studies based
on not only gene-manipulated (knockout and transgenic) mice but also human diseases caused by
mutations of these enzymes. Here, we provide an overview of the biological roles of various PLA;s
and their underlying lipid pathways, focusing mainly on new findings in the last five years. Readers
interested in older views as a starting point for further readings should refer to our current reviews
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describing the classification of the PLA; superfamily [1], those covering PLA;s and lipid mediators
broadly [2,3], and those focusing on sPLAjs [4-7].

2. The sPLA; Family

2.1. General Features

The sPLA, family comprises low-molecular-mass, Ca?*-requiring enzymes with a conserved
His-Asp catalytic dyad. There are 11 mammalian sPLAys (IB, IIA, IIC, 1ID, IIE, IIF, 111, V, X, XIIA, and
XIIB), which are structurally subdivided into group I/II/V/X, group 1lII, and group XII branches [8].
Individual sPLAjs exhibit unique tissue or cellular distributions and enzymatic properties, suggesting
their distinct biological roles. With regard to the substrate specificity of sSPLA;s as assessed by an assay
using tissue-extracted natural membranes, sSPLA;-IB, -IIA and -1IE do not discriminate sn-2 fatty acid
species, sSPLA,-V tends to prefer those with a lower degree of unsaturation such as oleic acid (OA;
C18:1) and linoleic acid (LA; C18:2), and sPLA,-IID, -IIF, -III and -X tend to prefer PUFAs such as w6
arachidonic acid (AA; C20:4) and w3 docosahexaenoic acid (DHA; C22:6). With regard to the polar
head groups, sPLA;-III, -V and -X efficiently hydrolyze phosphatidylcholine (PC), while sPLA;s in
the group II subfamily hydrolyze phosphatidylethanolamine (PE) much better than PC. Individual
sPLA;s exert their specific functions by producing lipid mediators, by altering membrane phospholipid
composition, by degrading foreign phospholipids in microorganisms or diets, or by modifying
extracellular non-cellular lipid components such as lipoproteins, pulmonary surfactant or microvesicles
in response to given microenvironmental cues. In certain cases, the sPLA,-binding protein PLA2R1
modulates the functions of sPLA;s in either a positive or negative way. The pathophysiological roles
of individual sPLA;s, as revealed by studies using sPLA; knockout or transgenic mice in combination
with comprehensive lipidomics, have been detailed in several recent reviews [3,6,7,9].

2.2. sPLA»-IB in Digestion and Immunity

sPLA,-IB (encoded by PLA2G1B in human) is synthesized as an inactive zymogen in the pancreas,
and its N-terminal propeptide is cleaved by trypsin to yield an active enzyme in the duodenum [10].
The main role of sPLA,-IB, a “pancreatic sSPLA;”, is to digest dietary and biliary phospholipids in
the intestinal lumen. Perturbation of this process by gene disruption or pharmacological inhibition
of sPLA,-IB leads to resistance to diet-induced obesity, insulin resistance, and atherosclerosis due to
decreased phospholipid digestion and absorption in the gastrointestinal tract [11-14]. Indeed, the
human PLA2G1B gene maps to an obesity susceptibility locus [15]. These functions of sPLA,-IB have
been summarized in a recent review [16].

Beyond the well-established role of sSPLA,-IB as a “digestive sPLA,” as outlined above, two recent
studies have uncovered novel immunological functions of this sPLA;. Entwistle et al. [17] showed
that sSPLA»-IB is induced in a population of intestinal epithelial cells during helminth infection and is
responsible for killing tissue-embedded larvae. Pla2¢g1b™/~ mice fail to expel the intestinal helminths
Heligmosomoides polygyrus and Nippostrongylus brasiliensis. Treatment of the parasite with sPLA,-IB
hydrolyzes worm phospholipids (e.g., PE) and impairs development to the adult stage, suggesting
that exposure to this enzyme in the intestine is an important mechanism of host-mediated defense
against such parasites.

Pothlichet et al. [18] reported that sSPLA,-IB is involved in CD4* T cell lymphopenia in patients
infected with human immunodeficiency virus (HIV). sSPLA-IB, in synergy with the HIV gp41 envelope
protein, induces CD4" T cell anergy, inhibiting the responses to IL-2, IL-4, and IL-7 as well as activation,
proliferation, and survival of CD4* T cells. Other sPLA;s fail to display a similar function, implying
a specific action of sSPLA,-IB. Importantly, the effects of HIV on CD4" T cell anergy can be blocked
by a sPLA,-IB-specific neutralizing antibody in vivo. Thus, the sSPLA,-IB/gp41 pair constitutes a new
mechanism of immune dysfunction, although the cellular source of plasma sPLA;-IB in this context
remains to be determined.
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2.3. sPLA»-1IA in Host Defense, Sterile Inflammation, and Colon Cancer

The best-known physiological function of sSPLA;-IIA (encoded by PLA2G2A) is the degradation
of bacterial membranes, particularly those in Gram-positive bacteria, thereby providing the first line of
antimicrobial defense as a “bactericidal sSPLA,” [19,20]. The ability of sSPLA»-IIA to hydrolyze PE and
phosphatidylglycerol, which are abundant in bacterial membranes, appears to fit with its anti-bacterial
function. In the lungs of patients with cystic fibrosis, sSPLA,-IIA-resistant Gram-negative Pseudomonas
aeruginosa upregulates the expression of sPLA»-IIA, which then eradicates sPLA,-IIA-sensitive
Gram-positive Staphylococcus aureus, allowing the former bacterium to become dominant within
the niche [21]. Thus, sPLA,-IIA-mediated regulation of the bacterial community in the lung
microenvironment crucially affects the pathology of cystic fibrosis.

sPLA,-IIA is often referred to as an “inflammatory sPLA,”, as its expression is induced by
pro-inflammatory cytokines and lipopolysaccharide (LPS) [22]. Besides its action on bacterial
membranes as noted above, sPLA,-IIA targets phospholipids in extracellular microvesicles (EVs),
particularly those in extracellular mitochondria (organelles that have evolved from bacteria), which
are released from activated platelets or leukocytes at sites of inflammation [23]. Hydrolysis of EV
phospholipids by sPLA,-IIA results in the production of lipid mediators as well as the release of
mitochondrial DNA as a danger-associated molecular pattern (DAMP) that contributes to amplification
of inflammation. Specifically, the AA released from platelet-derived EVs by sPLA»-IIA is metabolized
by platelet-type 12-lipoxygenase to 12-hydroxyeicosatetraenoic acid (HETE), which then acts on the
BLT2 receptor on neutrophils facilitating the uptake of the EVs [24]. Thus, sPLA;-IIA is primarily
involved in host defense by killing bacteria and triggering innate immunity, while over-amplification
of the response leads to exacerbation of inflammation by hydrolyzing EVs (Figure 1). These dual
functions of sSPLA,-IIA were summarized in a recent review [25].
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Figure 1. The roles of sPLA-IIA in anti-bacterial defense by degrading bacterial membrane and in
sterile inflammation by releasing pro-inflammatory eicosanoids from extracellular microvesicles (EVs)
derived from inflammatory cells.
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sPLA,-IIA also appears to play a role in host defense against the malaria pathogen Plasmodium
falciparum. Several sPLAjs, including sPLA,-IIF, -V and -X, which efficiently hydrolyze plasma
lipoproteins to release free fatty acids, have the capacity to inhibit parasite growth in vitro, yet these
sPLAjs are undetectable in human plasma. sPLA,-IIA, though hardly hydrolyzing normal lipoproteins,
is increased in the plasma of malaria patients and hydrolyzes “oxidized” lipoproteins to block
Plasmodium growth [26]. Injection of recombinant sPLA;-IIA into Plasmodium-infected mice reduces
the peak of parasitemia when the level of plasma peroxidation is increased during infection. Thus,
malaria-induced oxidation of lipoproteins converts them into a preferential substrate for sSPLA,-IIA,
thus promoting its parasite-killing effect.

PLA2G2A-transgenic mice display notable skin abnormalities with hair loss and epidermal
hyperplasia [27]. Using K14-driven, skin-specific PLA2G2A-transgenic mice, Chovatiya et al. [28]
recently demonstrated that sPLA,-IIA promotes hair follicle stem cell proliferation through JNK
signaling and that sPLA,-IIA-knockdown skin cancers xenografted into NOD-SCID mice show a
concomitant reduction of tumor volume and decreased JNK signaling. Kuefner et al. [29] showed that
PLA2G2A-transgenic mice are protected from diet-induced obesity and become more prone to adipocyte
browning with increased expression of thermogenic markers. However, since C57BL/6 mice do not
express sPLA,-IIA endogenously due to a frameshift mutation in the Pla2g2a gene [30], the physiological
relevance of these results obtained from transgenic overexpression of sPLA»-IIA in this mouse strain
should be interpreted with caution. The increased energy expenditure in PLA2G2A-transgenic mice
might be simply due to their lack of fur, which results in increased heat dissipation from the body surface.
Indeed, transgenic mice overexpressing sPLA,-IIF or sPLA;-X are also furless and lean [31]. Studies
using a series of SPLAj-knockout mice have suggested that sSPLA,-IIF and sPLA,-IID are the main
endogenous regulators of skin homeostasis and adipocyte browning, respectively, as described below.

Although sPLA,-IIA has been identified as a genetic modifier of mouse intestinal tumorigenesis [30],
the underlying mechanism has long remained unclear. Schewe et al. [32] recently provided a potential
mechanism by which sPLA;-IIA, expressed by Paneth cells in the small intestine, suppresses colon
cancer. In a normal state, SPLA,-IIA inhibits Wnt signaling through intracellular activation of Yap1.
Upon inflammation, sPLA;-IIA is secreted into the intestinal lumen, where it promotes inflammation
through prostaglandin (PG) E; synthesis via the PLA2R1-cPLA; o pathway and Wnt signaling. Transgenic
overexpression of sSPLA,-IIA delays recovery from colonic inflammation but decreases colon cancer
susceptibility due to perturbation of its homeostatic Wnt-inhibitory function. Thus, this trade-off effect
could provide a mechanism whereby sPLA,-IIA acts as a genetic modifier of colonic inflammation and
cancer. However, the inflammatory sPLA,-IIA-PLA2R1-cPLA, x-PGE; signaling axis proposed in this
study may require further clarification, since contrary to this hypothesis, there is ample evidence that
cPLA,x and its product PGE; contribute to attenuation of colitis and promotion of colon cancer [33].
Other factors, such as intestinal dysbiosis due to loss of sSPLA>-IIA, might primarily underlie the increased
susceptibility to gastrointestinal cancer—a possibility that awaits future study.

Apart from its potential signaling role, PLA2R1 acts as a clearance receptor for sPLA;s [8,34].
In a model of experimental autoimmune myocarditis induced by immunizing BALB/c mice, a strain
possessing a normal Pla2g2a gene, with the murine x-myosin heavy chain [30], PLA2R1 deficiency
markedly increases sPLA;-IIA and -IB proteins (but not mRNAs) in the myocardium, probably as a
result of their impaired clearance [35]. In the affected myocardium, PLA2R1 and these two sPLA;s
are localized in «-SMA* myofibroblasts and infiltrating neutrophils, respectively. The Pla2r1~/~
myocardium shows increased areas of inflammatory cell infiltration, accompanied by an increase in
PGE;, which promotes IL-23-induced expansion of Th17 cells. Thus, it appears that this increase of
sPLA,-IIA and -IB proteins due to their defective clearance contributes to exacerbation of autoimmune
myocarditis, although it remains unclear whether these sPLA;s act through PGE; synthesis or through
other mechanisms, whether some other sPLA;s that are expressed in the myocardium and have the
capacity to bind to PLA2R1 are also involved in this process, or whether the effect of PLA2R1 ablation
is sSPLAj-independent.
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2.4. sPLA>-1ID in Immunosuppression, Host Defense, and Adaptive Thermogenesis

sPLA,-1ID (encoded by PLA2G2D), constitutively expressed in dendritic cells (DCs) in lymphoid
organs, is a “resolving sPLA,” that attenuates DC-mediated adaptive immunity by hydrolyzing PE to
mobilize anti-inflammatory w3 PUFAs and their metabolites such as DHA-derived resolvin D1 [36].
Pla2¢2d~/~ mice exhibit more severe contact hypersensitivity (Th1 response) and psoriasis (Th17
response), accompanied by marked reductions of w3 PUFAs and their metabolites in the draining
lymph nodes and spleen. On the other hand, Pla2¢2d~/~ mice are protected against skin cancer likely
because of the enhanced anti-tumor immunity in association with increased IFN-y*CD8* T cells [37].
The immunosuppressive role of sPLA,-IID in the Thl, Th2, and Th17 responses was detailed in a
recent review [9].

Chronic low-grade inflammation is associated with age-related immune dysfunction in the lung,
and is countered by enhanced expression of pro-resolving/anti-inflammatory factors to maintain tissue
homeostasis. Vijay et al. [38] reported that sPLA;-IID with an anti-inflammatory property contributes
to worse outcomes in mice infected with severe acute respiratory syndrome coronavirus (SARS-CoV)
or influenza A virus. Strikingly, Pla2¢2d~/~ mice are highly protected against SARS-CoV infection,
with enhanced migration of DCs to the lymph nodes, augmented anti-viral T cell responses, reduced
lung damage, and increased survival. In the context of the current worldwide SARS-CoV2 pandemic,
inhibition of sSPLA,-IID in the lungs of older patients with severe respiratory infections could be a
potentially attractive therapeutic intervention for restoration of immune function.

w3 PUFAs confer health benefits by preventing inflammation and obesity and by increasing
thermogenesis in brown and beige adipocytes. sPLA,-IID is constitutively expressed in M2
macrophages in white adipose tissue (WAT) and downregulated during obesity [39]. Global or
macrophage-specific sSPLA;-IID deficiency decreases energy expenditure and thermogenesis by
preventing adipocyte browning, thus exacerbating diet-induced obesity, insulin resistance, and WAT
inflammation [39]. In WAT, PLA2G2D constitutively supplies a pool of w3 PUFAs, which acts on the
PUFA receptor GPR120 and thereby promotes the thermogenic program as a “thermogenic sPLA,".
Importantly, dietary supplementation with w3 PUFAs normalizes the metabolic derangement in
Pla2¢2d~/~ mice. These findings highlight the contribution of the macrophage-driven PLA2G2D-w3
PUFA axis to metabolic health (Figure 2). Possibly in relation to this, a polymorphism in the human
PLA2G2D gene is linked to body weight changes in patients with chronic lung disease [40].

2.5. sSPLA,-IIE and sPLA,-IIF in the Skin

sPLA,-IIE (encoded by PLA2G2E) is hardly detected in human tissues, whereas sPLA,-IIE instead
of sPLA,-IIA is upregulated in several mouse tissues under inflammatory or other conditions. For
instance, sPLA,-IIE is highly upregulated in adipocytes during diet-induced obesity [41], and is
expressed in hair follicles in correlation with the growth phase of the hair cycle [42]. sPLA;-IIE
hydrolyzes PE without apparent fatty acid selectivity in lipoproteins and hair follicles, and Pla2g2e™/~
mice display modest metabolic and hair follicle abnormalities.

sPLA,-IIF (encoded by PLA2G2F) is an “epidermal sPLA,” expressed in the suprabasal epidermis
and upregulated by the Th17 cytokines IL-17A and IL-22 in psoriatic skin [31]. sSPLA,-IIF preferentially
hydrolyzes PUFA-containing plasmalogen-type PE to produce lysoplasmalogen (plasmalogen-type
lysophosphatidylethanolamine; P-LPE), which in turn promotes epidermal hyperplasia. Accordingly,
Pla2g2f~~ mice are protected against psoriasis and skin cancer, while Pla2g2f-transgenic mice
spontaneously develop psoriasis-like skin and are more susceptible to skin cancer [31]. Overall,
two skin sPLAjs, sPLA,-IIE in the outer root sheath of hair follicles and sPLA;-IIF in epidermal
keratinocytes, play non-redundant roles in distinct compartments of mouse skin, underscoring the
functional diversity of multiple sPLA;s in the coordinated regulation of skin homeostasis and diseases.
The roles of sSPLA,-IIE and -IIF were detailed in a recent review [9].
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Figure 2. The role of sPLA,-IID expressed in M2 macrophages in adipocyte browning and adaptive
thermogenesis. sSPLA,-IID releases w3 PUFAs, which then act on GPR120 to drive the thermogenic
and anti-inflammatory programs toward metabolic health. Impairment of this sPLA;-IID-driven lipid
pathway leads to impaired thermogenesis and exacerbated diet-induced obesity.

2.6. sPLA,-1II in Male Reproduction, Anaphylaxis, and Colonic Diseases

sPLA,-1II (encoded by PLA2G3) consists of three domains, in which the central sPLA; domain
similar to bee venom group III sPLA; is flanked by large and unique N- and C-terminal domains [43]. The
enzyme is processed to the sSPLA; domain-only form that retains full enzymatic activity [44]. sPLA,-III
is expressed in the epididymal epithelium and acts on immature sperm cells passing through the
epididymal duct in a paracrine manner to allow sperm membrane phospholipid remodeling, a process
that is prerequisite for sperm motility [45]. Homozygous and even heterozygous Pla2g3-deficient sperm
have impaired motility and thereby fail to fertilize oocytes, leading to hypofertility. In the context of
allergy, sPLA-III secreted from immature mast cells is functionally coupled with lipocalin-type PGD,
synthase (L-PGDS) in neighboring fibroblasts to supply a microenvironmental pool of PGD,, which in
turn acts on the PGD, receptor DP1 on mast cells to promote their proper maturation [46]. Accordingly,
mice lacking sPLA,-III, as well as those lacking L-PGDS or DP1, have immature mast cells and display
reduced local and systemic anaphylactic responses.

Several lines of evidence suggest a potential link between sPLA,-III and the development of
colon cancer. For instance, sPLA,-III-transfected colon cancer cells xenografted into nude mice
show increased growth [47], higher expression of sSPLA;-III in human colorectal cancer is positively
correlated with a higher rate of lymph node metastasis and shorter survival [48], and polymorphisms
in the human PLA2G3 gene are significantly associated with a higher risk of colorectal cancer [49].
Importantly, Pla2¢3~/~ mice are resistant to several models of colon cancer [50]. Furthermore, Pla2¢g3~/~
mice are less susceptible to colitis, with lower expression of pro-inflammatory and pathogenic Th17
cytokines and higher expression of epithelial barrier genes [50], implying that amelioration of colonic
inflammation by sPLA,-IIT ablation underlies the protective effect against colon cancer. The Pla2¢g3~/~
colon displays significant reduction of several lysophospholipids including lysophophatidic acid (LPA)
and lysophosphatidylinositol (LPI) [50], which may promote colon inflammation or cancer through
their receptors LPA; and GPR55, respectively [51,52]. Overall, these results establish a role for sPLA,-III
in the aggravation of colonic inflammation and cancer and point to sPLA,-III as a novel druggable
target for colorectal diseases. The biological roles of sSPLA,-III were summarized in a recent review [9].
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2.7. sPLA,-V in Obesity, Type-2 Immunity, and Aortic Protection

Although sPLA»-V (encoded by PLA2G5) was previously thought to be a regulator of AA
metabolism [53,54], it has become obvious that this SPLA; has a preference for phospholipids bearing
sn-2 fatty acids with a lower degree of unsaturation. Transgenic overexpression of sPLA;-V results in
neonatal death due to a respiratory defect attributable to the ability of sSPLA»-V to potently hydrolyze
dipalmitoyl-PC, a major component of lung surfactant [55]. Mice that are transgenic for other sPLA;s
do not exhibit such a phenotype, implying the particular ability of sSPLA,-V to hydrolyze PC with sn-2
palmitic acid (C16:0) in the lung microenvironment. sPLA»-V is markedly induced in adipocytes during
obesity as a “metabolic sSPLA,” and hydrolyzes PC in hyperlipidemic LDL to release OA and LA, which
counteract adipose tissue inflammation and thereby ameliorate metabolic disorders [41]. Impairment
of this process in Pla2¢5~/~ mice leads to exacerbation of diet-induced obesity and insulin intolerance,
accompanied by elevated phospholipid levels in plasma LDL. This phenotype is reminiscent of clinical
evidence that a PLA2G5 polymorphism is associated with plasma LDL levels in patients with type 2
diabetes [56] and that the levels of PLA2G5 mRNA expression in WAT are inversely correlated with
plasma LDL levels in obese subjects [41].

sPLA,-V is a “Th2-prone sPLA,” induced in M2 macrophages by the Th2 cytokines IL-4
and IL-13 and promotes Th2-driven pathologies such as asthma. Gene ablation of sPLA»-V
perturbs proper polarization and function of M2 macrophages in association with decreased Th2
immunity [57]. Pla2¢5~/~ mice show reduced activation of type 2 innate lymphoid cells (ILC2) and
infiltration of eosinophils in the lung following repetitive inhalation of the fungal allergen Alternaria
Alternata [58]. Adoptive transfer experiments have revealed the contribution of sPLA;-V expressed in
both macrophages and non-hematopoietic cells (probably bronchial epithelial cells) to the pathology.
Lipidomics analysis has demonstrated reduction of OA and LA in the lung and macrophages in
Pla2¢5~/~ mice. Exogenous administration of these unsaturated fatty acids to Pla2g5~/~ mice restores
IL-33-induced inflammation and ILC2 expansion, implying that macrophage-associated sPLA,-V
contributes to type 2 immunity by promoting ILC2 activation though the release of OA and LA. The
biological roles of sSPLA»-V in asthma were summarized in a recent review [59]. Probably because of the
alteration in the macrophage phenotype, Pla2¢5~/~ macrophages have a reduced ability to phagocytose
extracellular materials, thereby being more susceptible to fungal infection and arthritis due to defective
clearance of hazardous fungi and immune complexes, respectively [60,61]. Likewise, Pla2g5‘/ ~ mice
suffer from more severe lung inflammation caused by bacterial infection [62], which could also be
explained by poor clearance of these microbes by alveolar macrophages. Additionally, local generation
of LPE in the plasma membrane by sPLA;-V may also contribute to macrophage phagocytosis [63].

Aortic dissection is a life-threatening aortopathy involving separation of the aortic wall. Since
aortic dissection occurs suddenly without preceding clinical signs and current treatment strategies
are limited mainly to antihypertensive agents and emergency surgery, biomarkers that can predict
fragility and/or therapeutic targets for stabilization of the aortic wall are needed in order to improve
patient outcomes. Behind its proposed role in atherosclerosis development [64], SPLA,-V is a primary
“endothelial sSPLA;” that protects against aortic dissection by endogenously mobilizing vasoprotective
fatty acids [65]. Global and endothelial cell-specific deletion of sPLA;-V leads to dissection of the
thoracic ascending aorta shortly after infusion of angiotensin II (AT-II). In the AT-II-treated aorta,
endothelial sSPLA;-V mobilizes OA and LA, which attenuate endoplasmic reticulum (ER) stress and
increase the expression of lysyl oxidase, an enzyme that crosslinks extracellular matrix (ECM) proteins,
thereby stabilizing the ECM in the aorta. Of note, dietary supplementation with OA and LA reverses
the increased susceptibility of Pla2¢5~/~ mice to aortic dissection. These findings reveal an unexplored
functional link between sPLA»-driven phospholipid metabolism and aortic stability (Figure 3), possibly
contributing to the development of improved diagnostic and/or therapeutic strategies for preventing
aortic dissection. Importantly, this work provides in vivo relevance for the actions of this sPLA; that
had been proposed by several in vitro studies: (i) it releases OA and LA in preference to PUFAs, (ii)
it preferentially acts on membranes of agonist-stimulated rather than quiescent cells, and (iii) it is
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retained on the cell surface through binding to heparan sulfate proteoglycan. Furthermore, this avenue
of cardiovascular research has revealed a potential mechanism that could underlie the benefits of the
olive oil-rich (i.e., OA-rich) Mediterranean diet in terms of cardiovascular health.
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Figure 3. The role of endothelial sPLA;-V in aortic stability. sPLA,-V is a major sPLA; isoform
expressed in aortic endothelial cells (ECs) and is largely retained on the luminal surface of the aortic
endothelium likely through binding to heparin sulfate proteoglycans. Endothelial sPLA,-V acts
on membrane phospholipids of AT-II-activated ECs to mobilize oleic acid (OA) and linoleic acid
(LA), which in turn promote AT-II-induced upregulation of lysyl oxidase (LOX) that facilitates ECM
crosslinking, thereby stabilizing the aortic wall. Impairment of this sSPLA,-V-driven lipid pathway
leads to increased susceptibility to aortic dissection.

2.8. sPLA,-X in Sperm Activation, Colitis, and Asthma

Among the mammalian sPLAjs, sPLA»-X (encoded by PLA2G10) has the highest activity on PC
leading to release of fatty acids, particularly PUFAs, and is activated by cleavage of the N-terminal
propeptide by furin-type convertases [66]. In mice, sSPLA;-X is expressed abundantly in the testis
and gastrointestinal tract and to a much lesser extent in the lung, whereas its expression in other
tissues is very low. In the process of reproduction, sSPLA,-X is secreted from the acrosomes of activated
spermatozoa and hydrolyzes sperm membrane phospholipids to release DHA, docosapentaenoic
acid (DPA, C22:5), and LPC, which facilitate in vitro fertilization with oocytes [33,67]. Pla2g10_/ -
spermatozoa also show impairment of the late phase of the progesterone-induced acrosome reaction
ex vivo [68]. Thus, the two particular sSPLA>s expressed in male reproductive organs, i.e., sSPLA,-III
secreted from the epididymal epithelium (see above) and sPLA,-X secreted from sperm acrosomes, act
as “reproductive sPLA;s” to coordinately regulate male reproduction.

sPLA;-X is expressed abundantly in colorectal epithelial and goblet cells and plays a protective
role against colitis by mobilizing anti-inflammatory w3 PUFAs such as EPA and DHA [33]. Accordingly,
Pla2¢10~/~ mice display more severe epithelial damage and inflammation with reduction of colonic
w3 PUFAs rather than w6 AA in a colitis model, while PLA2G10-transgenic mice exhibit global
anti-inflammatory phenotypes in association with elevation of systemic levels of w3 PUFAs and their
metabolites [33]. Supplementation with exogenous EPA restores the colitis phenotype in Pla2g107/~
mice. Furthermore, Pla2¢g107/~ mice have lower fecal LA levels [69], suggesting that gastrointestinal
sPLA»-X may have a role in the digestion of dietary and biliary phospholipids (as in the case of
sPLA,-IB) or, alternatively, contribute to shaping of the gut microbiota. The latter possibility may help
to explain the fact that Pla2¢g10~/~ mice display certain inflammatory, cardiovascular, and metabolic
phenotypes that are not necessarily consistent among different laboratories [69-72].
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sPLA,-X is expressed constitutively in the airway epithelium and increased after antigen challenge
in mice, and also in asthma patients. Pla2¢10~/~ mice are protected from antigen-induced asthma, with
marked reductions of airway hyperresponsiveness, eosinophil and T cell trafficking to the airways,
airway occlusion, secretion of type-2 cytokines, generation of antigen-specific IgE, and synthesis of
pulmonary eicosanoids including cysteinyl leukotrienes [73]. Further, Pla2g10~/~ mice have reduced
IL-33 levels and fewer ILC2 cells in the lung, lower IL-33-induced IL-13 expression in mast cells, and a
marked reduction in both the number of newly recruited macrophages and the M2 polarization of these
macrophages in the lung [74]. These results indicate that SPLA;-X serves as a key regulator of both
innate and adaptive immune responses to allergens. Interestingly, as in the case of bee venom group
III sPLA,; that elicits strong type-2 immune responses, exogenous administration of sSPLA;-X serves as
an adjuvant, leading to augmented type-2 immune responses with increased airway hypersensitivity
and antigen-specific type-2 inflammation following peripheral sensitization and subsequent airway
challenge with the antigen [75]. The biological roles of sSPLA,-X in asthma were detailed in a recent
review [76].

3. The sPLA; Family

3.1. General Features

The cytosolic PLA; (cPLAj) family comprises 6 isoforms (x—C), among which cPLA;3, §, ¢, and ¢
map to the same chromosomal locus [77]. There is structural similarity between the cPLA; and iPLA,
families in that their catalytic domain is characterized by a three-layer o/3/x architecture employing
a conserved Ser/Asp catalytic dyad [78,79]. It appears that these two families were evolved from a
common ancestral gene, with the cPLA; family emerging from the iPLA, family at the branching point
of vertebrates in correlation with the development of the lipid mediator signaling pathways. Enzymes
belonging to the cPLA; family are characterized by the presence of a C2 domain at their N-terminal
region, with the exception of cPLA»y in which this domain is absent. The C2 domain is responsible for
the Ca?*-dependent association with membranes. Herein, we will overview several recent topics for
cPLA,« as well as potential functions of other cPLA; isoforms.

3.2. New Insights into cPLA»a

cPLA,«x (group IVA PLA;; encoded by PLA2G4A) is the best known PLA; that plays a central
role in stimulus-coupled AA metabolism. cPLAj« is the only PLA; that shows a striking substrate
specificity for phospholipids containing AA (and also those containing EPA, if this w3 PUFA is present
in cell membranes at substantial levels). Upon cell activation, cPLA;x translocates from the cytosol to
the perinuclear (particularly Golgi) membranes in response to an increase in the uM range of cytosolic
Ca®* concentration, and is maximally activated by phosphorylation through mitogen-activated protein
kinases and other kinases [80,81]. The phosphoinositide PIP, modulates the subcellular localization
and activation of cPLA,«x [82]. The regulatory roles of cPLA;« in eicosanoid generation in various
pathophysiological events, as revealed by biochemical analyses as well as by studies using Pla2g4a™/~
mice, have been well summarized in several elegant reviews [83,84].

By means of comprehensive lipidomics, Slatter et al. [85] showed that human platelets acutely
increase mitochondrial energy generation following stimulation and that the substrates for this,
including multiple fatty acids and oxidized species that support energy generation via 3-oxidation, are
exclusively provided by cPLAj«. This implies that cPLA,« is a central regulator of both lipid mediator
generation and energy flux in human platelets and that acute phospholipid membrane remodeling is
required to support energy demands during platelet activation.

Ceramide-1-phosphate (C1P), a sphingolipid-derived bioactive lipid, directly binds to and activates
cPLAj« to stimulate the production of eicosanoids in vitro [86], but in vivo evidence for this event
has been lacking. Recently, MacKnight et al. [87] addressed this issue by generating knockin mice in
which endogenous cPLA;« is replaced with a mutant form having an ablated C1P-interaction site.
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In a skin wound healing model, wound maturation, rather than wound closure, is enhanced in the
mutant cPLA; o-knockin mice compared to control mice. Primary dermal fibroblasts from the knockin
mice show substantially increased collagen deposition and migration. The knockin mice also show an
altered eicosanoid profile, with a reduction of PGE; and TXB; (a stable end-metabolite of TXA;) as
well as an increase of HETE species, which enhances the migration and collagen deposition of dermal
fibroblasts. This gain-of-function role for the mutant cPLA,« is associated with its relocalization to
the cytoplasm and cytoplasmic vesicles. These findings clarify the key mechanisms by which wound
healing is regulated by cPLA,x-C1P interaction in vivo and provide insight into the roles of cPLA,x
and eicosanoids in orchestrating wound repair.

Chao et al. [88] reported that the C2 domain in cPLAj« interacts with the CARD domain in
mitochondprial antiviral signaling protein (MAVS), boosting NF-«kB-driven transcriptional programs
that promote experimental autoimmune encephalomyelitis, a model of multiple sclerosis. cPLAyo
recruitment to MAVS also disrupts MAVS-hexokinase 2 interactions, decreasing hexokinase activity
and the production of lactate involved in the metabolic support of neurons. These findings define
a novel role of cPLA;« in driving pro-inflammatory astrocyte activities in cooperation with MAVS
through protein—protein interaction in the context of neuroinflammation. It remains unknown whether
some cPLA;-driven lipid mediators are involved in this process.

Oncogenic PIK3CA (encoding a PI3K isoform) results in an increase of AA and eicosanoids,
thus promoting cell proliferation to beyond a cell-autonomous degree. Mechanistically, mutant
PIK3CA drives a multimodal signaling network involving mTORC2-PKC(-mediated activation of
cPLAj o [89]. Notably, inhibition of cPLA,x acts synergistically with a fatty acid-free diet to restore
immunogenicity and selectively reduce mutant PIK3CA-induced tumorigenicity. This reveals an
important role for activated PI3K signaling in regulation of AA metabolism, highlighting a targetable
metabolic vulnerability that depends largely on dietary fat restriction.

3.3. cPLA;f Fusion Protein in Carcinoma Cell Proliferation and Survival

cPLA>B (group IVB PLAj;; encoded by PLA2G4B) displays PLA;, PLA; and more potent
lysophospholipase activities in vitro. A kinetic study has demonstrated that cPLA;{3 associates
with a membrane surface that is rich in phosphoinositides when intracellular Ca®* is low, whereas
it moves to a cardiolipin-rich membrane such as the mitochondrial membrane when intracellular
Ca?* rises. Among three splice variants termed cPLA,f1, 32 and B3, only the 33 form is identified
as an endogenous protein and is constitutively associated with mitochondrial and early endosomal
membranes [90].

Cheng et al. [91] reported that JMJD7-PLA2G4B, a read-through fusion gene formed by splicing of
the neighboring JMJD7 (jumonji domain containing 7) and PLA2G4B genes, is expressed in human
squamous cell carcinoma (HNSCC), as well as several other cancers. Ablation of J]MJD7-PLA2G4B, but
not JMJD7 or PLA2G4B alone, significantly inhibits proliferation of SCC cells by promoting G1 arrest
and increases starvation-induced cell death. These findings provide a novel insight into the oncogenic
control of JMJD7-PLA2G4B in HNSCC cell proliferation and survival and suggest that this fusion
protein may serve as an important therapeutic target and prognostic marker for HNSCC development
and progression. cPLA;[3 has also been implicated in age-related changes in phospholipids and
decreased energy metabolism in monocytes [92]. However, it remains unknown whether certain lipid
metabolites generated by cPLA, 3 would be involved in these events.

3.4. cPLAyy in Lipid Droplet Formation

Human cPLAyy (group IVC PLA;; encoded by PLA2G4C), lacking the C2 domain characteristic
of the cPLA; family, is C-terminally farnesylated, is tightly associated with membranes, and possesses
lysophospholipase and transacylase activities in addition to PLA; activity [93]. Several lines of evidence
suggest that cPLA,y acts mainly as a CoA-independent transacylase, transferring a fatty acid from one
phospholipid to the other phospholipid, in cells [94,95]. cPLA,Y is widely expressed in human tissues
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with a tendency for higher expression in the heart and skeletal muscle, whereas its expression in most
mouse tissues is very low, making it difficult to address the in vivo roles of cPLA;y using a knockout
strategy. Exceptionally, mouse cPLA;v is highly expressed in oocytes during the stage of germinal
vesicle breakdown, when it dynamically relocates from the cortex to the nuclear envelope, suggesting
its possible role in nuclear membrane remodeling in developing oocytes [96].

Lipid droplet (LD) accumulation in hepatocytes is a typical characteristic of steatosis. Hepatitis C
virus (HCV) infection, one of the risk factors related to hepatic steatosis, induces LD accumulation in
human hepatocytes. cPLA;Y has been identified as a host factor upregulated by HCV infection and
involved in HCV replication, where it promotes LD biogenesis and HCV assembly [97,98]. cPLA,Y,
through the domain around the amino acid residues 260292, is tightly associated normally with
ER membranes and relocated into LDs. Importantly, PLA2G4C knockdown hampers LD formation
upon HCV stimulation, while PLA2G4C overexpression leads to LD formation in hepatocytes and
enhances LD accumulation in the liver of mice fed a high-fat diet, suggesting its potential role in fatty
liver disease.

3.5. ¢cPLA,6 in Psoriasis

cPLA6 (group IVD PLA;; encoded by PLA2G4D) was first identified as a keratinocyte-specific
cPLA,; isoform that is induced during psoriasis and releases LA selectively [99]. However, subsequent
studies showed that the PLA; activity of cPLA; is much weaker than that of cPLA,«x [77] and that
its PLA; activity is superior to its PLA; activity [90]. Cheung et al. [100] recently demonstrated the
expression of cPLA»6 in psoriatic mast cells, and found unexpectedly that its activity is extracellular.
IFN-a-stimulated mast cells release exosomes, which transfer cytoplasmic cPLA,6 to neighboring
Langerhans cells expressing CD1a, which present lipid antigens to T cells. Thus, the exosome-mediated
transfer of cPLA; from mast cells to Langerhans cells leads to the generation of neolipid antigens
and subsequent recognition by lipid-specific CD1a-reactive T cells, inducing the production of IL-22
and IL-17A. These data offer an alternative model of psoriasis pathogenesis in which lipid-specific
CD1a-reactive T cells contribute to psoriatic inflammation, suggesting that cPLA;$ inhibition or CD1a
blockade may have potential for treatment of psoriasis. However, given that CD1a is present in humans
but not in mice, and that cPLA;6 is located mainly in epidermal keratinocytes, the regulatory roles of
cPLA;b in psoriatic skin require further exploration.

3.6. cPLA)¢ as an N-Acyltransferase for N-Acylethanolamine Biosynthesis

N-acylethanolamines (NAEs) represent a group of endocannabinoid lipid mediators, including
arachidonoylethanolamine (also known as anandamide; AEA), which acts on the endocannabinoid
receptors CB1 or CB2, and palmitoyletanolamine (PEA) and oleoylethanolamine (OEA), which act on
the nuclear receptor PPAR«x or through other mechanisms. The biosynthesis of NAEs, particularly PEA
and OEA, occurs in two steps; transfer of sn-1 saturated or monounsaturated fatty acid of PC to the
amino group of PE by N-acyltransferases to generate N-acyl-PE (NAPE), followed by hydrolysis mainly
by NAPE-specific phospholipase D (NAPE-PLD) to give rise to NAEs [101]. There are two types of
N-acyltransferase, i.e., Ca?*-dependent and -independent enzymes. Recently, it has been shown that
cPLAje (group IVE PLA,; encoded by PLA2G4E) functions as a Ca?*-dependent N-acyltransferase [102].
In response to Ca®" ionophore stimulation, HEK293 cells overexpressing cPLAe produce various
NAPE and NAE species, accompanied by concomitant decreases in PE and PC and increases in LPE
and LPC, indicating that cPLA¢ produces NAPEs by utilizing the diacyl- and plasmalogen types
of PE as acyl acceptors and the diacyl types of PC and PE as acyl donors [103] (Figure 4A). The
activity of cPLAje is markedly enhanced by the presence of phosphatidylserine (PS) or other anionic
phospholipids, and cPLA;¢ largely co-localizes with PS in the plasma membrane and organelles
involved in the endocytic pathway [104,105]. This localization might be related to the observation that
cPLAje drives recycling through the clathrin-independent endocytic route [106].
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Figure 4. Examples of PLA; enzymes that have unique enzymatic activity. (A) cPLA;¢ catalyzes an
N-acyltransferase reaction, transferring the sn-1 fatty acid of PC to the amino group of PE to produce
NAPE, which is then converted to NAE by NAPE-PLD. (B) PNPLA1 acts as a unique transacylase,
transferring LA from triglyceride to w-hydroxyceramide to give rise to w-O-acylceramide, which is
essential for skin barrier function.

However, it still remains to be determined whether cPLA,¢ indeed contributes to NAPE and NAE
biosynthesis under certain in vivo conditions. Since genetic deletion or pharmacological inhibition
of NAPE-PLD disturbs lipid metabolism in the liver, intestine, and adipose tissue [107], as well as
emotional behavior [108], it is tempting to speculate that cPLA;¢, which lies upstream of NAPE-PLD
for NAE biosynthesis, may also participate in these events to improve metabolism and neuronal
functions. The potential neuroprotective role of cPLA;¢ is supported by the association between reduced
expression of cPLAe and dementia, where adenoviral overexpression of cPLA¢ in hippocampal
neurons completely restores cognitive deficits in the elderly APP/PS1 mouse, a model of Alzheimer’s
disease [109].

3.7. ¢PLA,C in Myocardial Mitochondria

The observation that multiple fatty acids are non-selectively released from Ca?*-stimulated
Pla2g4a~'~ lung fibroblasts, an event that is suppressed by cPLA,« inhibitors, suggests that other
cPLA; isoform(s) might contribute to this event. This fatty acid release and PGE, production by
Pla2g4a~ fibroblasts depend on cPLA,( (group IVF PLA,, encoded by PLA2G4F) [110]. In response to
ionomycin, cPLA; translocates to ruffles and dynamic vesicular structures, while cPLA; « translocates
to the Golgi and ER, suggesting distinct mechanisms of regulation for the two enzymes.

Moon et al. [111] reported that mitochondria isolated from human heart contain at least
two PLA,s—cPLA,( and iPLA,y—of which cPLA,({ mediates Ca’"-activated release of AA from
mitochondria in normal heart. The AA pool mobilized by cPLA;( is preferentially channeled into
cytochrome P450 epoxygenases for the synthesis of epoxyeicosatrienoic acids (EETs), which have
a protective effect against heart failure. In contrast, in the failing heart, iPLA,y mainly mobilizes
mitochondrial AA, which preferentially couples with lipoxygenases for the synthesis of toxic HETEs
that open mitochondrial permeability transition pores, leading to further progression of heart failure.
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These results reveal an unexplored biological role of cPLA>( as well as iPLAyYy (see below) in the
myocardium, although confirmation using Pla2g4f-null mice will be required.

4. The iPLA/PNPLA Family

4.1. General Features

The human genome encodes 9 Ca?*-independent PLA, (iPLA,) enzymes. These enzymes are
now more generally known as patatin-like phospholipase domain-containing lipases (PNPLA1-9),
since all members in this family share a patatin domain, which was initially discovered in patatin
(iPLAj o), a potato protein [2,112]. Unlike the cPLA; family, which is present only in vertebrates, the
iPLA,/PNPLA family is widely expressed in many eukaryotes including yeast, ameba, nematode,
fly and vertebrates. iPLA,/PNPLA isoforms display lipid hydrolase or transacylase/acyltransferase
activities with specificities for diverse lipids such as phospholipids, neutral lipids, sphingolipids,
and retinol esters. In principle, enzymes with a large and unique N-terminal region (PNPLA6~9) act
mainly on phospholipids as PLA, PLA; or lysophospholipases, whereas those lacking the N-terminal
domain (PNPLA1~5) act on neutral lipids as lipases or transacylases. Analysis of gene disruption or
mutation of the iPLA;/PNPLA enzymes in mice and humans have provided valuable insights into
their physiological roles in homeostatic lipid metabolism that are fundamental for life. Since there
have been many excellent reviews on this enzyme family [2,3,112,113], we will herein highlight several
recent topics that shed further light on the pathophysiological roles of this enzyme family.

4.2. iPLAf in Neurodegeneration and Hepatic Steatosis

iPLA, {3 (also known as group VIA PLA;; encoded by PLA2G6) is the only iPLA; isoform that acts
primarily as a PLA; with poor fatty acid selectivity [114,115]. Different splice variants of iPLA,[3 are
associated with the plasma membrane, mitochondria, ER, and the nuclear envelope. Although iPLA;(3
lacks a transmembrane domain, it has putative protein-interaction motifs such as ankyrin repeats,
which are capable of interacting with multiple cognate receptor proteins, and a calmodulin-binding
site, which interacts with the inhibitory calmodulin. The crystal structure of iPLA;[3 reveals a dimer
formation of the catalytic domains, which are surrounded by ankyrin repeats that adopt an outwardly
flared orientation, poised to interact with membrane proteins [116]. The closely integrated active
sites are positioned for cooperative activation and internal transacylation. The structure also suggests
allosteric inhibition by calmodulin, where a single calmodulin molecule interacts with two catalytic
domains, altering the conformation of the dimer interface and active sites.

The roles of iPLA; 3 in male fertility, neuronal disorders, metabolic diseases, and inflammation,
among others, have been studied in a number of Pla2g6 knockout, knockdown, and overexpression
studies and are well summarized in recent reviews [113,117]. In particular, the roles of iPLA; 3 in neuronal
function have received extensive attention, since numerous mutations of the PLA2G6 gene have been
discovered in patients with neurodegenerative disorders such as infantile neuroaxonal dystrophy (INAD)
and Parkinson’s disease [118]. In fact, iPLA3 is also referred to as the parkinsonism-associated protein
PARK14, mutations of which are associated with impaired Ca?* signaling in dopaminergic neurons [119].

Three recent studies using mutant flies have provided novel insights into the regulatory roles
of iPLA,f3 in the brain in the context of Parkinson’s disease with x-synucleinopathy. Kinghorn
et al. [120] reported that knockout of the PLA2G6 gene in Drosophila results in reduced survival,
locomotor deficits, and organismal hypersensitivity to oxidative stress, accompanied by mitochondrial
abnormalities and increased lipid peroxidation levels. Inhibition of lipid peroxidation partially rescues
the locomotor abnormalities and mitochondrial membrane potential caused by iPLA,[3 deficiency.
Lin et al. [121] showed that the loss of iPLA;[3 causes an increase of brain ceramide, leading to
lysosomal stress and neurodegeneration. iPLA; {3 binds to the retromer subunits Vps35 and Vps26
and enhances their function to promote protein and lipid recycling. Loss of iPLA, {3 impairs retromer
function resulting in a progressive increase of ceramide, thus inducing a positive feedback loop that
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affects membrane fluidity and impairs retromer function and neuronal function. Mori et al. [122]
showed that iPLA, (3 deficiency in Drosophila results in defective neurotransmission during the early
developmental stages and progressive cell loss throughout the brain, including degeneration of the
dopaminergic neurons. In the brain, iPLA;[3 loss results in shortening of the acyl-chain length of
phospholipids, resulting in membrane lipid disequilibrium and thereby ER stress. Introduction
of the mitochondria-ER contact site-resident protein C190rf12, another causal gene for Parkinson’s
disease, in PLA2G6-deficient flies rescues the phenotypes associated with altered lipid composition,
ER stress, and neurodegeneration. Moreover, the acceleration of «-synuclein aggregation by iPLA, 3
deficiency is suppressed by administration of LA, which corrects the brain phospholipid composition.
Thus, membrane remodeling by iPLA;f3 is required for the survival of dopaminergic neurons and
a-synuclein stability.

The roles of iPLA; 3 in phospholipid remodeling in the context of hepatic lipid metabolism have
recently been studied using Pla2¢6~/~ mice. iPLA,p deficiency attenuates obesity and hepatic steatosis
in ob/ob mice through hepatic fatty-acyl phospholipid remodeling [123]. Aging sensitized by iPLA,f
deficiency induces liver fibrosis and intestinal atrophy involving suppression of homeostatic genes and
alteration of intestinal lipids and bile acids [124]. Pla2g6‘/ ~ mice fed a high-fat diet show attenuation of
hepatic steatosis through correction of defective phospholipid remodeling [125]. Lastly, Pla2¢g6~/~ mice
fed a methionine/choline-deficient diet do not show correction of this defect, but the hepatocellular
injury is attenuated via inhibition of lipid uptake genes [126].

4.3. iPLAyy in Bioenergetics and Signaling

iPLA5Y (also known as group VIB PLA,, encoded by PNPLAS) displays PLA; activity, but acts as
a PLA; toward phospholipids bearing sn-2 PUFA [127,128]. Accordingly, hydrolysis of PUFA-bearing
phospholipids by iPLAyy typically gives rise to 2-lysophospholipids (having a PUFA at the sn-2
position) rather than 1-lysophospholipids (having a saturated or monounsaturated acid at the sn-1
position). Prpla8~~ mice display multiple bioenergetic and neuronal dysfunctions, including growth
retardation, kyphosis, muscle weakness with atrophy of myofilaments, cold intolerance, reduced
exercise endurance, increased mortality due to cardiac stress, resistance to diet-induced obesity and
insulin resistance, performance deficits in spatial learning and memory, and abnormal mitochondrial
function with a dramatic decrease in fatty acid -oxidation and oxygen consumption [129]. The
alterations in myocardial and hippocampal cardiolipin content and composition indicate that iPLAy
is involved in cardiolipin remodeling. These features of Pnpla8~/~ mice are reminiscent of those seen
in patients with Barth syndrome, a disease caused by mutations in the human TAZ gene, which
encodes tafazzin, a mitochondprial transacylase required for cardiolipin remodeling [130]. Moreover,
loss-of-function variants of the human PNPLAS gene recapitulate the mitochondriopathy observed in
Pnpla8_/_ mice [131].

iPLAyy also participates in the generation of lipid mediators under certain conditions.
Pnpla8~/~ mice display reduced ADP- or collagen-stimulated TXA, generation by platelets ex
vivo and show prolonged bleeding time and reduced pulmonary thromboembolism in vivo [132].
Cardiomyocyte-specific deletion of iPLA;y decreases infarct size upon ischemia/reperfusion,
with reduction of oxygenated metabolites of w3 and w6 PUFAs including PGs, HETEs, and
hydroxy-DHAs [133]. iPLA;y releases 9-hydroxyoctadecenoic acid (9-HODE), an oxygenated
metabolite of LA, from cardiolipin, integrating mitochondrial bioenergetics and signaling [134].
Heart failure-induced activation of iPLA,y leads to mitochondrial generation of HETEs that open
the mitochondrial permeability transition pore, thus further amplifying myocardial damage [111].
Phospholipids bearing sn-2 AA are cleaved by the PLA; activity of iPLAyy to give rise to
2-arachidonoyl-lysophospholipids, which are then oxygenized directly by cyclooxygenase-2 or
12-lipoxygenase for conversion to eicosanoid-esterified lysophospholipids [134,135]. The generation
of eicosanoid-esterified lysophospholipids is attenuated by the absence of iPLA,y, underscoring an
iPLAyy-initiated pathway generating new classes of lipid metabolites with potential signaling functions.
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4.4. PNPNAG6 and PNPLA?7 as Lysophospholipases

PNPLAG6 (iPLA36) and its closest paralog PNPLA7 (iPLA,0) have a lysophospholipase activity
that cleaves LPC to yield fatty acid and glycerophosphocholine (GPC) [136,137]. Counterparts of
these enzymes in yeast and fly act as a phospholipase B, which converts PC to GPC by liberating
both sn-1 and sn-2 fatty acids. PNPLAS®, also referred to as neuropathy target esterase (NTE), was
originally identified as a target enzyme for the poisonous effect of organophosphates, which cause
a severe neurological disorder characterized by degeneration of long axons in the spinal cord and
peripheral nerves, leading to paralysis of the lower limbs [138]. In cultured renal cells, the production
of GPC, an osmoprotective metabolite, is enhanced by PNPLA6 overexpression and is diminished by
its siRN'A knockdown or its inhibitor organophosphate [139]. Global Pnpla6~~ mice die in utero due
to placental defects, while neuron-specific Prpla6~~ mice exhibit progressive neuronal degeneration,
leading to prominent neuronal pathology in the hippocampus and thalamus and also defects in the
cerebellum [140,141]. Neuronal absence of PNPLAG6 results in disruption of the ER, vacuolation of
nerve cell bodies and abnormal reticular aggregates, and sustained elevation of PC over many months
is accompanied by progressive degeneration and massive swelling of axons in the sensory and motor
spinal tracts and worsening hindlimb dysfunction [142]. In humans, PNPLA6 mutations near the
catalytic site cause a severe motor neuron disease characterized by progressive spastic paraplegia
and distal muscle wasting [143] as well as childhood blindness with retinal degeneration, including
Leber congenital amaurosis, Oliver McFarlane syndrome, and Boucher-Neuh&duser syndrome [144].
Although the in vivo role of PNPLA?7, also known as NTE-related esterase (NRE), is still unknown, it
is downregulated by insulin in WAT [136] and interacts with LDs through its catalytic domain [145],
suggesting its metabolic role.

4.5. PNPLA2 and PNPLA3 in Triglyceride Metabolism

Although PNPLA2 and PNPLAS3 correspond to iPLA,( and iPLA;¢, respectively, according to
the PLA; classification, the latter names are not used here because these enzymes act essentially
as neutral lipid lipases, but not as phospholipases. PNPLA2 is upregulated, while PNPLA3 is
downregulated, upon starvation, and vice versa upon feeding, indicating that these two closely related
lipases are nutritionally regulated in a reciprocal way [146]. PNPLA2, more generally known as
adipose triglyceride lipase (ATGL), is a major lipase that hydrolyzes triglycerides in LDs to release fatty
acids for 3-oxidation-coupled energy production, a process known as lipolysis [147]. Genetic deletion
or mutation of PNPLA2 leads to accumulation of triglycerides in multiple tissues leading to heart
failure, while conferring protection from fatty liver and glucose intolerance, likely because these mice
are able to utilize glucose but not free fatty acids as a fuel [148,149]. PNPLA2 deficiency also protects
against cancer-associated cachexia by preventing fat loss [150]. The fatty acids released from LDs by
PNPLA2 act as endogenous ligands for the nuclear receptor PPAR«x or PPARS, which drives energy
consumption [151,152]. In addition, the AA released from triglycerides by PNPLA2-driven lipolysis
is utilized for eicosanoid generation in certain situations [153]. The activity of PNPLAZ2 is regulated
positively by ABHD5 (also known as CGI-58) and negatively by perilipin, G0S2 and mysterin, which
modulate the accessibility of PNPLA2 to LDs [152,154]. Adipocyte-specific GOS2-transgenic mice
show attenuated lipolysis and adipocyte hypertrophy, accompanied by a reduced hepatic triglyceride
level and increased insulin sensitivity [155], thus recapitulating the phenotypes observed in Pnpla2~/~
mice [149]. Mutations in the human PNPLA?2 gene cause Chanarin—-Dorfman syndrome, a condition in
which triglycerides are stored abnormally in the body [156]. ABHDS5 mutations also cause a similar
neutral lipid storage disease but also additionally cause ichthyosis [157], likely because ABHD5 acts
as a cofactor for not only PNPLA2-mediated lipolysis, but also PNPLA1-driven w-O-acylceramide
synthesis in the skin (see below). The regulatory mechanisms and metabolic roles of PNPLA2 have
been detailed in other elegant reviews [158,159].

Mutations in the human PNPLA3 gene are highly associated with non-alcoholic fatty liver disease
(NAFLD) and steatohepatitis (NASH) [160]. However, PnplaS_/ ~ mice do not display a fatty liver
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phenotype [161], whereas PNPLA3!58M knockin mice develop hepatic steatosis [162], illustrating the
complexity of the regulatory roles of PNPLA3 in hepatic lipid metabolism. PNPLA3 reportedly acts
as an acyltransferase that alters the fatty acid composition of triglycerides [163], as a transacylase
that promotes the transfer of PUFAs from triglycerides to phospholipids in hepatic LDs [164], or as a
retinyl-palmitate lipase in hepatic stellate cells to fine-tune the plasma levels of retinoids, which might
influence the differentiation of stellate cells to myofibroblasts [165]. It has now become recognized
that PNPLA3 functions primarily as a triglyceride lipase and that I158M mutation leads to loss of
function. Importantly, PNPLA3, and PNPLA358M to an even greater extent, strongly interact with
ABHDS5, a cofactor for PNPLA2, thereby interfering with the lipolytic activity of PNPLA2 [166,167].
Overexpression of PNPLA3!5M greatly suppresses PNPLA2-dependent lipolysis, leading to massive
triglyceride accumulation in hepatocytes and brown adipocytes. Moreover, transgenic overexpression
of PNPLA3!'%M increases hepatic triglyceride levels in WT mice, but not in Abhd5~/~ mice, confirming
that the pro-steatotic effects of PNPLA3 require the presence of ABHD5. Thus, the increased abundance
of PNPLA3"M regults in sequestration of ABHDS5 on LDs, thereby limiting the availability of this
cofactor for activation of PNPLA2. The question remains of how PNPLA2, PNPLA3, and ABHDS5 each
find their way to hepatocyte LDs in the correct stoichiometric proportions and function to regulate LD
assembly and turnover under conditions of fasting or nutrient excess.

4.6. PNPLA1 in Acylceramide Synthesis for Skin Barrier Function

w-O-acylceramide, a unique sphingolipid present specifically in the stratum corneum of the
epidermis, is essential for skin barrier formation, and impairment of its biosynthesis leads to ichthyosis
or atopic dermatitis. Mutations in the human PNPLAI gene cause autosomal recessive congenital
ichthyosis [168]. Unlike most PNPLA isoforms that are ubiquitously expressed in many tissues, PNPLA1
is localized predominantly in the upper layer of the epidermis. PNPLAL1 acts as a unique transacylase,
catalyzing the transfer of LA in triglyceride to the w-hydroxy group of ultra-long-chain fatty acid
in ceramide to give rise to w-O-acylceramide [169-171] (Figure 4B). Global or keratinocyte-specific
deletion of PNPLA1 hampers epidermal w-O-acylceramide formation, thereby severely impairing skin
barrier function leading to neonatal death due to excessive dehydration. The enzymatic activity of
PNPLA1 is enhanced by ABHD5, which may present triglycerides to PNPLA1 to facilitate substrate
recognition [172,173], providing a mechanism whereby ABHD5 mutations cause Chanarin-Dorfman
syndrome accompanied by ichthyosis with impaired w-O-acylceramide formation. The role of PNPLA1
in w-O-acylceramide biosynthesis has been described in detail in a recent review [174].

5. Other PLA; Family

5.1. The PAF-AH Family

The PAF-acetylhydrolase (PAF-AH) family comprises one extracellular and three intracellular
enzymes that were originally found to have the capacity to deacetylate and thereby inactivate the
lysophospholipid-derived lipid mediator PAF [175,176]. Plasma-type PAF-AH (group VIIA PLA;;
encoded by PLA2G?7) is a secreted protein produced by macrophages, mast cells or other sources, and
is now more generally referred to as lipoprotein-associated PLA, (Lp-PLA;), existing as a low-density
lipoprotein (LDL)-bound form in human plasma [177]. Although PAF is a potent mediator of allergic
responses, Lp-PLA, deficiency fails to augment airway inflammation or hyperresponsiveness after
PAF+LPS treatment or passive or active allergic sensitization and challenge [178]. A series of clinical
studies have revealed a correlation of Lp-PLA, with atherosclerosis, likely because this enzyme
hydrolyzes oxidized phospholipids (i.e., phospholipids having an oxidized fatty acid at the sn-2
position) in modified LDL with pro-atherogenic potential [179,180]. Although darapladib, a potent
Lp-PLA; inhibitor, failed to meet the primary endpoints of two large phase III trials for treatment
of atherosclerosis [181], recent clinical and preclinical studies have revealed that Lp-PLA; inhibition
may have therapeutic effects in diabetic macular edema and Alzheimer’s disease [182,183]. Lp-PLA;
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deficiency in ApcM* mice leads to decreased intestinal polyposis and tumorigenesis, suggesting a

role of PAF or some oxidized lipids in cancer development [184].

Type-I PAF-AH is a heterotrimer composed of two catalytic «1 and o2 subunits (group XIIIA and
XIIB PLA;s, encoded by PAFAH1B2 and PAFAH1B3, respectively), and a regulatory 3 subunit that is
identical to LIS-1, a causative gene for a type of Miller-Dieker syndrome [185]. Loss of both the x1 and
a2 catalytic subunits leads to male infertility [186], reduction of amyloid-f3 generation by promoting
the degradation of amyloid precursor protein C-terminal fragments [187], and an increase in the size
of the ganglionic eminences resulting from increased proliferation of GABAergic neurons through
perturbation of the Wnt signaling pathway [188].

Type-II PAF-AH (PAF-AH2 or group VIIB PLAj;; encoded by PAFAH2?) shows significant
homology with Lp-PLA; and preferentially hydrolyzes oxidized phospholipids in cells. In a
CCly-induced liver injury model, Pafah2~/~ mice show a delay in hepatic injury recovery with
unusual accumulation of 8-isoprostaglandin F,, (8-iso-PGF;4) in membrane phospholipids, indicating
that PAF-AH2 removes toxic oxidized lipids from cell membranes and thereby protects the tissue
from oxidative stress-induced injury [189]. Mast cells spontaneously produce w3 PUFA-derived
epoxides (w3 epoxides), such as EPA-derived 17,18-epoxyeicosatetraenoic acid (17,18-EpETE) and
DHA-derived 19,20-epoxydocosapentaenoic acid (19,20-EpDPE), whose production depends on
PAF-AH2-driven cleavage of w3 epoxide-esterified phospholipids in mast cell membranes [190].
Genetic or pharmacological inactivation of PAF-AH2 reduces the steady-state production of w3
epoxides, leading to attenuated mast cell activation and anaphylaxis following FceRI crosslinking
(Figure 5). Mechanistically, the w3 epoxides promote IgE-mediated activation of mast cells by
down-regulating Srcinl, a Src-inhibitory protein that counteracts FceRlI signaling, through a pathway
involving PPARy. Thus, the PAF-AH2-w3 epoxide pathway ensures optimal mast cell activation and
presents new potential drug targets for allergic diseases. The properties and functions of the PAF-AH
family have been summarized in a recent review [191].
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Figure 5. The role of PAF-AH2 in mast cell activation by producing w3 epoxides. PAF-AH2 constitutively
hydrolyzes w3 epoxide-esterified phospholipids in cell membranes to liberate w3 epoxides. These
unique w3 PUFA metabolites attenuate PPARy signaling and downregulate Srcinl, which blocks
activation of the Src family kinases Fyn and Lyn, thereby augmenting FceRI signaling.
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5.2. Lysosomal PLAjs

Lysosomal PLA; (LPLA; or group XV PLA,. encoded by PLA2G15) is catalytically active under
mildly acidic conditions and structurally homologous with lecithin:cholesterol acyltransferase (LCAT),
an enzyme that transfers the sn-2 fatty acid of PC to cholesterol to produce cholesteryl ester in
high-density lipoprotein (HDL) [192]. LPLA; hydrolyzes both sn-1 and sn-2 fatty acids in phospholipids
and contributes to phospholipid degradation in lysosomes. Genetic deletion of LPLA; results in
unusual accumulation of non-degraded lung surfactant phospholipids in lysosomes of alveolar
macrophages leading to phospholipidosis [193], reduced presentation of lysophospholipid antigens to
CD1d by invariant natural killer T (iNKT) cells [194], and impairment of adaptive T cell immunity
against mycobacterium [195].

Peroxiredoxin 6 (Prdx6) is another lysosomal PLA, that is also called acidic Ca?*-independent
PLA,; (aiPLA;). Prdx6 is a multifunctional enzyme since it also possesses glutathione peroxidase and
lysophospholipid acyltransferase activities. The aiPLA; activity of Prdx6 has important physiological
roles in the turnover (synthesis and degradation) of lung surfactant phospholipids [196], protection
against LPS-induced lung injury [197], repair of peroxidized cell membranes [198], and sperm fertilizing
competence [199]. The properties and functions of LPLA; and Prdx6/aiPLA; have been summarized
in recent reviews [200,201].

5.3. The PLAAT Family

The PLAAT family, which comprises 3 enzymes in mice and 5 enzymes in humans, is structurally
similar to lecithin:retinol acyltransferase (LRAT). Because of the ability of some members in this
family to suppress H-ras signaling, it is also referred to as the HRASLS (for H-ras-like suppressor)
family. Members of this family, including PLA2G16 (group XVI PLA,, also known as PLAAT3 or
HRASLS3), display PLA; and PLA, activities, as well as Ca?*-independent N-acyltransferase activity
that synthesizes NAPE, to various degrees [202]. PLA2G16 is highly expressed in adipocytes, and
Pla2¢167/~ mice are resistant to diet-induced obesity [203]. Adipocyte-derived LPC produced by
PLA2G16 activates NLRP3 inflammasomes in adipocytes and adipose tissue macrophages mediating
homocysteine-induced insulin resistance [204]. PLA2G16 and its paralogs in this family have also
been implicated in tumor invasion and metastasis [205], vitamin A metabolism [206], peroxisome
biogenesis [207], and cellular entry and clearance of Picornaviruses [208]. The properties and functions
of the PLAAT/PLA2G16 family have been summarized in recent reviews [209,210].

5.4. The ABHD Family

The ABHD family is a newly recognized group of lipolytic enzymes, comprising at least 19
enzymes in humans [211]. Enzymes in this family typically possess both hydrolase and acyltransferase
motifs. Although the functions of many of the ABHD isoforms still remain uncertain, some of them
have been demonstrated to act on neutral lipids or phospholipids as lipid hydrolases. ABHD3
selectively hydrolyzes phospholipids with medium-chain fatty acids [212]. ABHD4 releases fatty
acids from multiple classes of N-acyl-phospholipids to produce N-acyl-lysophospholipids [213].
ABHDES6 acts as lysophospholipase or monoacylglycerol lipase, the latter being possibly related to
signaling of 2-arachidonoyl glycerol, an endocannabinoid lipid mediator that plays a role in retrograde
neurotransmission [214]. ABHDI12 hydrolyzes lysophosphatidylserine (LysoPS), and is therefore
referred to as LysoPS lipase [215]. Genetic or pharmacological blockade of ABHD12 stimulates immune
responses in vivo, pointing to a key role for this enzyme in regulating immunostimulatory lipid
pathways. Mutations in the human ABHD12 gene result in accumulation of LysoPS in the brain and
cause a disease known as PHARC, which is characterized by polyneuropathy, hearing loss, ataxia,
retinitis pigmentosa, and cataract [216]. ABHD16A acts as a PS-selective PLA; (referred to as PS lipase),
lying upstream of ABHD12 in the PS-catabolic pathway [217]. Disruption of ABHD12 and ABHD16A
in macrophages respectively increases and decreases LysoPS levels and cytokine production. Although
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ABHD?5 does not have catalytic activity because of the absence of a serine residue in the catalytic
center, it interacts with and modifies the functions of several PNPLA members including PNPLA1-3,
as described above.

5.5. GPI-Specific PLAs

GPI is a complex glycolipid covalently linked to the C terminus of proteins on the plasma
membrane, particularly in the raft microdomain. The biosynthesis of GPI and its attachment to proteins
occur in the ER. GPI-anchoring proteins (GPI-APs) are subjected to fatty acid remodeling, which
replaces an unsaturated fatty acid at the sn-2 position of the PI moiety with a saturated fatty acid.
PGAP3, which resides in the Golgi, and PGAP6, which is localized mainly on the cell surface, are
GPI-specific PLA;s (GPI-PLA;s) involved in fatty acid remodeling of GPI-APs [218]. PGAP3-dependent
fatty acid remodeling of GPI-APs has a significant role in the control of autoimmunity, possibly by the
regulation of apoptotic cell clearance and Th1/Th2 balance [219]. CRIPTO, a GPI-AP that plays critical
roles in early embryonic development by acting as a Nodal co-receptor, is a highly sensitive substrate
of PGAP6. CRIPTO is released by PGAP6 as a glycosyllysophosphatidylinositol-bound form and acts
as a co-receptor in Nodal signaling. Pgap6~/~ mice show defects in early embryonic development,
particularly in the formation of the anterior-posterior axis, as do Cripto™~ embryos, suggesting that
PGAP6 plays a critical role in Nodal signaling modulation through CRIPTO shedding [220].

6. Conclusions

In this review, we have provided an overview of the biological functions of a nearly full set of
PLA;s identified to date, particularly over the past five years during which considerable advances in
this research field have been made. In the interests of brevity, we have referenced previous reviews
whenever possible and apologize to the authors of the numerous original papers that were not explicitly
cited. By applying lipidomics approaches to knockout or transgenic mice for various PLAjs, it has
become evident that individual enzymes regulate specific forms of lipid metabolism, perturbation of
which can be eventually linked to distinct pathophysiological outcomes. Knowledge of individual
PLA;s acquired from studies using animal models is now being translated to humans. Note that
the designation “PLA;,” is used more broadly for enzymes that have significant homology with
prototypic PLA; subtypes, even if they do not necessarily exert PLA; activity. These examples include,
for instance, N-acyltransferase (cPLA;¢), w-O-acylceramide synthase (PNPLA1), triglyceride lipase
(PNPLA2 and PNPLA3), and lysophospholipase (PNPLA6 and PNPLA7). Several PLA;s, such as
cPLAy6, iPLAyy, and PLA2G16, possess PLA; activity that is even superior to PLA; activity, although
biological importance of the sn-1 cleavage by these PLA;js is largely unclear. There are also several
enzymes that possess PLA; activity but are not designated as PLA;, as exemplified by the ABHD and
GPI-specific PLA; families. Thus, the term “PLA,” is somehow confusing and should be interpreted
with caution if researchers encounter the genetic symbol “PLA2” on genome-wide transcriptome and
proteome analyses.

Lipid metabolic pathways are complex, often redundant and highly interconnected, in some
cases being counter regulatory. As recently reviewed by Kokotos and coworkers [221], various PLA,
subtypes are being targeted pharmacologically to alleviate the symptoms of various disease models,
but none of the PLA; inhibitors currently developed has reached the market yet. If the modulation of
one PLA; pathway does not suffice therapeutically, targeting two or more pathways could be effective.
On the other hand, blunting of related PLA; subtypes simultaneously may not be therapeutically
efficient in some cases, since this strategy would block both positive and negative pathways regulated
by distinct isoforms. For instance, pan-sPLA; inhibitors (e.g., varespladib), which inhibit group I/II/V/X
sPLA;s altogether, have been reported to exert a poor therapeutic effect on atherosclerosis, arthritis,
and allergy, probably because they blunt both offensive and defensive sPLAjs. This points to potential
prophylactic or therapeutic use of an agent that could specifically inhibit a particular PLA; subtype,
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even though such a strategy will be a challenge since individual PLAjys appear to play highly selective
and often opposite roles in specific organs and disease states.

At present, the tools that are available for following the dynamics of individual PLAjs and
associated lipid metabolites and for monitoring their precise modifications and spatiotemporal
localizations are still technically limited. The actions of lipids are frequently masked by the large
steady-state mass of structural lipids in membranes, making it difficult to detect spatiotemporal lipid
dynamics and functions. Further advances in this field and their integration for therapeutic use
are likely to benefit from improved, time- and space-resolved lipidomics technology for monitoring
individual PLA;s and associated lipid metabolisms within tissue microenvironments. It seems that
more work will be necessary to dissect each of the many regulated pathways of bioactive lipids and
to define the mechanisms responsible for the regulatory actions of individual PLA;s, as well as the
roles of the pathways in specific responses at the cell, tissue, and organism level. Hopefully, the next
decade will yield a more integrated view of the overall map of the PLA; network in biology, allowing
the therapeutic application of inhibitors or the lipid products of some enzymes to human diseases.
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Abstract: 2-Oxoesters constitute an important class of potent and selective inhibitors of human
cytosolic phospholipase A, (GIVA cPLA;) combining an aromatic scaffold or a long aliphatic chain
with a short aliphatic chain containing a free carboxylic acid. Although highly potent 2-oxoester
inhibitors of GIVA cPLA; have been developed, their rapid degradation in human plasma limits their
pharmaceutical utility. In an effort to address this problem, we designed and synthesized two new
2-oxoesters introducing a methyl group either on the x-carbon to the oxoester functionality or on
the carbon carrying the ester oxygen. We studied the in vitro plasma stability of both derivatives
and their in vitro inhibitory activity on GIVA cPLA;. Both derivatives exhibited higher plasma
stability in comparison with the unsubstituted compound and both derivatives inhibited GIVA cPLA;,
however to different degrees. The 2-oxoester containing a methyl group on the x-carbon atom to
the oxoester functionality exhibits enhancement of the metabolic stability and retains considerable
inhibitory potency.

Keywords: inhibitor; metabolic stability; x-methylation; oxoesters; phospholipase A,

1. Introduction

Phospholipase A; (PLA;) enzymes are involved in a variety of inflammatory diseases, which has
stimulated the interest of the scientific community in exploring the pathophysiological role of each
type of PLA; and developing strategies for the modulation of their activity [1-3]. Among the various
PLAjs present in mammals, the cytosolic calcium-dependent PLAjs (cPLA;) is characterized by a
marked preference for the hydrolysis of arachidonic acid from the phospholipid substrates initiating
the eicosanoid cascade [4]. The most well studied enzyme of this group is Group IVA (GIVA) cPLA,
and it is responsible for the biosynthesis of many diverse lipid signaling molecules contributing to
inflammation [5]. Fundamental characteristics of the GIVA cPLA,, such as its role and function,
have been summarized in recent review articles [6,7].

Early studies using gene targeted mice that lack GIVA cPLA; have shown that these mice are
much less prone to inflammatory pathological responses to disease, stresses and physical injuries,
indicating the involvement of the enzyme in cellular and systemic damage [8,9]. The mechanisms
regulating lipid peroxidation of arachidonic acid and docosahexaenoic acid in the central nervous
system as well as the role of GIVA cPLA; in oxidative and inflammatory signaling pathways in the
central nervous system have been recently reviewed [10-12], highlighting the metabolic events linking
this enzyme to activation in neurons, astrocytes, microglial cells, and cerebrovascular cells.

37



Biomolecules 2020, 10, 491

A variety of small-molecule inhibitors have been developed as tools to understand the role of
each type of PLA; enzyme and as new medicinal agents [13,14]. Our groups have developed several
classes of small-molecule PLA; inhibitors [15-20] and have studied their in vitro inhibitory activities
as well as their in vivo properties [21,22]. In particular, we have designed and synthesized a series of
2-oxoesters as a novel class of potent and selective inhibitors of human GIVA cPLA; [23], having the
ability to modulate the production of eicosanoids. The structural characteristics of these inhibitors
are either a long fatty chain or an aromatic scaffold on the left, a 2-oxoester functionality and a short
fatty chain with a terminal carboxylic group on the right (Figure 1). More potent 2-oxoester inhibitors
were reported by our group [24], maintaining the same structural characteristics, but changing the
substitution to an aromatic scaffold or altering the number of carbon atoms either to the left or to
the right of oxoester group. Structure-activity relationship studies of these inhibitors allowed us to
determine the necessary building blocks for optimizing inhibitory activity against GIVA cPLA,.

Among the many synthesized 2-oxoester GIVA cPLA; inhibitors, four of them stood out as
showing potent inhibition; their structures are shown in Figure 1. On the oxoester functionality (left
side) of these inhibitors, there is an aliphatic chain containing two to four carbons bearing an aromatic
scaffold, which is either a biphenyl system or a benzene ring with an aliphatic alkoxy group and on the
ester functionality (right side) there is again a short aliphatic chain containing two to four carbons
bearing a carboxyl group. As was shown, the four carbon atom chains on the left and on the right
of the oxoester functionality are essential for the optimum inhibition of GIVA cPLA;,, because when
the number of carbon atoms on either side is decreased, the X;(50), defined elsewhere [25], increases,
showing less potency [24].

O
(0]
o @) @)
m
1a,n=3, GK452  X,(50) = 0.000078 2a, n=2, GK504  X(50) = 0.000066
1b, n=1, GK482  X,(50) = 0.00041 2b, n=4, GK484  X,(50) = 0.000019

Figure 1. Known 2-oxoester inhibitors of GIVA cPLA; [23,24].

Although the developed 2-oxoester inhibitors so far exhibited a potent in vitro inhibition of GIVA
cPLA,;, their rapid degradation in human plasma limits their pharmaceutical utility [24]. The aim
of our work was to chemically modify the 2-oxoester inhibitors to increase their metabolic stability.
We present herein the synthesis of methyl substituted 2-oxoesters, a study of their metabolic stability
in plasma, and a study of their in vitro activity and specificity for three different PLAjs.

2. Materials and Methods

2.1. General Chemistry Methods

Chromatographic purification of products was accomplished using forced-flow chromatography
on Merck® (Merck, Darmstadt, Germany) Kieselgel 60 Fy54 230-400 mesh. Thin-layer chromatography
(TLC) was performed on aluminum backed silica plates (0.2 mm, 60 Fps4). Visualization of the
developed chromatogram was performed by fluorescence quenching using phosphomolybdic acid,
ninhydrin or potassium permanganate stains. Melting points were determined on a Buchi® 530 (Buchi,
Flawil, Switzerland) hot stage apparatus and are uncorrected. Mass spectra (ESI) were recorded on a
Finningan® Surveyor MSQ LC-MS spectrometer (Thermo, Darmstadt, Germany). High resolution
mass spectrometry (HRMS) spectra were recorded on a Bruker® Maxis Impact QTOF (Bruker Daltonics,
Bremen, Germany) spectrometer. 'H and *C NMR spectra were recorded on a Varian® Mercury
(Varian, Palo Alto, CA, USA) (200 MHz and 50 MHz, respectively), and are internally referenced to
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residual solvent signals. Data for 'H NMR are reported as follows: chemical shift (5 ppm), integration,
multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br s = broad signal), coupling constant
and assignment. Data for 1>C NMR are reported in terms of chemical shift (5 ppm).

5-([1,1"-Biphenyl]-4-yl)-2-methylpentanoic acid (4): In a 25 mL round bottom flask containing a solution of
diisopropylamine (1372 mg, 13.56 mmol) in extra dry tetrahydrofuran (THF) (6.0 mL) was added #n-BuLi
(8.47mL, 1.6M, 13.56 mmol) under Ar, at 0 °C and the reaction mixture was left under stirring for 30 min.
Next, a solution of compound 3 (1150 mg, 4.52 mmol) in extra dry THF (5 mL) was added and the
resulting mixture was left stirring at 0 °C for 30 min. Hexamethylphosphoramide (HMPA) (2.20 mL) in
extra dry THF (0.5 mL) was added and the resulting mixture continued stirring at 0 °C for 1 h. Finally,
a solution of CH3I (905 mg, 5.96 mmol) in extra dry THF (1.5 mL) was added and the reaction mixture
was left stirring at room temperature for 16 h. After completion of the reaction, a saturated aqueous
solution of NH4Cl (15 mL) and Et,O (40 mL) were added. Then, hot water (3 X 15 mL) was added in
the resulting mixture in order to dissolve the remaining HMPA. The aqueous layer was extracted by
Et;O (3 X 15 mL) and the combined organic layers were dried over MgSOy. The solvent was removed
under reduced pressure and the product was purified by column chromatography (petroleum ether
40-60 °C:EtOAc) (8:2). Yield 78%; Yellowish oil; 'H NMR (200 MHz, CDCl3): & = 11.46 (br s, 1H),
7.67-7.29 (m, 9H), 2.73 (t, ] = 7.1 Hz, 2H), 2.65-2.49 (m, 1H), 1.95-1.51 (m, 4H), 1.26 (d, ] = 6.9 Hz, 3H);
13C NMR (50 MHz, CDCl3): 5 = 183.8, 141.5, 141.4,139.1, 129.1, 129.00, 127.4, 127.3, 39.6, 35.7, 33.4, 29.2,
17.2; HRMS [M-H"]: 267.1387; (calculated for [C1gH190,]: 267.1391).

5-([1,1'-Biphenyl]-4-yl)-2-methylpentan-1-ol (5). To a solution of compound 4 (960 mg, 3.57 mmol) in
dry THF (20 mL) was added ethyl chloroformate (0.51 mL, 5.35 mmol) followed by Et;N (0.75 mL,
5.35 mmol) at —10 °C and the reaction mixture was left stirring for 40 min. Next, NaBH, (1080 mg,
28.56 mmol) was added and a subsequent dropwise addition of MeOH (25 mL) at 0 °C took place.
The resulting reaction mixture was left stirring at room temperature for 16 h. The reaction mixture
was evaporated under reduced pressure and was treated by HCl 1N until pH<7. The aqueous layer
was extracted by EtOAc (3 X 20 mL) and the combined organic layers were washed by a 10% aqueous
solution of NaHCOj3 (20 mL). The organic layer was dried over MgSOy and the solvent was removed
under reduced pressure. The product was purified by column chromatography (petroleum ether
40-60 °C:EtOAc) (8:2). Yield 67%; Colourless oil; 'H NMR (200 MHz, CDCl3): § = 7.68-7.29 (m, 9H),
3.62-3.42 (m, 2H), 2.71 (t, ] = 7.5 Hz, 2H), 2.35 (br s, 1H), 1.85-1.52 (m, 4H), 1.35-1.19 (m, 1H), 1.00 (d,
] = 6.6 Hz, 3H); 1*C NMR (50 MHz, CDCl,): & = 142.0, 141.4, 138.9, 129.1, 129.0, 127.3, 127.2, 68.4, 36.2,
35.9,33.2,29.12, 16.9; HRMS [M+Na]*: 277.1562; (calculated for [C1gH,,NaO]* 277.1563).

5-([1,1-Biphenyl]-4-yl)-2-methylpentanal (6). To a solution of compound 5 (600 mg, 2.36 mmol) in dry
CH,Cl, (25 mL), TEMPO (38.0 mg, 0.24 mmol) and iodobenzene diacetate (988 mg, 3.07 mmol) were
added and the reaction mixture was left stirring at room temperature for 3 h. Next, a 10% aqueous
solution of Na;5,03 (10 mL) was added and the resulting reaction mixture was left stirring for 5 min.
The organic layers were washed by H,O (20 mL) and dried over MgSO,. The solvent was removed
under reduced pressure, the product was purified by column chromatography (petroleum ether 40-60
°C:EtOAc) (9:1), and was used directly for the next experiment. Yield 85%; Colourless oil.

6-([1,1"-Biphenyl]-4-yl)-2-hydroxy-3-methylhexanenitrile (7). To a solution of compound 6 (506 mg,
2.00 mmol) in CH,Cl, (15 mL), a saturated aqueous solution of NaHSOj3 (1.5 mL) was added and
the reaction mixture was left stirring vigorously at room temperature for 30 min. The solvent was
removed under reduced pressure and THF (15 mL) and H,O (10 mL) were added, followed by
dropwise addition of a 4N aqueous solution of KCN (1.5 mL, 6.00 mmol). Then, the reaction mixture
was left stirring at room temperature for 16 h. The reaction mixture was evaporated under reduced
pressure and Et,O (30 mL) was added. The organic layer was washed with H,O (2 x 10 mL) and
dried over MgSO,. The solvent was removed under reduced pressure and the product was purified
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by column chromatography (petroleum ether 40-60 °C:EtOAc) (8:2). Mixture of diastereomers; Yield
94%; Colourless oil; 'H NMR (200 MHz, CDCl3): & = 7.65-7.20 (m, 9H), 4.36 (d, ] = 5.5 Hz, 1H), 2.68 (t,
] =7.5Hz, 2H), 2.61-2.43 (br s, 1H), 2.02-1.85 (m, 1H), 1.83-1.52 (m, 3H), 1.46-1.26 (m, 1H), 1.16-1.06
(m, 3H); 13C NMR (50 MHz, CDCl3): & = 141.5, 141.4, 141.3, 139.1, 129.1, 129.0, 127.4, 127.3, 119.8,
119.5, 66.4, 66.0, 38.0, 35.8, 32.0, 31.5, 29.0, 28.9, 15.1, 14.9; HRMS [M+Na]*: 302.1511; (calculated for
[C19H21NNaO]+ 302.1515).

Methyl 6-([1,1"-biphenyl]-4-yl)-2-hydroxy-3-methylhexanoate (8). A solution of compound 7 (525 mg,
1.88 mmol) in MeOH (6 mL) was treated with a freshly prepared 6N HCl in MeOH (6 mL) under stirring
at room temperature for 16 h. The solvent was removed under reduced pressure and Et,O (30 mL) was
added. The organic layer was washed with H,O (2 x 10 mL) and dried over MgSOy. The solvent was
removed under reduced pressure and the product was purified by column chromatography (petroleum
ether 40-60 °C:EtOAc) (8:2). Mixture of diastereomers; Yield 36%; White oil; 'TH NMR (200 MHz,
CDCl): & = 7.75-7.15 (m, 9H), 4.28-4.08 (m, 1H), 3.98-3.67 (m, 3H), 2.95 (br s, 1H), 2.82-2.55 (m, 2H),
2.18-1.90 (m, 1H), 1.81-1.58 (m, 2H), 1.49-1.21 (m, 2H), 1.18-0.77 (m, 3H); 13C NMR (50 MHz, CDCl,):
5=176.0,175.6,141.9, 141.8, 141.3, 138.9, 129.1, 129.0, 127.3, 75.2, 73.5, 52.7, 52.6, 37 4, 37.0, 35.9, 35.8,
33.1,30.7,29.5,29.2,16.1, 13.8; HRMS [M+Na]*: 335.1613; (calculated for [CyoH»4NaO3]* 335.1618).

6-([1,1°-Biphenyl]-4-yl)-2-hydroxy-3-methylhexanoic acid (9). To a solution of compound 8 (200 mg,
0.64 mmol) in MeOH (6 mL), a 1N aqueous solution of NaOH (5 mL) was added and the reaction
mixture was left stirring at room temperature for 2 days. After acidification with 1IN HCI (pH 1),
the reaction mixture was extracted with Et,O (3 X 20 mL). The combined organic layers were washed
with H,O (2 x 10 mL) and dried over MgSOy. The solvent was removed under reduced pressure and
the product was purified by column chromatography (petroleum ether 40-60 °C:EtOAc) (8:2). Mixture
of diastereomers; Yield 64%; White solid; mp: 147-151 °C; 1H NMR (200 MHz, CD;0D): § = 7.61-7.14
(m, 9H), 4.12-3.97 (m, 1H), 2.70-2.53 (m, 2H), 2.02-1.85 (m, 1H), 1.73-1.44 (m, 4H), 1.02-0.82 (m, 3H);
13C NMR (50 MHz, CD3;0D): 6 = 176.6, 176.2, 141.8, 141.2, 138.7, 128.8, 128.6, 126.8, 126.7, 126.6, 126.5,
74.5,73.0,37.0,35.5,35.4,29.2,15.4,13.1, HRMS [M-H]": 297.1492; (calculated for [C19Hy1 O3] 297.1496).

tert-Butyl 5-bromohexanoate (12). In a 25 mL round bottom flask, 5-hexalactone (342 mg, 3.00 mmol)
and 33% HBr in AcOH (5 mL) were added and the reaction mixture was left stirring at 75 °C for
16 h. After completion of the reaction, the reaction mixture was extracted with CH,Cl, (3 X 15 mL).
The organic layers were collected, washed with H,O (3 x 15 mL) and dried over MgSOy. The solvent
was removed under reduced pressure and the formed bromo carboxylic acid was used directly to the
next step. To a solution of the bromo carboxylic acid (544 mg, 2.82 mmol) in dry CH,Cl, (20 mL) in a
pressure vessel, concentrated HySO, (0.45 mL) was added dropwise. The reaction mixture was cooled
at —196 °C using liquid nitrogen and isobutylene (20 mL) was added to the solution. The reaction
mixture was left stirring at room temperature for 5 d. The reaction mixture was poured to a 100 mL
beaker and was left stirring for 30 min. The reaction mixture was washed with H,O (3 x 15 mL) and
the organic phase was dried over MgS0Oy. The solvent was removed under reduced pressure and
the product was purified by column chromatography (petroleum ether 40-60 °C:EtOAc) (9:1). Yield
83%; Yellowish oil; 'H NMR (200 MHz, CDCl3): & = 4.12-4.02 (m, 1H), 2.23-2.14 (m, 2H), 1.79-1.62 (m,
7H), 1.39 (s, 9H); 1*C NMR (50 MHz, CDCl3): & = 172.7, 80.4, 51.1, 40.4, 34.8, 28.3, 26.6, 23.4; HRMS
[M+Na]*: 273.0467; (calculated for [C1oH19BrNaO,]* 273.0461).

General procedure for the synthesis of 2-hydroxy esters 15a,b.

To a stirred solution of compound 9 or 13 (0.38 mmol) in THF (2.4 mL), a 20% aqueous solution of
Cs,CO;3 (124 mg, 0.38 mmol) was added (pH 9) and the reaction mixture was left stirring for 20 min at
room temperature. The organic solvent was evaporated under reduced pressure and the residue was
dissolved in DMF (6 mL). tert-Butyl ester 14 or 12 (0.46 mmol) was added and the reaction mixture was
left stirring under reflux for 72 h to 168 h. Then, H,O (10 mL) was added and the reaction mixture
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was extracted with EtOAc (3 X 10 mL). The combined organic layers were dried over MgSO4 and the
solvent was removed under reduced pressure. The product was purified by column chromatography
(petroleum ether 40-60 °C:EtOAc) (8:2).

5-(tert-Butoxy)-5-oxopentyl  6-([1,1°-biphenyl]-4-yl)-2-hydroxy-3-methylhexanoate (15a). Mixture of
diastereomers; Yield 35%; Colourless oil; '"H NMR (200 MHz, CDCl3): & = 7.64-7.17 (m, 9H),
4.25-4.05 (m, 3H), 2.72-2.57 (m, 2H), 2.31-2.16 (m, 2H), 2.05-1.52 (m, 8H), 1.44 (s, 9H), 1.01 (d, ] = 6.9 Hz,
1.5H), 0.84 (d, ] = 6.9 Hz, 1.5H); 13C NMR (50 MHz, CDCl3): § = 175.5,175.1, 172.8, 141.9, 141.8, 141.3,
138.9,134.1,129.1, 129.0, 128.9, 127.2, 123.4, 80.6, 75.1, 73.4, 65.5, 65.4, 37.5, 36.9, 35.9, 35.1, 35.0, 33.1,
30.8,29.6,29.3,28.3,28.1,21.7,16.1, 13.7, HRMS [M+Na]*: 477.2608; (calculated for [CogH3gNaOs]*
477.2611).

6-(tert-Butoxy)-6-oxohexan-2-yl 6-([1,1°-biphenyl]-4-yl)-2-hydroxyhexanoate (15b). Mixture of diastereomers;
Yield 37%; Colourless oil; 'H NMR (200 MHz, CDCl3): § = 7.64-7.17 (m, 9H), 5.02-4.90 (m, 1H),
4.18-4.07 (m, 1H), 2.98-2.54 (m, 4H), 2.29-2.10 (m, 2H), 1.90-1.50 (m, 8H), 1.43 (s, 9H), 1.28-1.19 (m,
3H); 13C NMR (50 MHz, CDCly): § = 175.2,172.8, 172.7, 141.8, 141.7, 141.3, 138.9, 129.0, 128.9, 127.3,
127.2,80.5,72.6,70.7,70.5,35.7, 35.6, 35.2, 34.6, 34.5, 31.5, 31.4, 28.3, 24.8, 24.6, 21.0, 20.1, 20.0; HRMS
[M+Na]*: 477.2614; (calculated for [CogH3gNaOs]* 477.2611).

General procedure for the synthesis of 2-oxoesters 16a,b.

To a solution of compound 15 (0.13 mmol) in dry CH,Cl, (2.0 mL) was added Dess-Martin
periodinane (72 mg, 0.17 mmol) and the reaction mixture was left stirring at room temperature for 2 to
4 h. Then, a 10% aqueous solution of Na;S,03 (5 mL) was added and the reaction mixture was extracted
with CH,Cl; (3 X 5 mL). The combined organic layers were mixed and dried over MgSO, and the
solvent was removed under reduced pressure. The product was purified by column chromatography
(petroleum ether 40-60 °C:EtOAc) (8:2).

5-(tert-Butoxy)-5-oxopentyl 6-([1,1"-biphenyl]-4-yl)-3-methyl-2-oxohexanoate (16a). Yield 75%; Colourless
oil; '"H NMR (200 MHz, CDCl3): & = 7.63-7.19 (m, 9H) 4.24 (t, ] = 6.3 Hz, 2H), 3.31-3.15 (m, 1H), 2.65 (t,
] =7.2 Hz, 2H), 2.25 (t, ] = 6.9 Hz, 2H), 1.89-1.56 ( m, 8H), 1.44 (s, 9H), 1.15 (d, ] = 7.0 Hz, 3H); 13C NMR
(50 MHz, CDCl3): 6 =198.1,172.7,162.1, 141.2, 139.0, 129.0, 128.9, 127.3,127.2, 127.1, 80.6, 66.0, 42.3,
35.6,35.1,31.7,29.0, 28.3, 28.0, 21.6, 15.4; HRMS [M+Na]*: 475.2434; (calculated for [CogH3sNaOs]*
475.2455).

6-(tert-Butoxy)-6-oxohexan-2-yl 6-([1,1-biphenyl]-4-yl)-2-oxohexanoate (16b). Yield 77%; Yellowish oil;
'H NMR (200 MHz, CDCl3): § = 7.63-7.17 (m, 9H), 5.09-4.96 (m, 1H), 2.92-2.78 (m, 2H), 2.75-2.59 (m,
2H) 2.29-2.12 (m, 2H), 1.83-1.52 (m, 8H), 1.48-1.22 (m,12H); '3C NMR (50 MHz, CDCl;): & = 194.9,
172.7,161.1, 141.3, 139.0, 129.0, 128.9, 127.3, 127.2, 80.5, 73.7, 39.4, 35.4, 35.2, 35.1, 30.9, 28.3, 22.8, 21.0,
19.9; HRMS [M+Na]*: 475.2456; (calculated for [CogHzNaOs]*t 475.2455).

General procedure for the synthesis of 2-oxoesters 17a,b.

A solution of tert-butyl ester 16 (0.13 mmol) in dry CH,Cl; (3.0 mL) and TFA (3.0 mL) was stirred
at room temperature for 2 h. The solvent was removed under reduced pressure and then CH,Cl,

(5 mL) was added and re-evaporated twice. The product was purified by column chromatography
(petroleum ether 40-60 °C:EtOAc) (8:2).

5-((6-([1,1"-Biphenyl]-4-yl)-3-methyl-2-oxohexanoyl)oxy)pentanoic acid (17a) (GK587). Yield 77%; Colourless
oil; 'H NMR (200 MHz, CDCl3): § = 7.63-7.16 (m, 9H), 4.25 (t, ] = 6.3 Hz, 2H), 3.34-3.12 (m, 1H), 2.65
(t, ] =7.2Hz, 2H), 2.39 (t, ] = 6.8 Hz, 2H),1.91-1.54 (m, 8H), 1.15 (d, ] = 7.0 Hz, 3H); 3C NMR (50 MHz,
CDCl;): 6 =198.0,179.4, 162.0, 141.2, 139.0, 129.0, 128.9, 127.3, 127.2, 65.9, 42.3, 35.6, 33.5, 31.6, 29.0,
27.9,21.2,15.4; HRMS [M-H]: 395.1854; (calculated for [Co4sH>705] 395.1864).
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5-((6-([1,1"-Biphenyl]-4-yl)-2-oxohexanoyl)oxy)hexanoic acid (17b) (GK639). Yield 87%; Colourless oil;
'H NMR (200 MHz, CDCl3): § = 7.62-7.17 (m, 9H), 5.10-4.94 (m, 1H), 2.94-2.77 (m, 2H), 2.73-2.57 (m,
2H), 2.44-2.28 (m, 2H),1.85-1.52 (m, 8H), 1.30 (d, ] = 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3): § = 194.9,
179.5,161.1, 141.3, 139.0, 129.0, 128.9, 127.3, 127.3, 127.2, 73.6, 39.4, 35.4, 35.0, 33.7, 30.9, 22.8, 20.6, 19.9;
HRMS [M-H]: 395.1857; (calculated for [Co4Hy7Os5]” 395.1864).

2.2. Plasma Stability Studies

For plasma stability, LC-MS studies were performed with an ABSciex Triple TOF 4600 (ABSciex,
Darmstadt, Germany) combined with a micro-LC Eksigent (Eksigent, Darmstadt, Germany) and an
autosampler set at 5 °C and a thermostated column compartment. Electrospray ionization (ESI) in
negative mode was used for the MS experiments. The data acquisition method consisted of a TOF-MS
full scan m/z 50-850 Da and several IDA-TOF-MS/MS (Information Dependent Acquisition) product
ion scans using 40 V Collision Energy (CE) with 15 V (Collision Energy Spread) CES used for each
candidate ion in each data acquisition cycle (1091). Halo C18 2.7 um, 90 A, 0.5 x 50 mm? from Eksigent
was used as a column and the mobile phase consisted of a gradient (A: acetonitrile/0.01% formic
acid/isopropanol 80/20 v/v; B: HO/0.01% formic acid). The elution gradient adopted started with
5% of phase B for 0.5 min, gradually increasing to 98% in the next 7.5 min. These conditions were
kept constant for 0.5 min, and then the initial conditions (95% solvent B, 5% solvent A) were restored
within 0.1 min to re-equilibrate the column for 1.5 min for the next injection (flow rate 55 uL/min).
The data acquisition was carried out with MultiQuant 3.0.2 and PeakView 2.1 from AB SCIEX (ABSciex,
Darmstadt, Germany).

2.3. In vitro PLA, Activity Assay

Group specific PLA; assays were employed to determine the inhibitory activity using a
lipidomics-based mixed micelle assay as previously described [4,25]. The substrate for each enzyme
consisted of 100 uM PAPC (except for GIVA cPLA; as noted), 400 uM of C12E8 surfactant, and 2.5 uM of
17:0 LPC internal standard. For GIVA cPLA,;, the total phospholipid concentration (100 tM) consisted
of 97 uM PAPC and 3 uM of PI(4,5)P, which enhances the activity of the enzyme. A specific buffer was
prepared to achieve optimum activity for each enzyme. The buffer for GIVA cPLA; contained 100 mM
HEPES pH 7.5, 90 uM CaCl,, and 2 mM DTT. For GVIA iPLA;, the buffer consisted of 100 mM HEPES
pH 7.5, 2 mM ATP, and 4 mM DTT. Finally, the buffer for GV sPLA; contained 50 mM Tris-HCl pH
8.0 and 5 mM CaCl,. The enzymatic reaction was performed in a 96 well-plate using a Benchmark
Scientific H5000-H MultiTherm heating shaker for 30 min at 40 °C. Each reaction was quenched with
120 pL of methanol/acetonitrile (80/20, v/v), and the samples were analyzed using a HPLC-MS system.
A Shimadzu SCL-10A system controller with two LC-10AD liquid pumps (Shimadzu Corp.,Kyoto
Kyoto, Japan) connected to a column controller instrument (Analytical Sales & Products, Inc, Flanders
NJ, USA), and a CTC Analytics PAL autosampler platform (Leap Technologies, NC, USA) were used for
HPLC analysis. An AB Sciex 4000 QTRAP triple quadrupole/linear ion trap hybrid mass spectrometer
(AB Sciex LLC, Framingham MA, USA) was used for MS analysis. A blank experiment, which did
not contain enzyme, was also included for each substrate to determine the non-enzymatic hydrolysis
product and to detect any changes in the intensity of the 17:0 LPC internal standard.

3. Results and Discussion

3.1. Design and Synthesis of Inhibitors

We assumed that in human plasma, it is likely that the oxoester functionality is hydrolyzed by an
esterase. We hypothesized that if a small organic functionality, such as a methyl group, was added,
either on the x-carbon to the oxoester functionality or on the a-carbon to the ester oxygen, it would
decrease the rate of destruction of these compounds. The methyl group is the smallest alkyl group
and has played a beneficial role in drug design by often constituting the problem-solving key to lead
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optimization [26]. Mainly, the PharmacoKinetic (PK) and PharmacoDynamic (PD) properties of a
compound can be modified by the addition of the methyl group, where in many cases an increase in
the selectivity and potency of the pharmaceutical agent has resulted.

GK452 (1a, Figure 1) was one of the most potent 2-oxoester inhibitors of GIVA cPLA;. Thus,
we envisaged that the two methylated derivatives of this compound shown in Figure 2 should result
in an increased metabolic stability.

left substitution ! rlght substltutlonn

Figure 2. Design of a-methyl derivatives of GK452 inhibitor of GIVA cPLA;.

The synthetic strategy for how to insert the methyl group in the desired positions (left or right of
the oxoester) was, firstly, with a lithium diisopropylamide (LDA) treatment followed by methylation
for the left addition, and by a coupling reaction of an intermediate «-hydroxy carboxylic acid to a
methylated secondary bromo tert-butyl ester for the right addition.

The synthesis of the needed «-hydroxy [3-methyl carboxylic acid 9, bearing a biphenyl scaffold
on the left, is described in Scheme 1. The first reaction was an a-substitution using an LDA
method, hexamethylphosphoramide (HMPA) to help stabilize the formed enolate and CHj3l as the
electrophile [27], giving the «-methyl carboxylic acid 4 in a high yield. Then, the carboxylic moiety
was reduced to an alcohol by converting it into the corresponding mixed anhydride and finally
reducing it with NaBH} in the presence of MeOH [28]. Alcohol 5, which was obtained in a high yield,
was next oxidized using PCC to aldehyde 6, which after reaction with KCN gave cyanohydrin 7 in an
excellent yield. Acidic methanolysis by treatment with freshly prepared 6N HCl in MeOH led to the
corresponding hydroxy methyl ester 8 in a good yield, which finally, after saponification, afforded the
desired «-hydroxy carboxylic acid 9.

Cc
/\M /\/\HkOH —> Ar —
78% 67% 85%

3

/\/YO . AFWCN . Arw
94% 36% 4%

OH Ar
Ar/\/\H\[(OH O
(0]
; O

Scheme 1. Synthesis of 2-hydroxy acid 9. (a) (i) LDA, dry THF (ii) HMPA, (iii) CH3L (b) (i)
CH3CH,O0COC], Et3N, dry THF, (ii) NaBH4, MeOH; (c) iodobenzene diacetate, TEMPO (10 mol%), dry
CH,Cly; (d) aq. sol. NaHSO3, CH,Cly, (ii) KCN, H,O; (e) 6N HCl/MeOH; (f) 1N NaOH, MeOH.
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For the synthesis of tert-butyl ester 12, acidic bromination of commercially available
delta-hexalactone 10, using 33% HBr in AcOH [29], produced the intermediate bromo carboxylic acid
11 in almost quantitative yield. Next step was the protection of the carboxyl group using isobutylene
in the presence of c. HySOy, leading to tert-butyl ester 12 in a high yield (Scheme 2).

88%
10 11 12

Scheme 2. Synthesis of bromo fert-butyl ester 12. (a) 33% HBr in AcOH; (b) isobutylene, c.H,SOy, dry
CH,Cl,.

After having synthesized the needed acid 9 and the appropriate hydroxy acid 13, as previously
described [23], a coupling reaction was performed by treatment with Cs;COj3 and the corresponding
bromo tert-butyl esters (methylated or not) (Scheme 3). The coupling products 15a and 15b were
produced in moderate yields 35-37%. For this step, it was observed that, when tert-butyl ester 12 was
used, an increased reaction time was needed. Oxidation using Dess-Martin periodinane in dry CH,Cl,
gave oxoesters 16a and 16b in high yields. Final deprotection of the tert-butyl ester by using 50% TFA
in dry CH,Cl, led to the desired products 17a (GK587) and 17b (GK639) methylated derivatives.

OH
OH Br
Y Y 1 N ArW\)\W M -
R, O 35-37% 75-77%
9, Ry=CHj 12, R, = CHj
’ 15a,b
13, Ry=H 14, R, =H
0
o}
AFWJ\[( Y\/\[r Wj\[( Y\/\n/
Ri O Ry o 77 87°/
16a,b 17ab
1517 ‘ R, R,
a ‘ CHy H
b H CH,

Scheme 3. Synthesis of 2-oxoesters. (a) (i) CsoCO3, THE, HyO (pH 9); (ii) DME, reflux, 24-72 h; (b) Dess
Martin, dry CH,Cly, r.t., 3 h; (c) 50% TFA, dry CH,Clp, r.t., 2 h.

3.2. Plasma Stability Studies

The in vitro stability of 2-oxoesters 17a and 17b, as well as inhibitor GK452 for comparison,
was studied in human plasma. The reactions were initiated by the addition of test compound to a
preheated plasma solution to yield a final concentration of 1 mg/L [24]. Samples (50 uL) were obtained
and after the appropriate treatment were analyzed by LC-HRMS/MS (ABSciex, Darmstadt, Germany)
and the results are shown in Figure 3 (see, also Supplementary Material).

An approximately 85% increase on the metabolic stability was observed at 15 min for both
compounds; the parent compound remaining was increased from 25% to 45-46%. At 30 min, the effect
is smaller, but still significant (70% enhancement, from 17% to 29%). Thus, these methyl substitutions
at the left or the right of the oxoester functionality show that when steric hindrance around the oxoester
functionality is increased, the stability of the oxoester in the plasma is increased as well.
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Figure 3. Plasma stability of GK587 and GK639 in comparison with GK452.
3.3. In Vitro Inhibitory Potency and Selectivity of Compounds GK587 and GK639

Both of the synthesized methyl substituted 2-oxoesters were tested for their in vitro inhibitory
activity on recombinant human GIVA cPLA; using a LC/MS lipidomics based mixed micelle assay [25].
In addition, their selectivity over the intracellular human calcium-independent PLA, (GVIA iPLA))
as well one secreted PLA; (GV sPLA;) was also studied using similar group-specific mixed micelle
assays. The inhibition results presented in Table 1 are expressed as both percent inhibition or as Xj(50)
values. First, the percent of inhibition for each PLA; enzyme at 0.091 mol fraction of each inhibitor
was determined. Then, the X;(50) values were measured for compounds that displayed greater than
95% inhibition of GIVA cPLA;. The X1(50) is the mole fraction of the inhibitor in the total substrate
interface required to inhibit the enzyme activity by 50%. The dose-response inhibition curves for GIVA
cPLA,; inhibitors GK587 and GK639 are shown in Figure 4.
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Figure 4. Dose-response inhibition curves for GIVA cPLA; inhibitors GK587 (A) and GK639 (B).
The curves were generated using GraphPad Prism version 5.04 (GraphPad Software Inc., San Diego
CA, USA) with a nonlinear regression targeted at symmetrical sigmoidal curves based on plots of
% inhibition vs. log(inhibitor mole fraction). The reported X;(50) values were calculated from the
resultant plots.
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Both compounds GK587 and GK639 were found to inhibit GIVA cPLA; with X1(50) values of
0.00036 and 0.0012, respectively (Table 1). It is apparent that the introduction of a methyl group resulted
in reduction of the inhibitory potency, when compared with the parent inhibitor GK452, which exhibits
a X1(50) value of 0.000078 [23]. However, GK587 was approximately five times less potent than GK452,
while GK639 was approximately fifteen times less potent. These findings indicate that the methyl
substitution at either position leads to reduced inhibitory activity, however the substitution on the
carbon carrying the ester oxygen causes more potent suppression of the potency. That means the
methyl substitution on the «-carbon atom to the oxoester functionality is preferable. Both compounds
GKb587 and GK639 are selective inhibitors of GIVA cPLA,, because both of them did not inhibit GVIA
iPLA; and GV sPLA; (Table 1).

The results shown below lead to the conclusion that the methyl substitution on the a-carbon atom
to the oxoester functionality is a successful strategy to increase the plasma stability of the oxoester
inhibitors, ensuring that the inhibitor retains considerable inhibitory potency.

Table 1. In vitro Potency and Selectivity of Methyl Substituted 2-Oxoesters.

GIVA cPLA, GIVAiPLA; GIVA sPLA,
Compound Structure % % A
Inhibition® X160 [ihibition®  Inhibition®

(o)
(0] OH
GK452 ) I ¢ >95% 0.000078 + N.D.be N.D.be
® 0.00001
(o]
GK587 ) T >95% 000036 & N.D:¢ N.D:
O © ° ’ 0.00007 e e
(0]
GK639 ® R >95% 0.0012 & N.D-€ NDS
O ° ° ’ 0.00008 e e

2 9 Inhibition at 0.091 mole fraction of each inhibitor; P data taken from ref. [23]. ¢ N.D. signifies compounds with
less than 25% inhibition (or no detectable inhibition).

Synthetic GIVA cPLA,; inhibitors are potential novel anti-inflammatory agents. For example,
inhibitor GK470, previously developed by our group, was found to suppress the release of arachidonic
acid in vitro and to exhibit an anti-inflammatory effect comparable to the reference drug methotrexate,
in a prophylactic collagen-induced arthritis model, whereas in a therapeutic model, it showed
results comparable to those of the reference drug Enbrel [20]. In addition, synthetic inhibitors may
help in clarifying the biological role of GIVA cPLA; and the inter-connection with other enzymes.
As an example, the involvement of both PLA; and phospholipase D (PLD) in the signaling through
phosphatidic acid seems important for cancer cell survival [30,31].

4. Conclusions

In conclusion, in the present work we designed and synthesized two new 2-oxoester compounds in
an effort to increase their metabolic stability. Determining their in vitro plasma stability and their in vitro
inhibitory activity on GIVA cPLA;, led us to conclude that inhibitor GK587, in which a methyl group
was introduced on the -carbon atom to the oxoester functionality, exhibits increased metabolic stability
retaining at the same time considerable inhibitory potency. Thus, including an x-methyl substitution is
a promising way of improving the pharmacological properties of 2-oxoester inhibitors and suggests that
further chemical modification of this inhibitor class has the potential for pharmaceutical development
of potent, metabolically stable, and selective inhibitors of phospholipase A;.
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Supplementary Materials: HRMS and plasma stability studies as well as copies of the 'H and *C NMR spectra
are available online at http://www.mdpi.com/2218-273X/10/3/491/s1.
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Abstract: As a regulator of cellular inflammation and proliferation, cytosolic phospholipase A, o
(cPLAj ) is a promising therapeutic target for psoriasis; indeed, the cPLA;« inhibitor AVX001 has
shown efficacy against plaque psoriasis in a phase I/Ila clinical trial. To improve our understanding
of the anti-psoriatic properties of AVX001, we sought to determine how the compound modulates
inflammation and keratinocyte hyperproliferation, key characteristics of the psoriatic epidermis.
We measured eicosanoid release from human peripheral blood mononuclear cells (PBMC) and
immortalized keratinocytes (HaCaT) and studied proliferation in HaCaT grown as monolayers
and stratified cultures. We demonstrated that inhibition of cPLA;x using AVX001 produced
a balanced reduction of prostaglandins and leukotrienes; significantly limited prostaglandin E,
(PGEy) release from both PBMC and HaCaT in response to pro-inflammatory stimuli; attenuated
growth factor-induced arachidonic acid and PGE; release from HaCaT; and inhibited keratinocyte
proliferation in the absence and presence of exogenous growth factors, as well as in stratified cultures.
These data suggest that the anti-psoriatic properties of AVX001 could result from a combination of
anti-inflammatory and anti-proliferative effects, probably due to reduced local eicosanoid availability.

Keywords: cPLA;«; psoriasis; proliferation; anti-inflammatory

1. Introduction

The phospholipase A, (PLA;) superfamily of enzymes cleave phospholipids at the sn-2 position
to release free fatty acids and lysophospholipids. These are the precursors to a multitude of lipid
signaling molecules including the eicosanoids, which are metabolites of arachidonic acid (AA) and
have important roles in inflammation and inflammatory diseases. Cytosolic phospholipase A,
(cPLAj ) is the only PLA; enzyme with high specificity for phospholipids carrying AA at the sn-2
position, placing it as an important upstream regulator of eicosanoid production [1]. When activated
by extracellular stimuli, cPLAyx undergoes Ca**-dependent translocation from the cytoplasm to
intracellular membranes and becomes predominantly localized to the peri-nuclear region of the
cell [2-4]. This is where metabolism of AA by the cyclo-oxygenase (COX) and lipo-oxygenase (LOX)
pathways typically occurs, producing prostaglandins and thromboxane A, (TxA;), or leukotrienes,
hydroxyeicosatetraenoic acids (HETEs), and hydroperoxyeicosatetraenoic acids (HPETEs), respectively.
The importance of cPLA2« for stimulus-induced eicosanoid production and the pathogenesis of
inflammation has been demonstrated by gene silencing both in vitro [5,6] and in animal models [7-11],
and from the use of specific inhibitors of cPLA;« in preclinical models of inflammatory diseases, as
was recently reviewed by Nikolaou et al. [12]. Examples include the use of the indole-derivative
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ZPL-5212372 in asthma and atopic dermatitis [13], the pyrrolidine-based compound RSC-3388 in a
Streptococcus pneumonia infection model [14], and the w-3 polyunsaturated fatty acid (PUFA) derivatives
AVX001 and AVX002 in collagen-induced arthritis [15].

Plaque psoriasis (psoriasis vulgaris) is a disease with a chronic inflammatory phenotype that
drives the hyperproliferation and aberrant differentiation of the epidermis [16]. Chronic inflammation
in psoriasis is associated with higher expression of PLA; enzymes [17-19] and increased levels
of eicosanoids [20-23]. Evidence for the involvement of eicosanoids in psoriasis is supported by
mouse models of the disease—the leukotriene B, (LTB4) receptor 1 and TxA; receptor have critical
roles in imiquimod-induced skin inflammation [24-26], and prostaglandin E, (PGE,) acting at
prostaglandin receptors EP2 and EP4 is important for Th17-dependent inflammation in interleukin
23 (IL-23)-induced psoriasis [27]. Suppression of eicosanoid production is therefore an interesting
prospect for treating psoriasis.

Non-steroidal anti-inflammatory drugs (NSAIDs) that inhibit AA metabolism via the COX
pathway are commonly used for their analgesic, anti-inflammatory, and antithrombotic actions;
however, their use is associated with many adverse gastrointestinal and cardiovascular effects
(as reviewed in [28]) and they can induce or exacerbate psoriasis. The latter effect at least is postulated
to be attributable to a skewed eicosanoid profile and the accumulation of leukotrienes (reviewed
in [29,30]). Thus, it has been hypothesized that creating a more balanced suppression of eicosanoids
using either dual COX-LOX inhibitors or by suppression of AA production using PLA; inhibitors
(reviewed in [12,31]) would provide a better and safer therapeutic option.

The cPLAj inhibitor AVX001 is a w-3 PUFA-derivative developed by Avexxin (now Coegin
Pharma) that was demonstrated to be highly selective and to inhibit the in vitro activity of cPLAjo
with an ICsy of 120nM, being more potent than either docosahexaenoic acid (DHA) or the w-6 PUFA
derivative arachidonyl trifluoromethyl ketone (AACOCEF;, ATK) [15,32]. A topical application of
AVX001 was trialed in a randomized, double-blind, placebo-controlled, dose-escalation first-in-man
study to assess its safety and efficacy in patients with mild to moderate plaque psoriasis [33]. AVX001
showed significant efficacy and was well tolerated up to the maximum dose tested of 5%, supporting
the targeting of cPLA,x as a safe therapeutic strategy. The specificity and potency of cPLA;x
inhibition by AVX001 has been demonstrated [15,32], however, its mode of action in psoriasis remains
to be determined. Given the documented role of cPLA;o in mediating inflammatory signals in
monocytes and keratinocytes [34-37] and the more recent interest in cPLA,«x as a driver of cellular
proliferation [38], we sought to study potential modes of action of AVX001 in psoriatic skin by
investigating its effects on inflammation and proliferation using human peripheral blood mononuclear
cells (PBMC) and keratinocytes.

2. Materials and Methods

2.1. Materials

Cell culture media and chemicals were purchased from Sigma-Aldrich (St. Louis, MO, US) unless
stated otherwise. A23178, naproxen, celecoxib calcipotriol hydrate, and lipopolysaccharide (LPS) were
purchased from Sigma-Aldrich. Nordihydroguaiaretic acid (NDGA) was from Cayman chemicals
(Ann Arbor, MI, USA) Recombinant human epidermal growth factor (EGF) and tumour necrosis factor
(TNF)-« were from R&D systems (Abdingdon, UK). The fluoroketone AVX001 was synthesized and
characterized according to Holmeide and Skattebol [39], and provided by Dr. Inger Reidun Aukrust
and Dr. Marcel Sandberg (Synthetica AS, Oslo, Norway). AVX001 was stored at —80 °C as a 20 mM
stock solution in dimethyl sulphoxide (DMSO) under argon gas to minimize oxidation.

2.2. PBMC Isolation and Treatment

Blood was recruited from healthy donors at St. Olavs Hospital HF, the Bloodbank (project
approved by Regional Ethical Committee of Mid-Norway; #2016/553). Peripheral blood mononuclear
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cells (PBMC) were isolated using SepMate separation tubes with LymphoPrep density gradient medium
from STEMCELL Technologies (Cambridge, UK), according to the manufacturer’s recommendations.
For experiments, 1 x 106 cells per well were plated in 1 mL Roswell Park Memorial Insitute (RPMI)
medium supplemented with 5% fetal bovine serum (FBS), 0.3 mg/mL glutamine, and 0.1 mg/mL
gentamicin. Inhibitors were added 2 h prior to the addition of the Ca** ionophore A23178 (30 uM,
15 min) to activate cPLAy« or lipopolysaccharide (LPS) (10 ng/mL, 72 h) as a potent inducer of
inflammation. Following treatment, the cell suspensions were centrifuged to isolate the supernatant
from the cell fraction. Samples were stored at —80 °C until analysis.

2.3. Enzyme-Linked Immunoassay Detection of Eicosanoids

Cell supernatant samples were analyzed by enzyme-linked immunosorbent assay (ELISA) for
PGE; (Cayman #514435), LTB4 (Cayman #10009292), TxB, (Cayman #501020), or 125-HETE (Enzo
Lifesciences #ADI-900-050) according to the manufacturers’ protocols. Cell supernatants were assayed
at dilutions of 1:100 for PGE;, except supernatants from non-LPS-treated PBMC that were assayed
undiluted in all assays. Supernatants were hybridized overnight, and the enzymatic conversion of the
substrate was read at OD420 nm. Data were processed using a 4-parameter logistic fit model.

2.4. Culture of HaCaT Keratinocytes

2.4.1. Maintenance

The spontaneously immortalized skin keratinocyte cell line HaCaT [40] was kindly provided
by Prof. N. Fusenig (Heidelberg, Deutsches Krebsforschungszentrum, Germany). These cells are
commonly used to study proliferative and inflammatory responses in psoriasis research [41-46], as they
express epidermal growth factor receptor (EGFR) and can proliferate both independently of, as well as
in response to, stimulation with growth factors [47]. HaCaT were maintained in Dulbecco’s modified
Eagle Medium (DMEM) supplemented with 5% (v/v) FBS, 0.3 mg/mL glutamine, and 0.1 mg/mL
gentamicin (DMEM-5) at 37 °C with 5% CO; in a humidified atmosphere at sub-confluency to prevent
differentiation. Treatments were carried out in DMEM supplemented with 0.5% (v/v) FBS and 0.3 mg/mL
glutamine (DMEM-0.5)

2.4.2. Eicosanoid Release

For analysis of eicosanoid release, we plated HaCaT in 12-well plates at 5 x 10* cells per well in
DMEMS-5 and cultured them for 3 days until reaching approximately 50% confluency, when the media
was replaced with DMEM-0.5. The following day, the cells were stimulated with tumour necrosis
factor (TNF)-« (30 ng/mL, 72 h), EGF (30 ng/mL, 24 h), or calcipotriol (10 nM, 72 h).

2.5. [3H]-Arachidonic Acid Release Assay

At 2 days post-confluency, we labelled HaCaT for 18 h with SH-AA (0.4 uCi/mL) in DMEM-0.5.
After labelling, the cells were washed twice with phosphate-buffered saline (PBS) containing fatty
acid-free bovine serum albumin (BSA) (2 mg/mL) in order to remove unincorporated radioactivity.
After stimulation (EGF 100 ng/mL, 60 min), the supernatants were cleared of detached cells
by centrifugation (13,000 rpm, 10 min). The release of SH-AA from the cells was assessed by
liquid scintillation counting in a LS 6500 Multi-Purpose Scintillation Counter (Beckman Coulter,
Brea, CA, USA). Adherent cells were dissolved in 1M NaOH in order to determine incorporated
SH-AA in the cells by liquid scintillation counting. The results are given as released *H-AA in the
supernatants relative to total >H-AA incorporated into the cells.

2.6. Resazurin Assay

HaCaT were seeded in 96-well plates in DMEM-5 at a density of 3000 cells per well. Following
72 h of cultivation, when cells reached a density of approximately 50%, we replaced the medium
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with DMEM-0.5. The following day, the cells were treated with AVX001, in a series of eight wells
per treatment, for 24h. Resazurin (RnD systems, Abingdon, United Kingdom) was added according
to the manufacturer’s instructions and left to incubate for 2h at 37 °C with 5% CO, in a humidified
atmosphere. Fluorescence was read at 544 nm excitation and 590 nm emission wavelengths using the
Cytation 5 cell imaging multimode reader (Biotek Instruments, Winooski, VT, USA).

2.7. High Throughput Microscopy Assay for Population Analysis of Cell Cycle and Apoptosis

Cells were seeded in Greiner Bio-one CELLSTAR 96-well flat clear flat-bottomed plates (BioNordika,
Oslo, Norway) in DMEM-5 at a density of 3000 cells per well. After 72 h, when cells reached a density
of approximately 50%, we replaced the medium with DMEM-0.5. The following day, cells were
treated with vehicle, AVX001, or etoposide (10 uM) in DMEM-0.5 for 24 h. We then followed the
manufacturer’s guidelines for the Click-iT 5-ethyl-2’-deoxyuridine (EdU) Alexa Fluor 594 imaging
kit (ThermoFisher Scientific, Waltham, MA, USA) using a final concentration of 10 pM EdU per
well incubated for a further 2 h at 37 °C, 5% CO,. Following incubation with EdU, we removed
the media and replaced it with the CellEvent Caspase 3/7 Green detection reagent (ThermoFisher
Scientific) prepared at 2 uM in Dulbecco’s (D)-PBS +5% FBS. The cells were incubated for a further
45 min, then the reagent was removed, and the cells were immediately fixed using 4% formaldehyde
in D-PBS for 20 min on ice. Permeabilization was carried out using 0.1% Triton-X 100 in D-PBS and the
Click-iT reaction was performed according to the manufacturer’s guidelines using the Alexa-594 picoyl
azide to label incorporated EAU. Finally, the cells were counterstained by incubation with 1 ug/mL
4’ ,6-diamidino-2-phenylindole (DAPI) (ThermoFisher Scientific) in D-PBS for 5 min. DAPI solution
was removed and replaced with D-PBS for imaging. Plates were stored in the dark at 4 °C. All steps
were performed at room temperature unless otherwise stated. Automated imaging was carried out on
the Cytation5 cell imaging multimode reader (Biotek Instruments) at 4x magnification using DAPI,
TexasRed, and GFP filter sets to image the DAPI, Alexa-594, and CellEvent Green signals, respectively.
Four images were taken per well and 3 wells per treatment were used for the analysis.

Image analysis was performed in the freeware CellProfiler version 3.1.9 [48]. Firstly, nuclei
were segmented from DAPI images using an Ostu 2-class thresholding approach, and were then
counted. In further analyses, filters were employed to remove images with fewer than 50 cells. For cell
cycle analysis, the total DAPI intensity and total EQU staining were then measured per nuclei from
12 images per treatment group and the freeware Flowing version 2.5.1 (Perttu Terho, Turku Centre for
Biotechnology) was used to identify cells in G1, G2, and S-phases of the cell cycle, with gating based
on logyg total EAU intensity vs. total DNA intensity. Apoptotic cells were identified on the basis of
robust-background thresholding of the CellEvent Green signal and reported as a percentage of the
total number of cells per image. Four images were taken per well and data were based on 3 wells per
treatment group. To calculate the proliferative index, we segmented EdU-positive cells using an Ostu
2-class thresholding approach and reported them as a proportion of the total number of cells per image.
Four images were taken per well and data were based on 3 wells per treatment group.

2.8. RNA Extraction and Real-Time Quantitative PCR

Cells were seeded in 6-well plates in DMEM-5. Following 72 h of cultivation, when cells reached a
density of approximately 50%, we replaced the medium with DMEM-0.5. The following day, the cells
were preincubated with AVX001 for 2 h prior to stimulation with EGF (30 ng/mL, 4 h). Total RNA
was extracted with Total RNA kit I from Omega BIO-TEK (Norcross, GA, USA) according to the
manufacturer’s protocol. The amount and purity of the RNA samples were quantified using a Nanodrop
One/One® Microvolume UV-VIS Spectrophotometer (ND-ONE-W) from ThermoFisher Scientific.
RNA samples with absorbance (A) A260/A230 between 1.8 and 2.1 and A260/280 between 2.0 and 2.2
were accepted. Reverse transcription was carried out using the QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany) with 1 ug of RNA per sample, according to the manufacturer’s protocol.
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Real-time PCR analysis was performed using the LightCycler 480 SYBR Green I Master MIX and
LightCycler 96 instrument from Roche (Basel, Switzerland), according to the manufacturer’s protocol.

2.9. 3D Culture of HaCaT Keratinocytes

3D stratified HaCaT cultures were grown in Nunc cell culture inserts (0.4 pm pore size) using the
24-well carrier plates system (Thermo Fisher Scientific #141002) The culture inserts were coated using
the Coating Matrix kit (Thermofisher Scientific #R-011-K) according to the manufacturer’s protocol.
HaCaT were plated at a density of 0.3 x 10° cells per insert in 0.5 mL DMEM-5 and incubated for 24 h
before being lifted to the air-liquid interface. The media in the lower chamber was replaced with
DMEMS-5 (without antibiotics) + 1 ng/mL EGF, and 5 pg/mL L-ascorbic acid in the absence or presence
of AVX001 (5 pM). The media in the lower chambers and treatments were changed every 3rd day for
12 days.

The cultures were fixed in 4% paraformaldehyde (PFA) overnight, before processing for
paraffin embedding. Briefly, the membranes were removed from the inserts and prepared in Tissue
Clear (Sakura, Osaka, Japan) for paraffin wax embedding using the Excelsior AS Tissue processor
(ThermoFisher Scientific). Paraffin embedded sections (4 um) were cut onto SuperFrost Plus slides
(ThermoFisher scientific), dried over night at 37 °C, and then baked for 60 min at 60 °C. The sections
were dewaxed in Tissue Clear and rehydrated through graded alcohols to water in an automatic slide
stainer (Tissue-Tek Prisma, Sakura). Next, the sections were pretreated in Target Retrieval Solution,
High pH (Dako, Glostrup, Denmark, K8004) in PT Link (Dako) for 20 min at 97 °C to facilitate antigen
retrieval. The staining was performed according to the manufacturer’s procedure with EnVision G|2
Doublestain System Rabbit/Mouse (DAB-+/Permanent Red) kit (Dako/Agilent K5361) on the Dako
Autostainer. Following their soaking in wash buffer, we quenched endogenous peroxidase and alkaline
phosphatase activity with Dual Endogenous Enzyme Block (Dako). Sections were then rinsed in
wash buffer and incubated with primary antibody against Ki67 (MIB1 (Dako M7240) diluted 1:300)
for 40 min. The slides were rinsed before incubating in horseradish peroxidase (HRP) - polymer
and 3,3’-Diaminobenzidine (DAB) to develop the stain. After a double stain block, the sections
were incubated in antibody against cytokeratin 10 (Invitrogen #MA5-13705 diluted 1:100) for 60
min. After incubation in the mouse/rabbit linker, the sections were incubated in AP- polymer and
the corresponding red substrate buffer with washing between each step. Tris-buffered saline (TBS;
Dako K8007) was used throughout for the washing steps. The slides were lightly counterstained with
hematoxylin, completely dried, and coverslipped. Appropriate negative controls were performed;
both mouse monoclonal isotype control (Biolegend, San Diego, CA, USA) and omitting the primary
antibody (negative method control).

2.10. Statistical Analysis

Statistical analysis was carried out in GraphPad Prism Software, version 7, using one-way
ANOVA with Dunnet’s post-analysis. For normalized data, we used the Kruskal-Wallis test with
Dunn’s post-analysis.

3. Results

3.1. Inhibition of cPLA2a Using AVX001 Resulted in a Balanced Reduction of Eicosanoids

Several eicosanoids including PGE,, prostaglandin F, (PGF,), LTB4, and 125-HETE are known to
be elevated in psoriatic lesions [20-23,49], and their direct roles in disease progression are supported by
animal models of inflammatory skin disease [24,31,50,51]. Hence, it has been proposed that generating
a balanced reduction in overall eicosanoid production is a promising therapeutic strategy [12,31]. To test
whether the cPLA2« inhibitor AVX001 can normalize a broader range of eicosanoids than known COX-
and LOX inhibitors, we treated PBMC with AVX001, the non-specific lipo-oxygenase (LOX) inhibitor
nordihydroguaiaretic acid (NDGA), the cyclooxygenase (COX)-2 selective inhibitor celecoxib, or the
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dual COX1/COX2 inhibitor naproxen, and stimulated the mixture with the Ca** ionophore A23178.
The levels of PGE,, TxB,, LTBy4, and 125-HETE were assayed by ELISA and inhibition was calculated
as a percentage of the A23178 stimulation. The maximum inhibition and concentration at which this
was reached is presented in Table 1, and the absolute eicosanoid levels are available in Appendix A
(Figure A1). We observed that AVX001 treatment dose-dependently inhibited the release of PGE,, TxBy,
and LTB4. AVX001 also reduced 125-HETE release at the maximum dose tested (10 uM), although
it did not reach significance (p = 0.12, n = 3). As expected, NDGA dose-dependently inhibited the
release of LOX metabolites LTB4 and 12S-HETE, but not COX metabolites PGE; and TxB,. Celecoxib
treatment gave a dose-dependent reduction of PGE,, TxB,, and LTB, but did not inhibit 12S-HETE.
The finding that the COX-2 selective inhibitor celecoxib reduced LTBy release was surprising, however,
it was consistent with the following study that demonstrated inhibition of 5-LOX but not 12- or 15-LOX
by celecoxib in human blood [52]. Naproxen treatment, on the other hand, gave dose-dependent
inhibition of the COX metabolites PGE; and TxB, without affecting LOX metabolites LTB, or 125-HETE.
AVX001 treatment was therefore shown to result in a broader inhibition of eicosanoid release than the
COX or LOX inhibitors tested, having a similar efficacy to reduce both COX and 5-LOX metabolites,
and possibly also the 12-LOX metabolite 125-HETE, albeit at a higher dose.

Table 1. Inhibition of eicosanoid release in A23178-stimulated peripheral blood mononuclear cells
(PBMC). Eicosanoid levels were measured in the supernatants of PBMC pre-incubated with AVX001,
naproxen, celecoxib, or nordihydroguaiaretic acid (NDGA) in the range of 0.5-10 uM and stimulated
with A23178 (30 uM, 15 min). The percentage inhibition of the A23178-stimulated release was
calculated for each eicosanoid and is shown as the mean =+ standard error of the mean (SEM) for n = 4
(prostaglandin E, (PGE,)), n = 4 (leukotriene B4 (LTBy4)), and n = 3 (12S-hydroxyeicosatetranoic acid
(HETE)) individuals. The inhibitor concentration at which maximal inhibition was reached is given
below. Statistical significance was calculated using Kruskal-Wallis tests with Dunn’s post-analysis;
*p <0.05,** p < 0.01. A graphical presentation of absolute eicosanoid levels is available in Figure Al.

. 6-keto
Inhibitor PGE;» PGF; LTB,4 TxB, 12S-HETE
93+9 114+ 16 95+ 6 106 + 3 90 + 6
AVX001 5 UM * 5 uM 5 UM * 5 UM * 10 M
Nabroxen 9+ 6 102 + 18 48+7 106 + 2 —18 +24
P 5 M ** 5 uM 5 uM 5 M ** 10 uM
Celecoxib 97 +5 108 + 20 91+3 107 +2 42 + 35
5 M * 5 uM 5 1M * 5 M ** 10 uM
49+7 343+7 99 +1 42+12 105 + 1
NDGA 10 uM 10 uM 10 uM * 10 uM 10 UM *

3.2. AVX001 Inhibited PGE, Release in Response to Inflammatory Stimuli

AV X001 inhibited eicosanoid release from A23187-stimulated PBMC, however, the use of the
Ca*™* ionophore does not represent a physiological stimulus, and therefore it was important to
confirm the effects using biologically relevant stimuli. For these experiments, we measured the
PGE; release. This was selected because PGE; is one of the main eicosanoids produced in the skin,
being released by epidermal keratinocytes, dermal fibroblasts, and immune cells. It has proinflammatory
and immuno-modulatory properties and promotes keratinocyte proliferation (reviewed in [53]).
We measured PGE; levels in response to inflammatory stimuli and epidermal growth factor (EGF) and
investigated the role of cPLA,« in these responses.

To investigate the role of cPLA,« in the response to pro-inflammatory stimuli, we preincubated
human PBMC or HaCaT with AVX001 and stimulated them with lipopolysaccharide (LPS) or tumor
necrosis factor (TNF)-«, respectively. LPS stimulated PGE; release in PBMC by an average of 91-fold.
Pretreatment with AVX001 dose-dependently inhibited LPS-stimulated PGE, release with an ICsy of
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5 uM (Figure 1A). HaCaT released a low but detectable level of PGE, that was stimulated by TNF-«
treatment by an average of 67-fold. AVX001 also dose-dependently inhibited TNF-x-stimulated PGE,
release (Figure 1B). These data support a role for cPLA;« in mediating pro-inflammatory eicosanoid
release from immune cells and keratinocytes, suggesting that AVX001 would have anti-inflammatory

properties in the skin.
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Figure 1. Effect of AVX001 on pro-inflammatory eicosanoid production. (A) PBMC were pre-incubated
with AVX001 (uM) and stimulated with lipopolysaccharide (LPS) (10 ng/mL, 72 h). (B) Immortalized
keratinocytes (HaCaT) were pre-incubated with AVX001 (uM) and stimulated with tumor necrosis
factor (TNF)-« (10 ng/mL, 72 h). (C) HaCaT were pre-incubated with AVX001 (u1M) and stimulated
with calcipotriol (10 nM, 72 h). (D) (i) PBMC were treated with calcipotriol (M) for 72 h, (ii) PBMC
were pre-treated with AVX001 (uM) and stimulated with calcipotriol (10 nM, 72 h). (E) PBMC were
pre-incubated with AVX001 (uM) and stimulated with calcipotriol (10 nM, 72 h) or vehicle in the
presence of LPS (10 ng/mL). PGE; levels in supernatants were determined by ELISA and reported as
either pg/mL (A-C), or as the fold change in PGE; levels over unstimulated (D) or LPS-stimulated
(E) controls. Data are the mean + SEM of > 4 individuals (PBMC) or 3 replicates (HaCaT). Statistical
significance was calculated by one-way ANOVA with Dunnett’s post-analysis, or, for normalized data,
using the Kruskal-Wallis test with Dunn’s post-analysis; # p < 0.05, ## p < 0.01, or ### p < 0.005 versus
unstimulated control and * p < 0.05, ** p < 0.01 versus vehicle-treated control.

Skin toxicity is a common side-effect of a variety of drug types including the vitamin D receptor
(VDR) agonist calcitriol and its analogue calcipotriol, both of which are used to treat psoriasis [54].
The pro-inflammatory effects of VDR agonists are suggested to involve PGE; [55,56]. To investigate the
role of cPLAj o in VDR agonist-mediated PGE; release, we treated PBMC and HaCaT with calcipotriol
in the absence or presence of AVX001l. We observed a small but significant increase in PGE; in
HaCaT exposed to calcipotriol; pre-incubation with AVX001 reduced the stimulatory effect, reaching
marginal significance (p < 0.1) at the highest dose used (3 uM) (Figure 1C). Exposure to calcipotriol also
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stimulated the release of PGE, from PBMC by approximately twofold; pre-incubation with AVX001
(5 uM) blocked the calcipotriol-induced increase in PGE; (Figure 1D). Calcipotriol also augmented the
LPS-stimulated release of PGE,; in PBMC from a subset of individuals, although the high variability
between the responses meant that this was not significant overall. In cases where PGE; levels were
increased, AVX001 (5 uM) inhibited the response (Figure 1E). Our data support the hypothesis that
adverse skin reactions resulting from calcipotriol treatment could result from increased PGE, and
suggest that AVX001 may be useful to abrogate these reactions by limiting PGE,.

3.3. AVX001 Inhibited EGF-Stimulated Release of AA and PGE,.

Epidermal growth factor receptor (EGFR) activation is a well-known mitogenic signal for epidermal
keratinocytes [57] and can activate cPLAj o via mitogen-activated protein kinase (MAPK)-dependent
phosphorylation [3,58]. To investigate the effect of AVX001 on growth factor-mediated cPLAj«
activation and eicosanoid release in keratinocytes, we stimulated HaCaT with EGF in the absence
or presence of AVX001 and measured AA release and PGE; levels. Consistent with activation of
cPLA o, EGF stimulated the release of both AA and PGE, in HaCaT (Figure 2.) Treatment with AVX001
(= 0.3 uM) significantly and dose-dependently inhibited EGF-stimulated AA (Figure 2A) and PGE,
(Figure 2B) release.
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Figure 2. Effect of cPLA; o inhibition on epidermal growth factor (EGF)-dependent arachidonic acid
(AA) and PGE; release. (A) AA release was measured by the [3H]-arachidonic acid release assay in
HaCaT treated with AVX001 and stimulated with EGF (100 ng/mL, 60 min). Data are the mean + SD
for three replicates from a representative experiment repeated twice. (B) PGE, levels measured in the
supernatant of cells preincubated with AVX001 at the indicated concentrations and stimulated with
EGF (30 ng/mL, 24 h). Data are mean + SEM for three replicates. Statistical significance was calculated
by one-way ANOVA with Dunnett’s post-analysis; # p < 0.05, ### p < 0.005 versus unstimulated control
and *p < 0.05, ** p < 0.01 versus vehicle-treated control.

3.4. AVX001 Inhibited Keratinocyte Proliferation

We showed that inhibition of cPLAj activity using AVX001 attenuated both AA and PGE,
release stimulated by the addition of exogenous growth factor in HaCaT. In fibroblasts, this signaling
cascade was required for cell cycle progression [38]. We thus hypothesized that the treatment of
keratinocytes with AVX001 could inhibit proliferation. To test this, we first treated actively proliferating
HaCaT cells with AVX001 for 24 h and measured cell viability using resazurin as an indicator of
metabolically active cells. We then quantified cell number, cell cycle distribution, and apoptosis using
a high content image-based assay based on the fluorescent labeling and single-cell quantification of
DNA, incorporated EdU, and caspase-3/7 activity, as detailed in Section 2.7. AVX001 inhibited HaCaT
viability with an ICsg of 8.5 pM (Figure 3A). The reduced viability observed using 10 uM AVX001 was
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associated with a reduction in the total cell count (Figure 3B) (i) and a reduction in the proportion
of the cells in S-phase (Figure 3B) (ii); there was no significant difference in the number of apoptotic
cells (Figure 3B) (iii). The data also suggested an accumulation of cells in G1, although this finding
was not statistically significant (p = 0.06). As a positive control, cells were treated with etoposide,
a chemotherapy drug known to block cell cycle progression in HaCaT cells [59-61]. As expected,
treatment with the etoposide (10 uM) caused a decrease in cell numbers that, in contrast to AVX001,
was associated with an accumulation of cells in G2/M, and an increased proportion of apoptotic cells,
consistent with its known effect as a blocker of the G2/M transition [62,63].
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Figure 3. AVX001 inhibited proliferation in HaCaT monolayers. (A) Cell viability was measured
using the resazurin assay in proliferating HaCaT treated with AVX001 for 24 h at the concentrations
indicated. Measurements were normalized to the vehicle-treated control, and the mean + SEM for
three replicates is shown. (B) Automated microscopy and analysis of fluorescently labeled DNA,
incorporated EdU, and caspase-3/7 activity was used to quantify (i) cell number, (ii) cell cycle distribution,
and (iii) apoptosis in proliferating HaCaT treated with AVX001 for 24 h at the concentrations indicated.
Data are mean + SEM for >4 replicates. (C) (i) The proportion of cells in S-phase of the cell cycle
(proliferation index) was determined by counting the total and EdU-positive nuclei in proliferating
HaCaT pre-incubated with vehicle or AVX001 and stimulated with EGF (30 ng/mL, 24 h). Data are the
mean + SEM for three replicates from a representative experiment, repeated twice. (ii) Representative
images showing 4’ ,6-diamidino-2-phenylindole (DAPI)-stained nuclei (DAPI) and fluorescently labelled
EdU (EdU) for unstimulated HaCaT (control), and HaCaT stimulated with EGF (30 ng/mL, 24 h) in
the absence (+EGF) or presence of 7 uM AVX001 (AVX001+EGE). (D) The relative expression of cyclin
D1 measured by quantitative PCR in proliferating HaCaT pre-treated with AVX001 and stimulated
with EGF (30 ng/mL, 4h). Data were normalized to the unstimulated control (control) and are the
mean + SEM from six replicates. Statistical significance was calculated by one-way ANOVA with
Dunnett’s post-analysis, or, for normalized data, the Kruskal-Wallis test with Dunn’s post-analysis;
#p <0.05, ## p < 0.01, or ### p < 0.005 versus unstimulated control and * p < 0.05, ** p < 0.01, *** p < 0.005
versus vehicle-treated control.
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Treatment with EGF for 24 h did not significantly impact cell viability (not shown), but rather led
to an increase in the proportion of cells in S-phase of the cell cycle (proliferation index), which was
inhibited by AVX001 (=5 uM) (Figure 3C). Progression of the cell cycle from G1 to S-phase in response
to growth factors is typically associated with increased levels of cyclin D1 [64]. Following 4 h of EGF
treatment, cyclin D1 transcript levels were increased approximately twofold in HaCaT, and this was
inhibited by AVX001 (5 pM) (Figure 3D). These findings support cPLA;« as a target for inhibiting
growth factor-dependent proliferation by halting cells in G1.

AVX001 inhibited cell proliferation in HaCaT grown in monolayers; however, experiments
performed in 3D culture systems are often considered to have more physiological relevance. HaCaT
retain the ability to stratify and differentiate in culture [65,66], and this is dependent on the presence
of exogenous growth factors [67]. To test whether AVX001 is an effective inhibitor of proliferation
in stratified keratinocytes, we cultured HaCaT at the air-liquid interface for 12 days in the absence
or presence of AVX001. We measured PGE, levels and the thickness of the stratified epithelia.
The proportions of proliferating and differentiating cells were determined based on Ki-67 and cytokeratin
(CK) 10 positivity, respectively. AVX001-treated cultures had reduced levels of PGE;, indicating the
compound maintains the ability to suppress PGE; levels in stratified cultures (Figure 4A.) There was
no significant difference in the thickness of the cultures (Figure 4B,E), however, immunohistochemical
analysis of Ki67 showed strikingly fewer proliferating cells in the AVX001-treated cultures compared
to the vehicle-treated controls (Figure 4C,E). This was not, however, accompanied by an increase in the
proportion of CK10-positive cells, as might be expected, but rather by an accompanying reduction in
the proportion of CK10-positive cells (Figure 4D,E). These findings give support for cPLA,« being
primarily a regulator of keratinocyte proliferation.
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Figure 4. AVX001 inhibited proliferation in a stratified epithelium. HaCaT grown on porous
collagen-coated membranes were maintained at the air-liquid interface for 12 days with exposure to
exogenous EGF (1 ng/mL) in the absence or presence of AVX001 (5 uM). (A) PGE; levels measured in
the supernatants at day 12 by ELISA. (B-D) Immunohistochemistry using anti-Ki-67 MIB1 (DAB+)
and anti-cytokeratin (CK)10 (Permanent Red) antibodies with hematoxylin counterstain. Brightfield
images were taken at 40X magnification and used to quantify (B) the thickness (stratification) of the
cultures, (C) the proportion of proliferating cells (proliferation index = Ki-67-positive cells/total cells),
and (D) the proportion of CK10-positive cells (CK10 index = CK10 positive cells/total cells.) Typically,
>20 images were collected at 40X magnification per replicate, with data being the mean + SEM for three
replicates. Statistical significance was calculated by one-way ANOVA with Dunnett’s post-analysis;
*p <0.05,** p <0.01, *** p < 0.005 versus vehicle-treated control. (E) Three representative images are
shown for (i) vehicle and (ii) AVX001-treated cultures.
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4. Discussion

In this study, we investigated the effects of the cPLAy« inhibitor AVX001 on inflammatory
eicosanoid release and epidermal proliferation to understand its mode of action for treating psoriatic
skin disease.

We demonstrate for the first time that AVX001 can significantly and dose-dependently suppress
the production of both COX and LOX AA metabolites in stimulated human PBMC. The findings are
consistent with the use of the cPLA,«x inhibitors pyrrophenone and WAY-196025, which similarly
inhibited both PGE, and LTBy release from PBMC stimulated with A23178 [68,69]. Our data thus
support the fact that targeting the cPLA,x enzyme results in a balanced suppression of inflammatory
eicosanoid release.

We further demonstrate the inhibitory effect of AVX001 on eicosanoid released in response to
pro-inflammatory stimuli. The Toll-like receptor (TLR) 4 agonist LPS induced PGE; release from PBMC,
which was inhibited by AVX001. Our data using human PBMC supports the previously described
involvement of cPLA, & in LPS-stimulated PGE, production in THP-1 monocytes [35,70] reported to
result from the induction of both the levels and activity of cPLA,« [5]. TNF-« is a pro-inflammatory
cytokine and a key contributor to the pathogenesis of psoriasis [71]. TNF-« induced a robust production
of PGE, in HaCaT, which was inhibited by AVX001. These findings support cPLA2x as a mediator
of the pro-inflammatory effects of TNF-«, as proposed by Sjursen et al. [36], however, while we
demonstrated TNF-«-induced PGE; production, Sjursen et al. reported that 6 h treatment with TNF-«
preferentially induced HETE and not PGE, production in HaCaT. It is therefore likely that stimulation
of PGE; release involves additional transcriptional upregulation of COX pathway enzymes in addition
to cPLA,« activation in these cells, as demonstrated by Seo et al. [72].

Calcipotriol is a topical therapeutic for psoriasis and is known to cause skin irritation [54].
We demonstrate that calcipotriol stimulates the release of PGE; both in PBMC and keratinocytes,
which is in agreement with the following studies [55,56,73] and further supports the involvement of
VDR/PGE; signaling in drug-induced skin toxicity, as proposed by Shah et al. [56]. The mechanism
by which calcipotriol stimulates PGE, production is unclear. In AVX001-treated cells, calcipotriol
was unable to stimulate PGE, release, implicating that cPLA2c« activation is required. This is in
contrast to studies in keratinocytes by Ravid et al. [55], who suggest that the upregulation of COX-2
as opposed to increased AA production is responsible for the stimulation of PGE, production.
Doroudi et al. [74] present a VDR-independent mechanism for activation of cPLA;o by calcitriol
via Ca?*/calmodulin-dependent protein kinase IT (CAMKII)-dependent phosphorylation. It will be
interesting to determine how PGE; is regulated by calcipotriol in PBMC and keratinocytes and whether
direct activation of cPLA;x by CAMKII is involved. For the treatment of psoriasis, calcipotriol is
commonly combined with the potent corticosteroid betamethasone dipropionate (Daivobet), resulting
in improved efficacy and tolerance [75]. This poses the possibility that the use of AVX001 could be an
interesting non-steroidal alternative combination partner for reducing inflammation and improving
tolerance to calcipotriol.

Our finding that EGF-stimulated PGE, release in keratinocytes is reduced by inhibition of
cPLAj« is in line with several reports linking EGF stimulation with AA release [76-79]. Furthermore,
Naini et al. describe a requirement for intact cPLA,«/PGE2 signaling in growth factor-dependent cell
cycle progression in both mouse embryonic fibroblasts (MEFs) and mesangial cells [38]. Collectively,
this puts regulation of the cPLA;x enzyme, by means of its level and activity, in a central position to
modulate growth factor-dependent responses. Thus, cPLA;x may control both inflammatory and
mitogenic processes, which are hallmarks of the pathogenesis of psoriasis.

We further show that treatment with AVX001 inhibits EGF-stimulated S-phase entry and reduces
the proliferation of HaCaT keratinocytes grown both in monolayers and stratified cultures. Our findings
are in agreement with the established role of cPLAj o and eicosanoid signaling molecules as drivers of
proliferation in several cancerous and non-cancerous cell types (reviewed in [80] and [81]). The described
role of PGE, as an autacoid growth factor [82,83] and effector of EGF responses in keratinocytes [84]
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make it a good candidate for mediating the effects of cPLA;« inhibition on keratinocyte proliferation.
Knockout of the PGE, receptor, EP2, also supports a role for PGE; in regulating keratinocyte
proliferation [85,86]. However, PGE; is certainly not the only candidate, and a weakness of this study
was our focus on the effects of AVX001 on AA metabolites. Itis likely that cPLA; o inhibition with AVX001
would also suppress the production of LPC and its metabolites, e.g. platelet-activating factor (PAF).
Like the eicosanoids, PAF has pro-inflammatory and proliferative effects in the epidermis [46,87,88],
and PAF inhibition was found to suppress psoriasis-like skin disease progression in mice [89]. In future
studies, it will therefore be important to determine whether AVX001 can also suppress the formation
of LPC metabolites, as well as to determine which lipid mediators are the most critical effectors of
keratinocyte proliferation under conditions of chronic inflammation.

5. Conclusions

In summary, we show that inhibition of cPLA,x with AVX001 inhibits eicosanoid release from
primary human PBMC, limits the release of PGE, in response to inflammatory mediators and
EGF, and inhibits the proliferation of keratinocytes by preventing S-phase entry in response to
growth factor stimulation. These findings suggest that the therapeutic mode of action of AVX001 in
psoriasis could depend both on reducing inflammatory eicosanoid production and on inhibition of the
hyperproliferative state of keratinocytes. We additionally propose that AVX001 could improve tolerance
to calcipotriol, which could be relevant for developing a combination therapy to treat psoriasis.
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Figure Al. Inhibition of eicosanoid release in A23178-stimulated PBMC. Eicosanoid levels were
measured in the supernatants of PBMC pre-incubated with vehicle, AVX001, naproxen, celecoxib,
or NDGA in the range of 0.5-10 uM, and stimulated with A23178 (30 uM, 15 min). Data are the
mean + SEM for (A) PGE,, (B) LTB,, (C) TxB2, and (D) 12S-HETE from four individuals (PGE,, LTBy,
TxB2) or three individuals (12S-HETE). Statistical significance was calculated using ANOVA with
Dunnett’s post-analysis, whereby % p < 0.1, # p < 0.05, ## p < 0.01 versus unstimulated control and
ap<0.1,*p<0.05 **p <0.01 versus vehicle-treated control.
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Abstract: Macrophages activated by Interleukin (IL)-4 (M2) or LPS+ Interferon (IFN)y (M1) perform
specific functions respectively in type 2 inflammation and killing of pathogens. Group V phospho-
lipase A, (Pla2g5) is required for the development and functions of IL-4-activated macrophages
and phagocytosis of pathogens. Pla2g5-generated bioactive lipids, including lysophospholipids
(LysoPLs), fatty acids (FAs), and eicosanoids, have a role in many diseases. However, little is
known about their production by differentially activated macrophages. We performed an unbiased
mass-spectrometry analysis of phospholipids (PLs), LysoPLs, FAs, and eicosanoids produced by
Wild Type (WT) and Pla2g5-null IL-4-activated bone marrow-derived macrophages (IL-4)BM-Macs
(M2) and (LPS+IFNy)BM-Macs (M1). Phosphatidylcholine (PC) was preferentially metabolized
in (LPS+IFNy)BM-Macs and Phosphatidylethanolamine (PE) in (IL-4)BM-Macs, with Pla2g5 con-
tributing mostly to metabolization of selected PE molecules. While Pla2g5 produced palmitic acid
(PA) in (LPS+IFNY)BM-Macs, the absence of Pla2g5 increased myristic acid (MA) in (IL-4)BM-Macs.
Among eicosanoids, Prostaglandin E; (PGE;) and prostaglandin D, (PGD,) were significantly re-
duced in (IL-4)BM-Macs and (LPS+IFNy)BM-Macs lacking Pla2g5. Instead, the IL-4-induced increase
in 20-carboxy arachidonic acid (20CooH AA) was dependent on Pla2g5, as was the production of
12-hydroxy-heptadecatrienoic acid (12-HHTYE) in (LPS+IFNy)BM-Macs. Thus, Pla2g5 contributes
to PE metabolization, PGE; and PGD, production independently of the type of activation, while in
(IL-4)BM-Macs, Pla2g5 regulates selective lipid pathways and likely novel functions.

Keywords: Group V phospholipase A;; macrophages; lipids

1. Introduction

Macrophages are heterogeneous cells that contribute to the pathogenesis of infectious
disease, type 2 immune responses, and metabolic disorders [1-3]. Macrophages exposed to
pathogen-associated molecular patterns (PAMPS), endogenously formed danger-associated
molecular patterns (DAMPs), and to the microenvironmental milieu rearrange their reper-
toire of cytokines and chemokines and contribute to the immune responses [4,5]. In vitro,
the immune responses of macrophages are simplified by LPS+Interferon (IFN)y (M1)
and Interleukin (IL)-4 (M2) polarization [6,7]. Although it is unlikely that macrophages
in vivo exist in mutually exclusive phenotypes [2,4], the polarization paradigm has helped
to dissect critical immune features of macrophages. M2 macrophages develop during
type 2 inflammation, prompted by Type 2 cytokines including IL-4 and IL-13, and they are
characterized by the production of CCL22, CCL17, Arginase-1, and Transglutaminase 2
(TGM2) [7-9]. M1 macrophages develop during infection and are equipped with an array
of cytokines, including IL-12, TNF«, and reactive oxygen species (ROS), to fight pathogens.
Metabolically, macrophage polarization is distinguished by activation of aerobic glycolysis
in M1 macrophages, particularly when M1 activation is achieved by IFNYy, in addition to
LPS [10] and fatty acid oxidation in M2 [11]. Fatty acids (FAs) are involved in the remodel-
ing of membrane phospholipid (mPLs), macrophage development and polarization [12-14],
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and they are essential for phagocytosis by fully differentiated macrophages [14]. Fur-
thermore, polyunsaturated fatty acids (PUFAs) are the precursors of eicosanoids, pro-
or anti-inflammatory lipid mediators, which are generated through three main path-
ways, cyclooxygenase (COX), lipoxygenase (LOX), and monooxygenases like CYP450
(CYP). Even before the identification of macrophage polarization and their spectrum of
phenotypes, stimuli like Granulocyte macrophage colony-stimulating factor (GM-CSEF)
and IL-4 reportedly induced 5-lipoxygenase (5-LOX) activation in macrophages [15,16],
the limiting step in the generation of Cysteinyl leukotrienes (CysLIs), major mediators
of inflammation [17]. COX-derived Prostaglandin E; (PGE;) and PGD, may have pro-
or anti-inflammatory functions associated with LPS or IL-4 immune responses [18-20].
CYP2J2-derived epoxyeicosatrienoic acids (EETs) have opposite roles in human monocyte-
macrophages depending on the activation state of the macrophages [21], while CYP omega-
oxidase 20-hydroxy-eicosatetraenoic acid (20-HETE) and its metabolite 20-carboxy arachi-
donic acid (20CooH AA) may have anti-inflammatory properties due to the ability to
activate Peroxisome Proliferator-Activated Receptor o« (PPARwx) and PPARy [22] while also
activating G Protein-Coupled Receptor 75 (GPR75) [23]. However, whether M1 or M2
activated macrophages differentially produce FAs and eicosanoids has not been fully eluci-
dated, but is potentially critical to understand how lipids produced by macrophages may
contribute alone or in combination to the many diseases involving activated macrophages.

The release of FAs and eicosanoids requires the activity of at least one of the phos-
pholipases A; (PLA;s) enzymes. PLA;s hydrolyze membrane phospholipids to generate
FAs, including saturated fatty acids, monounsaturated fatty acids (MUFAs), and polyun-
saturated fatty acids (PUFAs) and their metabolites eicosanoids, and lysophospholipids
(LysoPLs). As PLAjs have substrate specificities and cell-expression preferences, likely, ac-
tivated macrophages would preferentially express one or more PLA;s and, thus, contribute
to the generation of selective bioactive lipids. It is worth noting that the constitutive and
ubiquitous group IVA cytosolic PLA; (cPLA,«x or Pla2g4a), which preferentially releases
Arachidonic Acid (AA), is expressed more abundantly in M1 macrophages than in M2
macrophages [24]. Of the secretory PLA; family members, group V PLA; (Pla2g5) is
expressed in macrophages [25] and other cells [26]. Several studies, including ours, have
reported the presence of Pla2gh mRNA and protein in bone marrow-derived macrophages
(BM-Macs), peritoneal macrophages, human monocyte-derived macrophages, macrophage-
cell lines [27]. Pla2g5 can potentiate Pla2g4a activation and AA release in macrophages
activated with Toll-Like Receptor (TLR) agonists [28] and is required for phagocytosis and
killing of pathogens [27,29]. In vivo, its absence results in increased LPS inflammation and
mortality following Candida infection [30,31]. On the other hand, Pla2g5 is induced by
IL-4 in mouse and human macrophages [20,32-34] and is expressed together with TGM2
in macrophages present in human nasal polyps of subjects with chronic rhinosinusitis [20].
Furthermore, Pla2g5 contributes to M2 macrophage development and functions [20,33,34].
Indeed, in allergic type 2 inflammation, Pla2g5 potentiates inflammation and activation
of target cells, including T-cells and innate lymphoid cells type 2 (ILC2s) through the
generation of the linoleic acid (LA) and oleic acid (OA) [32,34]. However, the contribution
of Pla2g5 to lipid generated during M1 and M2 polarization is still not known, but is
potentially critical to account for the functions of M1 and M2 macrophages.

To investigate the lipid generated during macrophage polarization, we activated
BM-Macs with IL-4 or LPS+IFNy and analyzed FAs, PLs, LysoPLs, and eicosanoids by
gas chromatography coupled to mass spectrometry (GC-MS) and liquid chromatogra-
phy coupled to mass spectrometry (LC-MS). We found that macrophages activated by
LPS+IFNYy or IL-4 rearrange their membrane phospholipid composition by decreasing
phospholipid content, particularly Phosphatidylethanolamines (PE) during IL-4 activa-
tion and Phosphatidylcholine (PC) during LPS+IFNYy activation. Furthermore, in M2
macrophages, the absence of Pla2g5 increased PE 34:2, PE 36:2, PE 38:4, and PE 38:5, while
in M1 macrophages, there was a significant increase in PC 34:1 and PC 36:2. LysoPLs were
not significantly modified during macrophage activation in BM-Macs lacking Pla2g5. We
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also found that Pla2g5 regulated the release of selective saturated fatty acids in activated
BM-Macs. Furthermore, PGD, and PGE; were significantly induced by Pla2g5 in both
M1 and M2 activation, while 20CooH AA production was dependent on Pla2g5 only in
M2. Therefore, it is likely that the combined action of the lipids produced by M1 and
M2 macrophages may contribute to the functions of macrophages in different settings.
Identifying potential lipid signatures in M1 and M2 macrophages could uncover new
pathways critical for the development, persistence, or reduction of inflammation. Some of
these functions may rely on the presence or absence of Pla2g5 in macrophages.

2. Materials and Methods
2.1. Macrophage Cultures

BM-Macs were generated as previously described [34]. Briefly, BM cells were col-
lected from femurs and tibiae of mice of Wild Type (WT) and Pla2g5-null mice [35]. The
disaggregated cells were counted and suspended in complete medium (Dulbecco’s Mod-
ified Eagle Medium (DMEM) F12, 5% Fetal Bovine Serum (FBS), 100 U mL~! penicillin,
100 mg mL~! streptomycin, 0.1 mM nonessential amino acids, 2 mM L-glutamine and
0.05 mM 2-mercaptoethanol (2-ME)) at a concentration of 4.0 x 10° cells per mL in 10 mL
in 100 mm Petri dish. WT and Pla2¢5-null BM-macrophages were cultured for 7 days in
50ng mL~! murine recombinant-Macrophage Stimulating Factor (rM-CSF) (PeproTech).
Macrophages were activated with IL-4 or LPS+IFNYy (PeproTech) for 24 h, as previously
described [32]. Supernatants and adherent cells were collected [20,34], frozen, and shipped
for analysis by mass spectrometry.

Human monocyte-derived macrophages were generated as previously described [20].
Briefly, leukocyte-enriched buffy coat from healthy donors was overlaid on Ficoll-Paque
Plus (GE Healthcare, Buckinghamshire, UK) and centrifuged at 600x g for 20 min. The
mononuclear layer at the interface was collected, washed, and counted. Monocytes
were isolated by negative selection (Miltenyi Biotec, Auburn, CA, USA) and plated at
2.2 x 10° cells/cm? in 100 mm Petri dishes. Monocytes were cultured for 13 d in complete
medium (RPMI 1640, 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL strep-
tavidin, 10% nonessential amino acids, 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 1% sodium pyruvate, and 50 mM 2-ME supplemented with 50 ng mL !
human rGM-CSF (R&D Systems, Minneapolis, MN, USA) [36]. To knock down PLA2GS5,
monocytes were cultured for 13 d in rGM-CSEF, then they were transfected with human
PLA2G5 ON-TARGET Plus SMART Pool siRNA or nontargeting vector ONTARGET Plus
Control Pool (1000 nM; GE Dharmacon, Lafayette, CO, USA) as previously described [20].
To activate macrophages, cells were polarized for 24 h in complete medium, supplemented
with 40 ng mL~! human IL-4 (R&D Systems). Cell-free supernatants were collected, frozen
and shipped for analysis by mass spectrometry.

2.2. Mass Spectrometry of Lipids

Lipid analysis was performed at the University of California San Diego Lipidomics
Core [37]. For analysis of eicosanoids samples, the amount of sample used was 200 uL, and
100 pL internal standard was added. Lipids were extracted with Solid Phase Extraction
(SPE): Strata-x polymeric reverse phase columns (8B-5100-UB]J; Phenomenex, Torrance, CA,
USA). The following was added to each column: 100% MeOH, 100% H,O, sample, 10%
MeOH, and 100% MeOH for elution. Samples were dried with a Speed-Vac (Thermo Sci-
entific) and taken up in 100 mL buffer A (63% H,O, 37% acetonitrile, 0.02% acetic acid).
Five microliters were injected into the ultra-high performance liquid chromatography
system. The analysis was performed with a mass spectrometer (6500 Qtrap; Sciex, Fram-
ingham, MA, USA) [38]. For analysis of phospholipids, samples were extracted via Bleigh
Dyer. Samples were dried down and taken up in 50 pL buffer A (59/40/1 isopropanol
(IPA)/hexane (HEX)/H,0 with 10 mM NH4OAC). Then, 10 uL were injected into UPLC-
MS/MS. The first number of the phospholipids designates the total number of carbons
and the second number after the colon indicates the total number of double bonds. For
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example, PC 36:4 indicates a phospholipid molecule with a total of 36 carbons and 4 double
bonds. Lysophosphatidylcholine (LysoPC)-O and PC-O indicate ether-linked fatty acids in
the sn-1 position. We measure isobaric species. For example, PC 36:4 can consist of either
PC (18:2; 18:2) or PC (16:0; 20:4). Similarly, we did not discriminate between 34:0 PC and
36:7 PC-O—Dboth have identical molecular masses and are not separated by LC-MS.

FA analysis was performed according to a previously published method [39]. Briefly,
the cell pellet was homogenized in 500 mL of PBS/10% methanol. An aliquot of 200 mL
corresponding to about 0.5 x 10° cells was withdrawn and a cocktail of internal standards
consisting of 15 deuterated fatty acids was added. The extraction was initiated with
500 mL of methanol and 25 mL of 1 N HCI and a bi-phasic solution is formed by addition
of 1.5 mL of isooctane. The phases are separated by centrifugation and the isooctane
phase containing the FFAs fraction was removed. The extraction is repeated once and
the combined extracts were evaporated to dryness. The FFAs were derivatized with
pentafluorobenzyl (PFB) bromide and the resulting fatty acid PFB esters were analyzed
by gas chromatography/mass spectrometry using a negative chemical ionization mode
(Agilent 6890N gas chromatograph equipped with an Agilent 5973 mass selective detector;
Agilent, Santa Clara, CA, USA). Standard curves for each of the fatty acids were acquired in
parallel using identical conditions. The quantitative assessment of fatty acids in a sample
was achieved by comparison of the mass spectrometric ion signal of the target molecule
normalized to the internal standard with the matching standard curve according to the
isotope dilution method and by protein content.

2.3.gPCR

Total RNA was isolated from lysate with the RNeasy Micro Kit (Qiagen, Louisville,
KY, USA), reverse transcribed into cDNA (High-Capacity cDNA Reverse Transcription Kit;
Thermo ARTICLES science-Applied Biosystems, Foster City, CA, USA) and measured by
real-time PCR with the use of SYBR® Green/ROX master mix (SABiosciences, Frederick,
MD, USA) on an Mx3005P thermal cycler (Stratagene, Santa Clara, CA, USA). The ratio of
each mRNA relative to the Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) mRNA
was calculated with the AACt threshold cycle method. The mouse primers used were
GAPDHF: 5-TCAACAGCAACTCCCACTCTTCCA-3'; R: 5'-ACCCTGTTGCTGTAGCCGT
ATTCA-30' Pla2g5 F: 5-TGGTTCCTGGCTTGCAGTGTG-3/; R: 5'-TTCGCAGATGACTAGG
CCATT-3’ [34]. Real-time PCR products were run on a 1.5% agarose gel and visualized
using chemilmager 4400 fluorescence system (Alpha Innotech, Missouri, TX, USA).

2.4. Statistical Analysis

Comparisons between two groups were made by using an unpaired Student’s ¢ test,
and other comparisons were made with two-way ANOVA with Tukey, Sidak, or Dunnett
correction for multiple comparisons. Comparisons were performed with Prism software
(GraphPad, San Diego, CA, USA). Data are expressed as mean =+ standard error of the
mean (SEM); significance was set at p < 0.05.

3. Results
3.1. Phospholipid Metabolism in Bone Marrow-Derived Macrophages Activated by IL-4 or
LPS+IFNvy

To investigate the production of bioactive lipids in activated BM-Macs, we first asked
whether, during macrophage activation, there were changes in the composition of mem-
brane phospholipids (PLs), substrates of PLA;. We cultured mouse BM-Macs for 7 days
in rM-CSF and 24 h with IL-4 or LPS+IFNy, hereafter referred to as (IL-4)BM-Macs or
(LPS+IFNYy)BM-Macs, respectively, for M2 or M1 (Figure 1a, inset), to distinguish them
from other in vitro derived M2 or M1 macrophages [40]. The supernatants were col-
lected and the phospholipid species analyzed by mass spectrometry. Five PL species
were detected in resting WT BM-Macs. Phosphatidylcholine (PC) was the most abun-
dant, followed by phosphatidylethanolamines (PE), while phosphatidylinositol (PI), phos-
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phatidylserine (PS), and phosphatidic acid (PA) contributed minimally to membrane
composition (Figure 1a, black columns). Compared to WT unstimulated (U)BM-Macs, PE
was significantly decreased in WT (IL-4)BM-Macs, while PC was significantly reduced
in (LPS+IFNY)BM-Macs (Figure 1a). PC, PS, PI, and PA did not change following activa-
tion. PG species were undetectable. These data suggest that PE could be the prevalent
substrate for a PLA; in (IL-4)BM-Macs and PC in (LPS+IFNy)BM-Macs, although other
phospholipases could contribute to remodeling of membrane phospholipids.
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Figure 1. Phospholipid metabolism in bone marrow-derived macrophages (BM-Macs). Wild Type (WT) BM-Macs were
Unstimulated (U) or stimulated with Interleukin (IL)-4 or LPS+ Interferon (IFN)y for 24 h, supernatants were removed
and collected for analysis by liquid chromatography coupled to mass spectrometry (LC-MS). (a) * p < 0.05 of (U) vs. IL-4
or LPS+IFNy BM-Macs. (b,d) Phosphatidylethanolamine (PE) molecules or (c,d) phosphatidylcholine (PC) molecules
are identified by the binding of fatty acids which are described by the numbers of carbons and double bonds. PE-O and
PC-O indicate ether linked fatty acids in the sn-1 position. The data are shown volcano plot of mean (d) or graph (a—c)
of mean and standard error of three independent determinations. *** p < 0.0001, ** p < 0.005 (IL-4)BM-Macs reduction vs
(U)BM-Macs; ## p < 0.0001, # p < 0.005, # p < 0.05 (LPS+IFNy)BM-Macs reduction vs. (U)BM-Macs; & p < 0.05 increase
in (LPS+IFNy)BM-Macs vs. (U)BM-Macs. p-values were obtained by two-way ANOVA with Dunnett’s correction for
multiple comparisons.
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Next, we wanted to ascertain whether, among PE or PC species, there were pre-
ferred phospholipid molecules decreased during each of the macrophage activation mod-
els and, therefore, preferred bioactive lipid produced. We analyzed 69 PE molecules.
In WT (U)BM-Macs, PE 36:2 was the most abundant. Compared to WT (U)BM-Macs,
PE 34:1, PE 36:2, PE 38:4, and PE 38:5 were significantly decreased in both (IL-4) and
(LPS+IFNY)BM-Macs, and PE 34:2 was significantly reduced in (LPS+IFNy)BM-Macs
while PE 36:1 was significantly reduced in (IL-4)BM-Macs (Figure 1b). These data in-
dicate that long-chain PUFAs, including AA, are liberated from PE in both IL-4 and
LPS+IFNY activation. Instead, PE-O 38:5 and PE 40:5 were significantly increased in WT
(LPS+IFNy)BM-Macs compared to WT (U)BM-Macs, likely indicating re-acylation. Of the
80 PC species analyzed (Figure 1c), PC 34:1 was the most abundant in WT (U)BM-Macs
and was reduced in both (IL-4) and (LPS+IFNy)BM-Macs as were PC 34:2, PC 36:1, PC 36:2
PC-O 34:0/PC-O 36:7. LPS+IFNYy activation resulted in the selective reduction of PC 30:0,
PC 32:0, PC 32:1, and PC 38:2/PC-O 40:9 compared to (U)BM-Macs. A direct comparison
of PE or PC molecules in (IL-4)BM-Macs versus (LPS+IFNy)BM-Macs confirmed that
PE species were preferentially reduced and likely metabolized in (IL-4)BM-Macs and PC
species in (LPS+IFNy)BM-Macs (Figure 1d). These results suggest that one or more PLA,
may hydrolyze preferred substrates in IL-4 or LPS+IFNY activated macrophages.

Since Pla2g5 is induced by IL-4 [32,34] and prefers PE as a substrate at least in human
monocyte-macrophages activated by IL-4 [33], we wanted to understand whether the
changes in membrane phospholipid were due at least partially to Pla2g5, particularly
in IL-4 BM-Macs. We confirmed that Pla2g5 is induced in mouse BM-Macs by IL-4, but
not LPS+IFNy (Figure 2a) as previously shown [32]. In Pla2¢g5-null BM-Macs, PE was
significantly increased in unstimulated, IL-4 and LPS+IFNy stimulated BM-Macs compared
to equally treated WT BM-Macs (Figure 2b) while PC was similar in both WT and Pla2g5-
null BM-Macs independently of the activation state. Furthermore, compared to equally
treated WT BM-Macs, the percentage increase of PE was 71.7 £ 21.1% in (IL-4)BM-Macs,
41.1 + 2.4% in (U)BM-Macs and 59.7 =+ 26.1% in (LPS+IFNy)BM-Macs (data not shown).
These data suggests that PE is the preferred substrate of Pla2g5 in (IL-4)BM-Macs and that
the low expression level of Pla2g5 in (U)BM-Macs and (LPS+IFNy)BM-Macs is sufficient to
mobilize PE.

To understand whether Pla2g5 was active on selective PE or PC molecules, we an-
alyzed PE and PC species in Pla2g5-null BM-Macs compared to WT BM-Macs. PE 36:1
(18:0, 18:1), PE 36:2 (18:0, 18:2), and PE 38:4 (18:0, 20:4) were increased in BM-Macs lacking
Pla2g5 independently of the activation state. PE 34:1(16:0; 18:1), PE 34:2 (16:0,18:2), and PE
38:5 (16:0, 22:5; 18:1, and 20:4) were significantly increased in Pla2¢g5-null (IL-4)BM-Macs
while PE 34:1 (16:0; 18:1) was increased in Pla2g5-null (LPS+IFNy)BM-Macs, compared
to their respective controls (Figure 2c). In the PC group, PC 30:2 and PC 36:2 were in-
creased in Pla2g5-null (U)BM-Macs compared to WT (U)BM-Macs (Figure 2d), while PC
34:1 and PC 36:2 were increased in Pla2g5-null (LPS+IFNy)BM-Macs compared to rela-
tive controls. These data suggest that Pla2g5 preferentially metabolized PE molecules in
both (IL-4)BM-Macs and (LPS+IFNy)BM-Macs and that its activity on PC is restricted to
(LPS+IFNYy)BM-Macs.
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Figure 2. PE and PC molecules from WT and Group V phospholipase A, (Pla2g5)-null BM-Macs determined by LC-MS.
Expression of Pla2g5 mRNA relative to Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) measured by qPCR in WT

(black bars) or Pla2g5-null BM-Macs (grey bars), Unstimulated (U) or stimulated with IL-4 or LPS+IFNYy (a). BM-Macs

isolated from WT (solid bars) or Pla2g5-null (dotted bars) mice were Unstimulated (U) or treated with IL-4 or LPS+IFNYy for
24 h and (b) total PC and PE, (c) PE, or (d) PC molecules are reported. The data are shown as a heatmap of mean or graph of

mean and standard error of three independent determinations. * p < 0.0001, ** p < 0.005, * p < 0.05 by two-way ANOVA with

Sidak’s or Tukey’s correction for multiple comparisons.
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3.2. Lysophospholipid and Fatty Acid Generation in Activated BM-Macs

To further investigate the changes in bioactive lipids during macrophage activation,
we analyzed LysoPLs by LC-MS. A heat map of LysoPLs generated in BM-Macs showed
that compared to unstimulated WT BM-Macs, LysoPC and Lysophosphatidylethanolamine
(LysoPE) are substantially reduced following activation with either IL-4 or LPS+IFNy
(Supplemental Figure S1). This is likely due to LysoPL being rapidly metabolized or
re-acylated into membrane phospholipids [41]. Furthermore, there was no significant
difference between WT and Pla2¢5-null BM-Macs in either LysoPE or LysoPC molecules in
any stimulation (Supplemental Figure S1).

FAs are bioactive lipids and the second product of PLA; activity on membrane phos-
pholipids. We analyzed 33 FAs by GC-MS [42]. WT BM-Macs showed that FAs generated
in (LPS+IFNy)BM-Macs and (IL-4)BM-Macs were reduced compared to (U)BM-Macs (data
not shown), likely because they are being metabolized to their final products, eicosanoids.
However, to understand whether Pla2g5 differentially contributes to FAs generated by
activated macrophages, we compared FAs produced by WT BM-Macs and Pla2g5-null
BM-Macs activated by IL-4 or LPS+IFNYy (Figure 3a,b). There was a trend toward reduction
in LA (18:2) in Pla2¢g5-null (IL-4)BM-Macs compared to WT (IL-4)BM-Macs (Figure 3a).
However, myristic acid (MA; 14:0) was significantly higher in Pla2g5-null (IL-4)BM-Macs
compared to WT (IL-4)BM-Macs. Instead, compared to WT (LPS+IFNy)BM-Macs, Pla2g5-
null (LPS+IFNy)BM-Macs had a significant reduction palmitic acid (PA; 16:0), and trends
toward a reduction in AA (20:4) (Figure 3b).
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Figure 3. FAs release by activated WT and Pla2g5-null BM-Macs. BM-Macs isolated from WT or Pla2g5-null mice were
Unstimulated (U) or treated with IL-4 (a) or LPS+IFNY (b) for 24 h. The production of FAs measured by gas chromatography
coupled to mass spectrometry (GC-MS) in WT and Pla2¢g5-null BM-Macrophages. Data are from three independent
experiments. Two Way ANOVA followed by Fisher’s LSD post-test. # p < 0.005, * p < 0.01.

3.3. Differential Eicosanoid Generation in Bone Marrow-Derived Macrophages Activated by IL-4
or LPS+IFNvy

Because LysoPLs and FAs were reduced in activated BM-Macs compared to unstimu-
lated BM-Macs, we reasoned that eicosanoid could be increased. To verify the effects of
IL-4 and LPS+IFNY on the eicosanoids generated in BM-Macs, we performed an unbiased
lipid profile by LC-MS/MS. We detected 32 of the 154 analyzed lipids. The eicosanoids
produced by WT BM-Macs unstimulated and following IL-4 and LPS+IFNYy activation
originated from AA (C20:4), Eicosapentaenoic acid (EPA, 20:5), Dihomo-vy linolenic acid
(DGLA, 20:3), linoleic acid (LA, 18:2), Docosahexaenoic acid (DHA, 22:6), and Adrenic
acid (AdA, 22:4) (Figure 4). WT unstimulated BM-Macs produced AA-derived metabo-
lites generated through the three major enzymatic pathways COX, LOX, CYP, and non-
enzymatically (n.e.). PGD,, Thromboxane B, (TxB,), 12-Hydroxy-eicosatetraenoic acid
(12-HETE), 20CooH AA, 12-hydroxy-heptadecatrienoic acid (12-HHTrE), 13,14-dihydro-
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15-keto prostaglandin D, (dhk PGD;), and Prostaglandin F metabolite (PGFM) were the
most abundant (Figure 4). Compared to WT (U)BM-Macs, both (IL-4) and (LPS+IFNy)BM-
Macs had a significant increase in the production of the COX metabolites PGE, and PGDs;.
Instead, compared to WT (U)BM-Macs, in (LPS+IFNy)BM-Macs, there were increased
amounts of TxB,, PGA;, 12-HHTrE (COX metabolites), 11-HETE (non-enzymatic product),
and 12-HETE (LOX product). Furthermore, in (LPS+IFNY)BM-Macs, there was a trend in in-
creasing 13-hydroxy-docosahexaenoic acid (13-HDoHE), 14-HDoHE, and dihomo-PGF,«.
Also, 20CooH AA, a metabolic product of CYP-generated 20-HETE, was significantly
increased in (IL-4)BM-Macs compared to (U)BM-Macs. These data suggest that while
LPS+IFNYy robustly activates COX and LOX pathways, IL-4 activation of BM-Macs pro-
duces selective COX metabolites while also sustaining CYP metabolism as indicated by the
increase in 20CooH AA.
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Figure 4. Eicosanoids produced by activated WT BM-Macs. Analysis by LC-MS/MS of cell-free
supernatants obtained from WT BM-Macs unstimulated (U) and stimulated for 24 h with IL-4 or
LPS+IFNYy. Shown is mean and standard error of eicosanoids produced by WT BM-Macs unstimu-
lated (U, Purple bars) or activated with IL-4 (Red bars) or LPS+IFNY (Blue bars). Eicosanoids were
identified based on matching chromatographic retention times (RTs), fragmentation patterns, and six
characteristic and diagnostic ions. Cyclooxygenase (Cox), Lipoxygenase (LOX) Cytochrome P450
(CYP), non-enzymatically (n.e.), Thromboxane B, (TxB,), Prostaglandin E, (PGE,), prostaglandin D,
(PGD3), 13,14-dihydro-15-keto prostaglandin D, (dhk PGD;), 20-Carboxy-arachidonic acid (20CooH
AA), 12-Hydroxyheptadecatrenoic acid (12-HHTrE), Prostaglandin F metabolite (PGFM), Hepoxilin
B3 (HXB3), HODE (Hydroxy-octadecadienoic acid), EpHOME (epoxy-octadecenoic acid), HETrE
(hydroxy-eicosatrienoic acid), HDoHE (hydroxy-docosahexaenoic acid), DIHDPA (dihydroxydocosa-
pentaenoic acid), DiHETrE (dihydroxy-eicosatrienoic acid), HEPE (Hydroxy-eicosapentaenoic acid),
HETE (Hydroxy-eicosatetraenoic acid), HPETE (Hydroperoxy-eicosatetraenoic acid), arachidonic
acid (AA), LA (linoleic acid), DGLA (Dihomo-gamma linolenic acid) EPA (eicosapentaenoic acid),
DHA (docosahexaenoic acid), AdA (Adrenic acid). # p < 0.0001, ** p < 0.001 * p < 0.05 by two-way
ANOVA with Dunnett’s correction for multiple comparisons of three independent determinations.

3.4. Pla2¢g5 Contributes to Selective Eicosanoid Generation in Unstimulated And
Activated Macrophages

To better understand the contribution of Pla2g5 to eicosanoid generation during
macrophage polarization, we compared eicosanoid generation in WI BM-Macs and
Pla2g5-null (U)BM-Macs and (IL-4) or (LPS+IFNy)BM-Macs (Figure 5). Compared to
WT (U)BM-Macs, in Pla2g5-null (U)BM-Macs there was a reduction in PGD,, and dhk
PGD; (Figure 5b,c upper panels). Furthermore, compared to WT (IL-4)BM-Macs, in Pla2g5-
null (IL-4)BM-Macs, there was a significant reduction of PGE,, PGD,, and 20CooH AA
(Figure 5b,c middle panels), the three metabolites that were significantly induced by IL-4
in WT BM-Macs. Stimulation of macrophages with LPS+IFNYy revealed that Pla2g5-null
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(LPS+IFNy)BM-Macs have a significant reduction in PGE,, PGD,, and 12-HHTYE, com-
pared to WT (LPS+IFNy)BM-Macs (Figure 5b,c lower panels). Unexpectedly, the absence
of Pla2g5 in BM-Macs resulted in an increase of selected lipids: in unstimulated and in
IL-4 activated BM-Macs lacking Pla2g5, PGFM was increased compared to equally treated
WT BM-Macs (Figure 5b), while in (LPS+IFNy)BM-Macs lacking Pla2g5, 20CooH AA was
increased compared to equally stimulated WT BM-Macs, likely as a result of reduced
metabolism through the COX and LOX pathways. These data suggest that Pla2g5 is in-
volved in the generation of selected metabolites of the COX pathway (IL-4)BM-Macs and
metabolites of the COX and LOX pathways in (LPS+IFNy)BM-Macs, while CYP-induced
production of 20CooH AA seemed to be associated with Pla2g5 function in IL-4 activated
macrophages. Cysteinyl-leukotrienes (Cys-LTs) were not detected in any conditions in
either WT or Pla2¢5-null BM-Macs.
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Figure 5. Contribution of Pla2g5 to eicosanoids produced by activated Macs. Analysis by LC-MS/MS of cell-free super-
natants obtained from (a—c) WT and Pla2¢5-null BM-Macs unstimulated (U) and stimulated for 24 h with IL-4 or LPS+IFNy
or (d) 20CooH AA measured in the supernatants collected from vector- and PLA2G5-siRNA transfected human monocyte-
derived macrophages (h-Macs) stimulated with IL-4. Shown are (a) heatmap (b) volcano plots of mean values (c,d) graphs
of mean and standard error of eicosanoids produced. * p < 0.0001, * p < 0.05 by two-way ANOVA with Sidak’s (c) correction
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To ascertain the contribution of human group V PLA; (PLA2G)) to eicosanoid genera-
tion in human monocyte-derived macrophages (h-Macs) activated by IL-4, we analyzed the
lipidomic data set previously generated that demonstrated reduced PGE, generation in the
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absence of PLA2G5 [20]. When compared with vector-treated (IL-4)h-Macs, PLA2G5-siRNA-
treated (IL-4)h-Macs showed significant reduction of 20CooH AA (p = 0.014) (Figure 5d).
Thus, Pla2g5 supports 20CooH AA production in mouse BM-Macs and h-Macs activated
by IL-4.

4. Discussion

The study of macrophage activation has received increasing attention because of its
potential implications in the development and treatment of multiple diseases. Macrophage
activation is exemplified by the polarization of macrophages with IL-4 or LPS+IFNvy, each
leading to differential gene expression, metabolism, cytokine, and chemokine produc-
tion [13]. Although PLA;-generated bioactive lipids, which include FAs, PUFA-derived
eicosanoids, and LysoPLs are central to many critical macrophage functions, they have not
been extensively studied concerning macrophage activation and functions. Because Pla2g5
is expressed in macrophages and induced by IL-4, it is an attractive target to understand
the contribution of bioactive lipids to macrophage polarization and functions. Here we
performed a comprehensive analysis of PL, LysoPLs, FAs, and eicosanoids produced by
BM-Macs under polarizing conditions, namely LPS+IFNy and IL-4 (Figure 6).
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Figure 6. Flow-chart of bioactive lipids produced in activated BM-Macs and contribution of Pla2g5. Phospholipase A;

hydrolysis of membrane glycerophospholipids generates lysophospholipids, and free fatty acids including polyunsaturated

fatty acids (PUFAs) which are then metabolized to eicosanoids through 3 enzymatic pathways: COX, LOX, and monooxy-

genases like CYP. Depicted in yellow are the enzymes; in brown the metabolites; and in orange are the fatty acids. The

purple bubble depicts eicosanoids generate mainly through activation by LPS+IFNYy in blue those generated mainly through

IL-4 activation, and in purple-blue are those in common. Metabolites reduced in Pla2¢g5-null (LPS+IFNy)BM-Macs (*) or
(IL-4)BM-Macs (*). FLAP (5-lipoxygenase-activating protein).

Analysis of phospholipids in activated BM-Macs showed that PC and PE in BM-Macs
are significantly reduced respectively in (LPS+IFNy)BM-Macs and (IL-4)BM-Macs. Major
species including 34:1 PC and 36:2 PE were metabolized in both M1 (LPS+IFNYy) and M2
(IL-4) macrophages, which underscores the importance of lipid metabolism in macrophage
activation. LPS+IFNy was more effective than IL-4 in reducing saturated PC species, in-
cluding PC 30:0 and PC 32:0. These data are in line with reports in RAW264.7 mouse cell
line and human monocyte-macrophages [39,43], although the overall composition of mem-
brane phospholipids in RAW264.7 showed a robust content of PA and PI at baseline, while
in human monocyte-derived macrophages P’S, PI, and PG contributed to PL composition
and changes after activation [44]. Furthermore, IL-4 was more effective on PE metabolites
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than LPS+IFNy, while both LPS+IFNvy and IL-4 metabolized PE 38:4 PE and PE 38:5, two
molecules that generate AA (20:4) by the action of PLAjs.

Macrophage functions are regulated by several PLA;s, including Pla2g5, Pla2g4a,
Pla2g10, and Pla2g2d which may contribute to PL remodeling during activation [26,43,45].
Notably, Pla2g5 mRNA is induced in macrophages by IL-4 but not LPS+IFNvy [20,32,33].
Indeed, Pla2g5-null BM-Macs had a significant increase in several PE molecules in (IL-4)BM-
Macs. During LPS+IFNY activation, Pla2g5-null BM-Macs had an increase only in PC 34:1,
PC 36:2, and few PE molecules increased during IL-4 activation. Pla2g5 protein is expressed
in resting macrophages and translocates following stimulation with pathogens [28]. The
effects of Pla2g5 activity in (LPS+IFNy)BM-Macs are likely due to direct action of preexis-
tent Pla2g5 on membrane PLs or through activation of Pla2g4a, constitutively expressed by
macrophages [28] or other PLAs expressed in BM-Macs.

The analysis of LysoPLs did not show increased production of any LysoPLs in ac-
tivated BM-Macs or a reduction in BM-Macs lacking Pla2g5. In our experiments, IL-4
did not increase the amount of LysoPL molecules in WT BM-Macs. LysoPLs could likely
be re-acetylated during activation [46]. Alternatively, Pla2g5 could exert its functions on
membrane lipids earlier than 24 h, which is the time point used for macrophage activa-
tion [6]. However, it has been reported that macrophages derived from peripheral blood
mononuclear cells and activated by IL-4 have reduced LysoPE but not LysoPC when de-
pleted of PLA2G5 by siRNA and activated by IL-4 [33]. Our results also show a preference
for Pla2g5 to target PE rather than PC during IL-4 activation of BM-Macs, but we did not
detect a reduction of LysoPE molecules in Pla2g5-null BM-Macs. Differences in the type of
macrophages and depletion of Pla2g5 may account for the discrepancies.

Given our previous data showing that LA and OA generated from macrophages in-
duce pulmonary inflammation [34], we would have expected a decrease at least in selected
PUFAs and MUFAs in BM-Macs lacking Pla2g5, particularly in IL-4 activation. Instead, in
WT BM-Macs, despite the reduction in PC and PE species containing PUFAs and MUFAs,
we could not detect an increase in FAs, making it difficult to detect a decrease in FAs
in Pla2g5-null BM-Macs. However, FAs can serve as second messengers by binding to
cognate receptors, they can be metabolized to supply energy to the cell, re-acylated into the
membrane, or serve as substrate to generate eicosanoids [11,12,14,46,47]. Therefore, in cells
activated in vitro, FAs are likely heavily used. However, our data showed that PA, the most
abundant FA produced in either IL-4 or LPS+IFNY activation, is reduced in Pla2g5-null
(LPS+IFNy)BM-Macs compared to equally treated WT BM-Macs. These results agree with
the release of PA by Pla2g5 from other cell types during type 1 inflammation [48,49]. Sur-
prisingly, (IL-4)BM-Macs lacking Pla2g5 had a significant increase in MA (14:0) compared
to WT (IL-4)BM-Macs. As MA can be incorporated into a protein with consequences on
signal transduction and AA metabolism, future studies await to ascertain the relevance of
Pla2g5-generated MA in macrophage functions.

The reduction of PE 38:4 and 38:5 in Pla2g5-null BM-Macs suggests that, although
the analysis of FAs does not support a contribution of Pla2g5 to the generation of AA
or other PUFAs, it is likely that eicosanoid generation requires Pla2g5. In macrophages,
prostanoids are abundantly produced following TLR-4 stimulation [50]. Furthermore,
LPS stimulation increases eicosanoid generation by increasing cPLA«x activation and
COX-2 expression [51-53]. Our data show that PGD, was the most abundant eicosanoid
produced by (U)BM-Macs and (LPS+IFNy)BM-Macs, as reported for RAW264.7 cells [53].
Furthermore, the absence of Pla2g5 significantly reduced PGE; and PGD, in IL-4 and
(LPS+IFNYy)BM-Macs, although the effect of LPS+IFNy was more robust. However, in
(LPS+IFNYy)BM-Macs, there was a reduction in 12-HHTYE, an eicosanoid reportedly pro-
duced by LPS activated macrophages [54]. These data suggest that the overarching effect of
Pla2g5-generated eicosanoids during LPS+IFNYy or IL-4 activation depends, in the former,
on the combined action of at least PGD,, PGE,, and 12-HHTrE, in the latter on PGD,,
PGE;, and 20CooH AA. Indeed, 20CooH AA was significantly induced (IL-4)BM-Macs
and reduced in Pla2g5-null (IL-4)BM-Macs. 20CooH AA is produced from 20-HETE, a
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product of CYP w-oxidation. It is a vasoactive metabolite and activator of PPARy and
PPAR« and, therefore, could play a role in Pla2g5-mediated IL-4-induced activation of
macrophages [55]. These data indicate that compared with LPS+IFNYy, IL-4 stimulation of
BM-Macs results in a weaker COX induction while also activating lipid w-oxidation, at
least partially. The fact that 20CooH AA is increased in Pla2g5-null (LPS+IFNy)BM-Macs
underscores the importance of Pla2g5 in the balance between lipid metabolites generated
during LPS+IFNY activation of BM-Macs (COX and 12-15LOX derived) and IL-4 activation
(COX and CYP derived). The importance of 20CooH AA in macrophages expressing Pla2g5
is also supported by our data showing that (IL-4)h-Macs lacking PLA2G5 have reduced
production of 20CooH AA. In another report, human monocyte-derived macrophages
activated with IL-4 and deprived of PLA2G5, did not show any eicosanoid reduction. Our
protocol involves monocytes’ isolation by negative selection and culture of the cells in
GM-CSF for 10 days to achieve high TGM2 expression [7] and PLA2G5 expression [20].
Therefore, the discrepancies may depend on protocols adopted. However, the relevance of
20CooH AA in any macrophage functions related to Pla2g5 needs to be validated likely by
in vivo experiments using mouse models.

Lipoxygenase derived lipids, including Cys-LTs, are potent proinflammatory medi-
ators which are generated by dendritic cells, mast cells, macrophages and Th2 cells. In
BM-Macs, we could not detect Cys-LTs (data not shown), likely because the delayed stim-
ulation of 24 h necessary for macrophage polarization in vitro prevents the detection of
Cys-LTs. Our data are in line with reports in RAW264.7 cells in which stimulation with
Kdo2-Lipid A, a lipopolysaccharide, induces the COX pathway and downregulates the
5-LOX pathway [56]. Furthermore, it cannot be excluded that exogenous Pla2g5 may
induce CysLTs generation [57].

The profile of lipids of BM-Macs in one-time point and in Pla2g5-null BM-Macs pro-
vides a snapshot of the function of a lipid-packed, heterogeneous cell, like macrophages.
It does not consider other PLA;s expressed in macrophages, including Pla2g4a, Pla2g2d,
and Pla2g10, or other sources of exogenous Pla2g5. However, an imbalance between pro
and anti-inflammatory lipids could account for the different role of Pla2g5 in the patho-
genesis of several pathologies. Additionally, the expression of Pla2g5 in hematopoietic
vs. non-hematopoietic cells could also determine the function of Pla2g5 in different dis-
eases [25,26]. A recent study showed that in endothelial cells, the expression of Pla2g5
mRNA is higher than other PLA;s (Pla2glb, 2a, 2d, 2e, 2f, and 10) then its expression
is reduced by Angiotensin II stimulation while Pla2g5 protein is still present on the cell
surface, likely linked to proteoglycans [49]. On the other hand, in resting macrophages,
Pla2g5 mRNA is almost undetectable and is induced by IL-4, while the protein, located
intracellularly in resting macrophages, is secreted upon activation [20,29]. As macrophages
are hematopoietic derived cells while endothelial cells are derived from mesodermal cells,
it is likely that subcellular location and cell ontogeny could also predict Pla2g5 pro or
anti-inflammatory functions.

5. Conclusions

The combined proinflammatory or anti-inflammatory properties of the lipids pro-
duced by M1 (LPS+IFNYy) or M2 (IL-4) activated macrophages may contribute to the
functions of macrophages in different diseases. The identification of a potential lipid signa-
ture in M1 and M2 macrophages could identify new pathways critical for the development,
persistence, or reduction of inflammation. Some of these functions may rely on the presence
or absence of Pla2g5 in macrophages.
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Abstract: Phospholipase Ajs constitute a wide group of lipid-modifying enzymes which display a
variety of functions in innate immune responses. In this work, we utilized mass spectrometry-based
lipidomic approaches to investigate the action of Asp-49 Ca®*-dependent secreted phospholipase
Aj (sPLA) (MT-III) and Lys-49 sPLA2 (MT-II), two group IIA phospholipase Aj;s isolated from the
venom of the snake Bothrops asper, on human peripheral blood monocytes. MT-III is catalytically
active, whereas MT-II lacks enzyme activity. A large decrease in the fatty acid content of membrane
phospholipids was detected in MT IlI-treated monocytes. The significant diminution of the cellular
content of phospholipid-bound arachidonic acid seemed to be mediated, in part, by the activation
of the endogenous group IVA cytosolic phospholipase Ayx. MT-III triggered the formation of
triacylglycerol and cholesterol enriched in palmitic, stearic, and oleic acids, but not arachidonic acid,
along with an increase in lipid droplet synthesis. Additionally, it was shown that the increased
availability of arachidonic acid arising from phospholipid hydrolysis promoted abundant eicosanoid
synthesis. The inactive form, MT-II, failed to produce any of the effects described above. These
studies provide a complete lipidomic characterization of the monocyte response to snake venom
group IIA phospholipase A, and reveal significant connections among lipid droplet biogenesis, cell
signaling and biochemical pathways that contribute to initiating the inflammatory response.

Keywords: phospholipase Aj;; lipidomics; mass spectrometry; lipid signaling; inflammation;
monocytes/macrophages

1. Introduction

The phospholipase A, (PLA;) superfamily consists of a broad range of enzymes defined by
their ability to catalyze the hydrolysis of the ester bond at the sn-2 position of glycerophospholipids.
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The hydrolysis products of this reaction, free fatty acid and lysophospholipid, serve as precursors for a
variety of bioactive lipid mediators with important biological roles [1]. The PLA;s are systematically
classified according to sequence homology criteria, and include 16 groups (I-XVI), most of them with
several subgroups, comprising more than 30 proteins [1]. An alternative classification also exists
that groups these enzymes into six major classes on the basis of biochemical similarities and/or cell
regulation properties. These are the Ca*-dependent cytosolic PLA;s, the Ca?*-dependent secreted
PLA;s (sPLA;), the Ca?*-independent cytosolic PLA;s, the platelet-activating factor acetyl hydrolases,
the lysosomal PLA;, and the adipose-specific PLA; [2].

The sPLA; family represents the largest class of PLA; enzymes and possesses, as a common
motif, a conserved His-Asp catalytic dyad [3]. sSPLAjs are widely distributed in pancreatic secretions,
inflammatory exudates, and also in arthropod and snake venoms. A variety of biological activities
have been described for sPLA;s, including digestive actions, toxic activities (neurotoxic, myotoxic,
hypotensive, etc.) and immune roles. In this regard, group IIA sPLA; was defined as a pro-inflammatory
PLA,, since its gene induction and synthesis were observed after cell stimulation by endotoxin and
cytokines [3-5]. In contrast, another member of the family, the group V enzyme, is described as
anti-inflammatory in some models [6-8].

sPLAjs have been often observed to cooperate with other PLA;s in eliciting certain biological
responses. A prominent example of this is the mobilization of arachidonic acid (AA) and
attendant eicosanoid production by innate immune cells responding to inflammatory stimuli [9-12].
The Ca*-dependent cytosolic group IVA PLA, (cPLA, ) is the essential enzyme in this process [12-14].
Depending on cell type and stimulation conditions, regulatory crosstalk mechanisms exist between
cPLAx and other sPLA; enzymes present in the cells—in particular, those belonging to groups IIA,
V and X—which results in the amplification of the AA mobilization response [15-20].

Previous work from our laboratory has utilized advanced mass spectrometry approaches to
characterize multiple aspects of PLA-mediated phospholipid fatty acid remodeling in cells of the
innate immune system such as monocytes and macrophages [21-28]. In these studies, the activation
mechanisms of multiple PLA; enzymes expressed by the cells were characterized [21-28]. However,
no approaches were undertaken to characterize the cellular responses to exogenously added sPLA;
enzymes. It has been suggested that the response of cells exposed to exogenous sPLA; is dependent
upon the nature of the lipid mediator generated on the membrane where the sPLA; acts [29]. However,
it is also known that some sPLA;s lack catalytic activity but still exert potent biological actions [30].
This has led to the proposal that some sPLA,; effects depend on protein—protein or protein—glycan
interactions [3,31]. Once bound to its target(s) on the membrane, sPLAjs may exert their actions via
activity-independent mechanisms that affect cellular functions or trigger a cellular response [3,31,32].
Additionally, the existence of a sPLA; receptor for these enzymes has long been proposed [33].
Whether activity-based effects prevail over activity-independent effects, or both occur simultaneously,
remains unclear.

Exposure of immune cells to exogenous sPLA, occurs in numerous pathological situations such
as inflammatory syndromes, sepsis, autoimmune diseases, and even bite or sting envenomations [3-5].
In this work, we have used advanced mass spectrometry-based lipidomics to analyze the effect of
two different group IIA sPLA,, with and without catalytic activity, on human monocytes. The sPLA,
enzymes utilized in this study, termed Asp-49 sPLA, (MT-III) and Lys-49 sPLA, (MT-II), were purified
from the venom of the Central American snake Bothrops asper. MT-Ill is a catalytically active enzyme
similar to human synovial group IIA PLA,. MT-II is identical to MT-III, except for the replacement of
Asp49 with Lys49 within the active site, which renders it catalytically inactive [34-38]. The combined use
of these two PLA;s thus constitutes an excellent tool to distinguish between the activity-dependent and
-independent actions of sPLA; enzymes. Consistent with the previously described proinflammatory
properties of MT-1II, our data show that it promotes remarkable changes in the lipid composition of
cell membranes, triggers lipid droplet biogenesis, and induces eicosanoid synthesis. None of these
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actions are induced by the inactive form MT-II. These data agree with previous work demonstrating
that MT-IIL, but not MT-II induces phospholipid hydrolysis in murine muscle cells [38].

2. Materials and Methods

2.1. Enzymes

Asp-49 sPLA, (MT-III) and Lys-49 sPLA,; (MT-II) from Bothrops asper venom were purified by
ion-exchange chromatography on CM-Sephadex C-50, using a KCl gradient from 0 to 0.75 M [36].
The complete amino acid sequence and toxicological profile of these enzymes have been previously
described in detail [37]. The absence of endotoxin contamination in the batches used was demonstrated
by performing the quantitative Limulus amebocyte lysate assay [39], which revealed no detectable
levels of endotoxin (< 0.125 EU/mL).

2.2. Cell Culture

Human monocytes were isolated from buffy coats of healthy volunteer donors obtained from the
Centro de Hemoterapia y Hemodonacion de Castilla y Ledn (Valladolid, Spain). Written informed
consent was obtained from each donor. Briefly, blood cells were diluted 1:1 with phosphate-buffered
saline, layered over a cushion of Ficoll-Paque, and centrifuged at 750 g for 30 min. The mononuclear
cellular layer was recovered and washed three times, resuspended in RPMI 1640 medium supplemented
with 40 pg/mL gentamicin, and allowed to adhere in sterile dishes for 2 h at 37 °C in a humidified
atmosphere of COy/air (1:19). Nonadherent cells were removed by washing extensively with
phosphate-buffered saline, and the remaining attached monocytes were used the following day [40,41].
For experiments, subconfluent cell monolayers were incubated with serum-free medium for 1 h
before the addition of sPLA;. After stimulation, the monocyte monolayers were washed twice
with phosphate-buffered saline, scraped with a cell scraper, sonicated with a tip homogenizer
twice for 15 s, and prepared for their further analysis by mass spectrometry, as described below.
For eicosanoid determinations, supernatants were collected and prepared for mass spectrometry
analysis as described below.

2.3. Cellular Staining and Fluorescence Microscopy

For these experiments, the cells were plated on coverslips on the bottom of 6-well dishes in a
volume of 2 mL. The cells were fixed with 1 mL of 4% paraformaldehyde in phosphate-buffered saline
containing 3% sucrose for 20 min. Afterward, paraformaldehyde was removed by washing the cells
three times with phosphate-buffered saline, and Nile Red and 4’,6’-diamidino-2-phenylindole (DAPI)
stainings were carried out by treating cells with these dyes at concentrations of 5 ug/mL and 1 ug/mL,
respectively, in phosphate-buffered saline for 10 min. Coverslips were mounted on microscopy slides
with 25 puL of a polyvinyl alcohol solution until analysis by fluorescence microscopy. Fluorescence was
monitored by microscopy using a NIKON Eclipse 90i device equipped with a CCD camera (model
DS-Ril; Nikon, Tokyo, Japan). A mercury HBO excitation lamp (Osram, Munich, Germany) was used,
and the fluorescence was recovered using the combination of a UV-2A (Ex 330-380; DM 400; BA 420)
and a B-2A (Ex 450-490; DM 505; BA 520) filter, respectively. Images were analyzed with the software
NIS-Elements (Nikon). Red and blue channels were merged with the Image-J software (version 1.52a).

2.4. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis of Fatty Acid Methyl Esters

Total lipids from approximately 107 cells were extracted according to Bligh and
Dyer [42]. For separation of total phospholipids from neutral lipids, the following internal
standards were added: 10 nmol of 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine,
10 nmol of 1,2,3-trihepta-decanoylglycerol, 20 nmol of nonadecanoic acid, and 30 nmol of
cholesteryl tridecanoate. ~ Phospholipids were separated from neutral lipids by thin-layer
chromatography, using n-hexane/diethyl ether/acetic acid (70:30:1, v/v/v) as the mobile
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phase [43]. For separation of phospholipid classes, the following internal standards
were added: 20 pmol each of 1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine,
1,2-diheptadecanoyl-sn-glycero-3-phospho-choline, and 1,2-dinonadecanoyl-sn-glycero-

phosphoinositol.  Phospholipids were separated twice with chloroform/methanol/28% (w/w)
ammonium hydroxide (60:37.5:4, v/v/v) as the mobile phase, using plates impregnated with boric
acid [44]. The bands corresponding to the different lipid classes were scraped from the plate, and fatty
acid methyl esters were obtained from the various lipid fractions by transmethylation with 0.5 M
KOH in methanol for 60 min at 37 °C [45-49]. Analyses were carried out using an Agilent 7890A gas
chromatograph coupled to an Agilent 5975C mass-selective detector operated in an electron impact
mode (EI, 70 eV). (Agilent Technologies, Santa Clara, CA, USA). Data acquisition was carried out
both in scan and selected ion monitoring mode. Scan mode was used for compound identification,
comparing with authentic fatty acid methyl ester standards, and the National Institute of Standards
and Technology MS library spectra. Selected ion monitoring mode was used for quantitation, using
74 and 87 fragments for saturated, 83 for monounsaturated, 67 and 81 for diunsaturated, and 79 and
91 for polyunsaturated fatty acid methyl esters. A 37-component mixture (Supelco, Sigma-Aldrich,
Madrid, Spain) was used for calibration curves.

2.5. Mass Spectrometry Analysis of Free Fatty Acids

The thin layer chromatography spots corresponding to the non-esterified free fatty acid
fraction were scraped, redissolved in n-hexane, and analyzed separately in an Agilent 1260 Infinity
high-performance liquid chromatograph coupled to an API2000 triple quadrupole mass spectrometer
(Applied Biosystems, Carlsbad, CA, USA). The column was a Supelcosil LC-8 (150 X 3 mm, 3 um particle
size), protected with a Supelguard LC-8 (20 X 3 mm) guard cartridge (Sigma-Aldrich). The mobile
phase was used on a gradient of solvent A (methanol with 0.01% ammonium hydroxide) and solvent
B (water with 0.01% ammonium hydroxide). The gradient was started at 60% solvent A and 40%
solvent B. The former was linearly increased to 95% at 10 min, and held at 95% solvent A until 18 min.
The initial solvent mixture (60%, 40%B) was recovered at 20 min and the column was re-equilibrated
for an additional 5 min before the injection of next sample. The flow rate was fixed at 400 puL/min.
Non-esterified fatty acid fraction, extracted from silica plates and filtered, was re-dissolved in 100 pL
of methanol/water 60:40 v/v and 90 puL were injected into the high-performance liquid chromatograph.
The parameters for electrospray ionization source of mass spectrometer were set as follows: Ion spray
voltage, —4500 V; CUR, 20 psi; GS1, 40 psi; GS2, 80 psi; TEM, 525 °C. The analyzer mode was set to
QIMS (DP, -70 V; EP, =10 V; FP, =300 V) performing a m/z scan between 100 and 400 with a step size
of 0.1 amu. Non-esterified fatty acids were detected as [M — H]~ ions using the Analyst 1.5.2 software
version (Applied Biosystems, Carlsbad, CA, USA), and chromatographic peaks were quantified by
comparison with peaks of authentic analytical standards.

2.6. Ligquid Chromatography/Mass Spectrometry (LC/MS) Analyses of Phospholipids

This was carried out exactly as described elsewhere [21-26,50,51], using a high-performance liquid
chromatograph equipped with a binary pump Hitachi LaChrom Elite L-2130 and a Hitachi Autosampler
L-2200 (Merck), coupled on-line to a Bruker esquire6000 ion-trap mass spectrometer (Bruker Daltonics,
Bremen, Germany). Ethanolamine-containing phospholipids (PE) and phosphatidylinositol (PI)
species were detected in negative ion mode as [M — H]™ ions in MS experiments. Choline-containing
phospholipids (PC) species were detected in positive ion mode, as [M + H]* ions by MS. Acyl chains in
PIand PE species were identified by multiple reaction monitoring MS? experiments on chromatographic
effluent by comparison to previously published data [21-26,50,51]. For the identification of acyl chains
in PC species, ionization was carried out in negative mode with the post-column addition of acetic
acid at a flow rate of 100 mL/h as [M + CH3CO,]™ adducts, and acyl chains were identified by
MS? experiments. Quantification was carried out by integrating the chromatographic peaks of the
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previously identified phospholipid species and comparing with an external calibration curve made
with authentic standards.

2.7. Ligquid Chromatography/Mass Spectrometry (LC/MS) Analyses of Eicosanoids

Analysis of eicosanoids by LC/MS was carried out exactly as described elsewhere [6,25,52],
using an Agilent 1260 Infinity high-performance liquid chromatograph coupled to an API2000 triple
quadrupole mass spectrometer (Applied Biosystems, Carlsbad, CA, USA). Quantification was carried
out by integrating the chromatographic peaks of each species and by comparing with an external
calibration curve made with analytical standards [6,25,52].

2.8. Immunoblot

Cells were lysed with 20 mM Tris-HCI (pH 7.4), containing 150 mM NacCl, 0.5% Triton X-100,
1 mM Na3zVOy, 150 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor mixture
(Sigma-Aldrich, Madrid, Spain) at 4 °C. Homogenates were then clarified by centrifugation at 13,000x g
for 10 min. Protein from the supernatants was quantified according to Bradford [53], and 100 pg
of protein was analyzed by immunoblot using an antibody specific for the phosphorylated form of
cPLAj o at Ser505 (Cell Signaling, Danvers, MA, USA) [54,55]. The detection of immunoreactive bands
was conducted by chemiluminescence (ECLTM, Amersham Biosciences, Little Chalfont, UK).

3. Results

The two group IIA sPLAjs utilized in this study are from Bothrops asper venom and differ in a
natural mutation at position 49. Asp49-sPLA,, with catalytic activity, was named MT-III; Lys-49-sPLA,,
devoid of catalytic activity, was named MT-II [34-38]. When added to human monocytes, catalytically
active MT-III, at concentrations not compromising cell viability (0.4 pg/mL), promoted an extensive
loss of phospholipid-bound fatty acids, as measured by GC/MS (Figure 1).
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Figure 1. Phospholipid fatty acid content of human monocytes. The cells were either untreated (open
bars) or treated with Asp-49 Ca2+—dependent secreted phospholipase A; (sPLA;) (MT-III) (black bars)
or Lys-49 sPLA2 (MT-II) (orange bars) for 1 h (A) or 6 h (B).
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Afterward, phospholipids were isolated and their fatty acid content was measured by GC/MS. The profile
of fatty acids, the total phospholipid fatty acid amount, and distribution according to the number of
double bonds is given. Fatty acids are designated by their number of carbon atoms and, after a colon,
their number of double bonds. To differentiate isomers, the n—x (n minus x) nomenclature is used,
where n is the number of carbons of a given fatty acid, and x is an integer which, subtracted from n,
gives the position of the last double bond of the molecule. The data are expressed as mean values
+ standard error of three independent determinations. Fatty acid (FA); saturated fatty acid (SFA);
monounsaturated fatty acid (MUFA); polyunsaturated fatty acid (PUFA).

Despite the relatively high phospholipid hydrolysis rates detected in these experiments, cell viability
always remained above 90%, as assessed by the MTT assay [56-58]. The action of MT-III was prominent
on all kinds of fatty acids, including saturated, monounsaturated, and polyunsaturated. Importantly,
no significant differences were observed between unstimulated control cells and MT-II-treated cells at
any time tested. Since there was little difference in phospholipid hydrolysis between 1 hand 6 h,a1lh
time point was chosen to be employed in all subsequent experiments. The marked decrease in cellular
AA (20:4n—6) levels after treating the monocytes with MT-1II, as shown in Figure 1, was striking. Given
the key role of AA in inflammatory reactions as a precursor of eicosanoids, we set out to characterize
further the effect of MT-III on this particular fatty acid. Figure 2 shows the profile of AA-containing
glycerophospholipid species of human monocytes, as measured by LC/MS.

®

c
A ¢
g
o 6F ]
£
=
o
£ 4} |
£
w
o
O 2+ <
S 2
Q
w
Qo
T A A A A
OOOOOOOOOOO
f § § § § § & & & & g
- 2 . 9 9 ¢ o o v o ¥
wzocozocooocoooooooo
€ T T = v 7 7 = = 8
09009990000
UUD_B_OOOQQD_CL
g o éa o a
5
B ¢
o
S
Q
o
£
=
[<}
£
=4
w
o
(53
[
Q.
w
w
o e e & &~ o~ o~ o
F § § &£ § £ 5§ =
o o o ©o o o o o
§ &8 & & & & g «
= &6 © o = © <= o
© © © ©w w w o o
T T T ¢ v T T
a o W o ow a0 wow
E,’EI’D_D_EI’ED_D_
a o a o
< 25
C s
o
5 20
g
= 15
o
£
£ 10
w
o
g 05
Q.
w
T 00 =B
s b s s s
o o o o o
I I g I S
S I = S <
© «© «© 0 o
T T T T 8
T T T T T

Figure 2. Arachidonic acid (AA)-containing phospholipid species of human monocytes. The cells were
either untreated (open bars) or treated with MT-III (black bars) or MT-II (orange bars) for 1 h. Afterward,
the distribution profile of AA between choline-containing phospholipids (PC) (A), ethanolamine-containing
phospholipids (PE) (B), and phosphatidylinositol (PI) (C) was determined by LC/MS.
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Fatty chains within the different phospholipid species are designated by their numbers of carbons and
double bonds. A designation of O- before the first fatty chain indicates that the sn-1 position is ether
linked, whereas a p- designation indicates a plasmalogen form (sn-1 vinyl ether linkage). The data are
expressed as mean values =+ standard error of three independent determinations.

Treatment of the monocytes with MT-III, but not MT-1I, resulted in a marked decrease in the
total cellular content of AA-containing PC and AA-containing PI (Figure 2). Note that some of the
most abundant species such as the diacyl species PC(18:0/20:4) or PC(18:1/20:4) almost disappeared
after treating the cells with MT-1II. Regarding PE species, it was noted that the diacyl species also
experienced dramatic decreases, similar to their PC and PI counterparts; however, the plasmalogen
forms were much less affected (Figure 2). Although this could indicate that plasmalogen species may
not be within the reach of MT-II], it seems likely that, immediately after hydrolysis, these species were
rapidly replenished with AA via CoA-dependent transacylation reactions at the expense of diacyl PC
species [21,25,26,52,59-61].

Figure 3 shows the LC/MS analysis of major phospholipid species not containing AA. In many
cases, fragmentation of the m/z peaks detected in MS analyses yielded fragments corresponding to
several species, which made it not possible to unequivocally assign structures to these /z peaks. Thus,
the data are given in abbreviated form, indicating phospholipid class and number of carbon atoms and
double bonds of the two lateral chains together. In Table S1, the fatty acid combinations detected for
each m/z are shown. For example, PI (34:1) represents a mix of PI (18:0/16:1) plus PI (16:0/18:1), and PI
(36:2) represents a mix of PI (18:0/18:2) and PI (18:1/18:1).
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Figure 3. Phospholipid species not containing AA of human monocytes. The cells were either untreated
(open bars) or treated with MT-III (black bars) or MT-II (orange bars) for 1 h. Afterward, the cellular
content of PC (A), PE (B), and PI (C) molecular species was determined by LC/MS. Species are given
in abbreviated form, indicating phospholipid class and number of carbon atoms and double bonds
of the two lateral chains together. The data are expressed as mean values + standard error of three
independent determinations.
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Marked reductions in all phospholipid classes were observed in the MT-III-treated monocytes.
PE plasmalogen species not containing AA were hydrolyzed to much more extent that their
AA-containing counterparts (¢f. Figures 2B and 3B). Notably, some PI species such as PI (34:1),
PI (36:3), PI (36:2) and PI (38:3) showed clear decreases also on stimulation with MT-II (Figure 4C). This
finding represents the only positive effect observed in this study for MT-II with regard to lipid turnover.
Its significance is unclear at this time but we speculate that it could constitute a ligand-like effect of
MT-II related to activation of PI-dependent signaling (e.g., PI 3-kinase or intracellular Ca?*-mediated
pathways) via ligand binding to elements of the cell surface [31].
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Figure 4. Lysophospholipid molecular species of human monocytes. The cells were either untreated
(open bars) or treated with MT-III (black bars) or MT-II (orange bars) for 1 h. The cellular content of
lysoPC (A), lysoPE (B), and lysoPI (C) molecular species was determined by LC/MS. Fatty chains within
the different lysophospholipid species are designated by their numbers of carbons and double bonds.
A designation of O- before the fatty chain indicates an sn-1 ether linkage, whereas a P- designation
indicates an sn-1 vinyl ether linkage. The data are expressed as mean values + standard error of three
independent determinations.
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To complete the overall lipidomic picture of changes occurring via phospholipid deacylation in
the human monocytes, the measurement of lysophospholipid species was also carried out, and the
results are shown in Figure 4. We detected a large lysophospholipid production after cellular treatment
with MT-III, but not with MT-II, as measured by LC/MS. Consistent with the phospholipid composition
of human monocytes [62], lysoPC species were detected in greater abundance, followed by lysoPE
and lysoPl.

In the next series of experiments, we assessed the metabolic fate of the free fatty acids produced
upon MT-III treatment. The data shown in Figure 5 indicate that a very significant incorporation of
fatty acids did occur into neutral lipid classes, i.e., cholesterol esters and triacylglycerol. Consistent
with the results of Figure 1, four of the five the major fatty acids lost from phospholipids—palmitic acid
(16:0), stearic acid (18:0), oleic acid (18:1n—9) and linoleic acid (18:2n—6)—were also those that were
incorporated in the highest proportion in neutral lipids. Very noticeably, however, the incorporation
of AA into neutral lipids was negligible, suggesting other specific metabolic fates for this particular
fatty acid.
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Figure 5. Fatty acid content of neutral lipids in human monocytes. The cells were either untreated
(open bars) or treated with MT-III (black bars) or MT-II (orange bars) for 1 h. Afterward, cholesterol
esters (CE) (A) and triacylglycerol (TAG) (B) fractions were isolated and their fatty acid content was
measured by GC/MS. The profile of fatty acids, and the total CE or TAG amount are given. The data are
expressed as mean values + standard error of three independent determinations.

To investigate whether the increased synthesis of neutral lipids in the MT-III-treated cells resulted
in the formation of lipid droplets, experiments were carried out to visualize these cytoplasmic
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organelles. Unlike human macrophages, resting human monocytes contain few lipid droplets [46].
Treatment of the cells with MT-III induced a very significant increase in the number of lipid droplets
in comparison with control cells, incubated with culture medium alone (Figure 6). Mammalian cells
contain five long-chain acyl-CoA synthetases, termed ACSL-1, -3, -4, -5, and -6, and human monocytes
express all five of them [46]. The presence of triacsin C, a general inhibitor of long-chain acyl-CoA
synthetases [63,64], quantitatively inhibited lipid droplet formation and fatty acid incorporation
into neutral lipids (Figure 6). Collectively, these results suggest that lipid droplet production in
MT-IlI-treated monocytes occurs as a consequence of increased availability of intracellular free fatty
acids, which are converted into acyl-CoAs, acylated into neutral lipids, and stored in lipid droplets.
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Figure 6. Lipid droplet formation in human monocytes. The cells, pretreated without or with triacsin,

A

Control

Mass (nmol/mg protein)

TAG

were exposed to MT-III as indicated. (A) After fixation, cells were stained with Nile Red to visualize
lipid droplets (red; left panels) and DAPI to mark the nuclei (blue; central panels). Right panels show
the merge. (B) Total fatty acid content in cholesterol esters (CE) and triacylglycerol (TAG) was analyzed
in cells pretreated without (open bars and black bars) or with (light blue bars and dark blue bars)
3 uM triacsin C, and exposed to MT-III (black bars and dark blue bars) or left otherwise untreated
(open bars and light blue bars). The data are expressed as mean values + standard error of three
independent determinations.

The absence of incorporation of AA into neutral lipids was unexpected, and prompted us to
determine free fatty acid levels in the MT-IlI-treated cells. The data demonstrated the abundant
presence of free AA as well as palmitic, stearic and oleic acids. Lower levels of the polyunsaturated
fatty acids linoleic acid and docosahexaenoic acid were also detected (Figure 7). Importantly, only free
AA levels were significantly blunted when the analyses were conducted with cells that had been
pretreated with pyrrophenone prior to MT-III exposure. Pyrrophenone is a well-established inhibitor
of intracellular cytosolic group IVA phospholipase A (cPLA;«x), and exhibits more than 1000-fold
selectivity for the inhibition of cPLA,« versus other types of PLA;s, including the group IIA enzymes
such as MT-III [65-68]. There was a tendency for other fatty acids—e.g., oleic acid and linoleic
acid—to also decrease after pyrrophenone treatment; however, the differences failed to reach statistical
significance. Collectively, these data suggest that MT-III activates cPLA, x; therefore, AA mobilization
under these conditions would be a composite of the actions of both MT-III and cPLAj«. Cross-talk
between cPLA,x and sPLA; in AA release has often been described during the activation of innate
immune cells [14-20,69-77]. Supporting our view that MT-III activates cPLAj o, MT-IlI-treated cells
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showed increased phosphorylation of cPLAjo at Ser505, a hallmark of cPLAjo activation [12,13]
(Figure 7, inset).
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Figure 7. Free fatty acid release by human monocytes. The cells, treated without (open bars and black
bars) or with (light gray bars and dark gray bars) 1 uM pyrrophenone (pyrr), were exposed to MT-III
(black bars and dark gray bars) or left otherwise untreated (open bars and light gray bars). Free fatty
acids were isolated and analyzed by LC/MS. The data are expressed as mean values + standard error of
three individual replicates. * p < 0.05, significantly different from cells not treated with pyrrophenone
(Student’s t-test). Inset: cell protein was separated by SDS-PAGE and the phosphorylation of cPLA;«

505

at Ser”* was analyzed by immunoblot using a specific antibody. 3-actin was used as a load control.

Figure 8 shows that a substantial part of the AA lost from phospholipids by the action of MT-III
was metabolized to a variety of eicosanoids, mostly from the cyclooxygenase pathway. Prostaglandin
E; and thromboxane B, were the major metabolites produced by the monocytes, in agreement with
previous estimates [78-80]. Lower amounts of products of the lipoxygenase and cytochrome P450
pathways were also detected upon MT-III stimulation (Figure 8).
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Figure 8. Eicosanoid production by stimulated monocytes. The cells were either untreated (open bars)
or treated with MT-III (black bars) for 1h. Afterward, the eicosanoid content in the supernatants was
analyzed by LC/MS. The data are expressed as mean values + standard error of three individual replicates.
Prostaglandin E, (PGE2); prostaglandin F;, (PGF2a); thromboxane B, (TXB2); 15-ketoprostaglandin
Fy« (15k-PGF2a); 15-ketoprostaglandin E, (15k-PGE2); 11-hydroxyeicosatetraenoic acid (11-HETE);
12- hydroxyheptadecatrienoic acid (12-HHT); leukotriene B4 (LTB4); 5-hydroxyeicosatetraenoic
acid (5-HETE); 15-hydroxyeicosatetraenoic acid (15-HETE); 15-oxoeicosatetraenoic acid (15-oxoETE);
11,12-dihydroxyeicosatrienoic acid (11,12-DHET); 14,15-dihydroxyeicosatrienoic acid (14,15-DHET).
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4. Discussion

This work provides a mass spectrometry-based lipidomic analysis of the actions of group IIA
secreted phospholipase A; on human peripheral blood monocytes. Although previous work has dealt
with the interactions of this class of enzymes with cell surface structures and subsequent signaling [3,31],
no reports, to the best of our knowledge, have characterized the global changes in the cellular lipidome
as done in this study.

Group IIA sPLA; is synthesized and secreted by a variety of cells in response to inflammatory
cytokines, and is found at large amounts in fluids from inflammatory exudates. Furthermore, group
ITA sPLA; enzymes are also present in the venom of scorpions, wasps and, more abundantly, snake
venoms, where they behave as relevant inducers of acute inflammation reactions [81]. However,
it remains to be clarified how this secreted protein acts on the outer surface of the plasma membrane
of mammalian cells to activate immune cells and trigger inflammation. To shed light on this issue,
we first analyzed the complete lipidomic profile of metabolites produced by the action of the enzyme.
Importantly, AA, a major player in inflammation reactions, is the fatty acid showing the largest decrease
in monocyte membranes after MT III exposure, followed by palmitic acid, stearic acid and oleic acid.
Other polyunsaturated fatty acids such as linoleic acid, dihomo-y-linoleic acid and docosahexaenoic
acid are also released in smaller quantities and do not contribute significantly to the pool of bioactive
oxygenated metabolites produced under these conditions.

We observed that several PC species disappear almost entirely from the membrane. Intriguingly, it
has been suggested that membranes enriched in PC may behave as poor substrates for sPLA;-1IA [32].
Several studies also indicated that the phospholipid preference may be partially explained by the
number of positively charged amino acids and the lack of tryptophan in the interfacial binding site.
These residues may constitute key structural determinants that permit binding and hydrolysis to whole
membranes [3]. Other sPLA; family members such as the -IB and -V proteins possess tryptophan
residues on their putative interfacial binding surfaces; therefore, they show an enhanced capacity
to bind to PC-rich vesicles [82]. Our results, using a pathophysiologically relevant setting, raise the
concept that in addition to sequence differences, the molecular composition of the membrane to which
the sPLA; binds—including protein components—may influence the subsequent hydrolytic steps. Our
results may also provide an appropriate experimental frame to relate the catalytic activity of various
sPLA; on different classes of phospholipids with their sequences for future studies.

Lipid droplet biogenesis has been demonstrated to be associated with signaling events triggered
by inflammation and metabolic stress [83-87]. We show here that the catalytic activity of group ITA
sPLA; is required for lipid droplet formation to occur, it probably being the only factor involved, since
inactive MT-II does not reproduce the effect. Our results suggest that the extensive hydrolysis of
membrane phospholipids promoted by MT-III generates free fatty acids that are channeled to neutral
lipids and the formation of cytoplasmic lipid droplets. In support of this view, neutral lipid formation
is strongly blunted by the acyl-CoA synthetase inhibitor triacsin C, indicating that the activation of
the carboxyl group of a free fatty acid is a required event. In turn, this implicates the participation of
CoA-dependent acyltransferase reactions utilizing free fatty acids, not the direct transfer of fatty acids
between lipids via CoA-independent transacylation reactions.

A striking feature of the present work is that, of all major fatty acids released by MT-1II, AA was
excluded from incorporating into neutral lipids. We have recently shown that human monocytes
exposed to micromolar amounts of AA do incorporate the fatty acid into neutral lipids, implying that
this pathway is fully functional in these cells [88]. This is an interesting concept because recent work has
suggested a link between lipid droplets and AA metabolism in mast cells and neutrophils [89,90]. These
studies showed that AA recently incorporated into neutral lipids of lipid droplets may be mobilized
under activation conditions, thus providing an alternative source of free fatty acid. Therefore, our
finding that AA does not incorporate into neutral lipids during exposure of the monocytes to sPLA,
clearly suggests that the pathway described in mast cells and neutrophils is not operative, and the fatty
acid is used to fulfill other important cellular functions. The most immediate is the direct channeling
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of AA to the production of proinflammatory eicosanoids that help establish a strong inflammatory
reaction. Consistent with this view, we have detected abundant production of proinflammatory
mediators, especially those arising from the cyclooxygenase pathway. We did not detect significant
formation of putatively anti-inflammatory eicosanoids such as lipoxins or n—3 fatty acid derivatives.

In previous work we showed that lipid droplet formation by cells exposed to various stimulants,
including MT-III, is blunted by the cPLA;«x selective inhibitor pyrrophenone [46,58,91]. In this work,
we show that pyrrophenone significantly inhibits the accumulation of free AA in the supernatants of
MT-III-treated cells. Moreover, MT-III-treated cells demonstrate increased phosphorylation of cPLA,
at Ser505. Collectively, the data are suggestive of the possibility that crosstalk exists between cPLA;x
and MT-IIII. As a matter of fact, evidence has accumulated to suggest that the high AA specificity of
cPLAj« and the lack of fatty acid selectivity in sPLAj»s can be combined to achieve specific cellular
responses [1,3,14]. Since MT-III causes extensive phospholipid hydrolysis, we speculate that the
ensuing membrane disruption may favor Ca®* fluxes that activate intracellular enzymes such as
cPLAj«x. A scenario such as this has even been proposed for catalytically inactive sPLA;s, acting via
receptor-like mechanisms [3,31]. However, in our studies, inactive MT-II does not induce phospholipid
hydrolysis; thus, cPLA;« has no active participation in the signaling mediated by this sPLA,.

Collectively, our results highlight important actions of catalytically active group IIA sPLA; on
the surface of innate immune cells. These actions may trigger different cellular responses, depending
on the lipid mediator released (Scheme 1). Clearly, further research will be needed to define the role
of MT-III in supplying AA for eicosanoid biosynthesis, the mechanism of crosstalk between MT-III
and intracellular cPLA,«, and a possible role for the latter in regulating lipid droplet biogenesis, as
suggested elsewhere [87,91,92].
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Scheme 1. Lipid mediators and cellular responses triggered by catalytically active group IIA sPLA,
(MT-III) on human monocytes.

5. Conclusions

A complex network of chemical mediators including cytokines or eicosanoids characterizes the
inflammation process triggered in many diseases or envenomations, involving the hydrolytic action
of sPLAjs. Regardless of their catalytic activity, it has been demonstrated that PLA;s isolated from
snake venoms (myotoxins) induce a marked local inflammatory reaction. This is characterized by an
early increase in plasma extravasation, edema and a conspicuous infiltration of leukocytes followed by
hyperalgesia. All these processes are the result of local and/or systemic concerted action of cytokines
such as interleukin-1f, interleukin-6, tumor necrosis factor-« or interferon-y. Despite this, lipid
profiling of the changes induced by these sPLA;s on circulating blood cells had not been documented.
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This study provides an in depth lipidomic profiling of the monocyte response to the direct action of a
group IIA sPLA;, i.e,, MT-IIL. The data reveal significant connections among lipid droplets biogenesis,
cellular signaling, and biochemical pathways that contribute to initiating the inflammatory response.
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Table S1: Fatty acid compositions of phospholipid species not containing AA in human monocytes.
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AA arachidonic acid
CE cholesterol esters

cPLA«x group IVA cytosolic phospholipase Ay«
GC/MS gas chromatography coupled to mass spectrometry
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PC choline-containing phospholipids

PE ethanolamine-containing phospholipids
PI phosphatidylinositol

sPLA; secreted phospholipase Aj
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Abstract: Adipose tissue secretes proinflammatory mediators which promote systemic and adipose
tissue inflammation seen in obesity. Group IIA (GIIA)-secreted phospholipase A, (sPLA;) enzymes
are found to be elevated in plasma and adipose tissue from obese patients and are active
during inflammation, generating proinflammatory mediators, including prostaglandin E, (PGE,).
PGE, exerts anti-lipolytic actions and increases triacylglycerol levels in adipose tissue. However,
the inflammatory actions of GIIA sPLA;s in adipose tissue cells and mechanisms leading to increased
PGE; levels in these cells are unclear. This study investigates the ability of a representative GIIA
sPLA;, MT-III, to activate proinflammatory responses in preadipocytes, focusing on the biosynthesis
of prostaglandins, adipocytokines and mechanisms involved in these effects. Our results showed
that MT-III induced biosynthesis of PGE,, PGI,, MCP-1, IL-6 and gene expression of leptin and
adiponectin in preadipocytes. The MT-IIl-induced PGE, biosynthesis was dependent on cytosolic
PLA,; (cPLA;j)-a, cyclooxygenases (COX)-1 and COX-2 pathways and regulated by a positive loop
via the EP, receptor. Moreover, MT-III upregulated COX-2 and microsomal prostaglandin synthase
(mPGES)-1 protein expression. MCP-1 biosynthesis induced by MT-III was dependent on the EP4
receptor, while IL-6 biosynthesis was dependent on EP3 receptor engagement by PGE;. These data
highlight preadipocytes as targets for GIIA sPLA;s and provide insight into the roles played by this
group of sPLA;s in obesity.

Keywords: phospholipase A;; preadipocytes; prostaglandins; adipokines; cytokines; EP receptors

1. Introduction

Obesity is a chronic low-grade inflammatory condition in which adipose tissue serves as
the source of inflammatory mediators. In obesity and associated diseases, such as diabetes and
cardiovascular disease, high plasma and tissue activities of secreted phospholipase A, (sPLAj)
enzymes, especially group IIA (GIIA) sPLA;s, have been demonstrated [1,2].

Phospholipases Ajs (PLAjs) are lipolytic enzymes with important physiological functions,
including cell membrane remodelling and lipid metabolism. These enzymes are classified according to
their cellular localization as either intracellular PLA; (iPLA;) enzymes with high molecular weight or
sPLA;s, enzymes with low molecular weight. sPLA;s hydrolyze glycerophospholipids at the sn-2
position of the glycerol backbone, releasing fatty acids and lysophospholipids in a calcium-dependent
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manner. sSPLA;s are classified into 11 groups and possess, as a common motif, a conserved His-Asp
catalytic dyad. Group IIA sPLA; comprises mammalian sPLAj»s found in the inflammatory fluid of
mammals and sPLAjs from Viperidae snake venoms. Besides their role in cell membrane physiology,
mammalian group IIA sPLA; are known as important autocrine and paracrine players in inflammatory
processes by releasing fatty acids from cell membranes leading to production of pro-inflammatory
mediators such as leukotrienes and prostaglandins [3-5]. Their role in metabolic diseases, such as
obesity, has also been shown [1,4,6]. It is known that inhibition of sPLA;s, using pharmacological
intervention, reduced lipid mediator’s synthesis and inflammatory parameters linked to obesity.
In this sense, prostaglandin E, (PGEy) is the most abundant lipid mediator produced by the body.
This mediator is constitutively produced in all tissues by the cyclooxygenases (COX) enzymatic system
and terminal PGE-synthases [7,8]. PGE; is a powerful molecule carrying multiple biological effects,
which are mediated by four subtypes of G protein-coupled receptors, named EP1, EP2, EP3 and EP4,
depending on the tissue or cell type [7,8]. PGE; is recognized as an important mediator of inflammation,
pain and fever. In addition, PGE; plays important roles in the regulation of proliferation and cell
differentiation, and exerts anti-lipolytic actions and increases triacylglycerol levels in adipose tissue
cells, contributing to lipid accumulation in these cells [9,10]. However, the molecular mechanisms
triggered by GIIA sPLA;s that lead to the biosynthesis of PGE; by adipose tissue cells are poorly known.

Preadipocytes correspond to a greater cellular fraction present in white adipose tissue and
contribute significantly to the production and secretion of inflammatory mediators, such as PGE,; and
adipokines, involved in the pathogenesis of obesity [11-14]. It has been shown that preadipocytes are
target cells for a variety of inflammatory factors secreted by macrophages, which are the main cells
involved in establishing an inflammatory environment in adipose tissue. In addition, when compared
to mature adipocytes, preadipocytes are more responsive to inflammatory stimuli, as they offer a greater
activation of the transcription nuclear factor kappa B (NF-kB) and related protein kinases [15]. Therefore,
these cells may be used as a cell model for the understanding of the inductors and mechanisms involved
in the development of inflammatory processes linked to obesity.

Myotoxin-III (MT-III) is a representative GIIA sPLA; isolated from Bothrops asper snake venom
that shares functional and structural similarities with mammalian pro-inflammatory sPLA;s of the
same group [16-18]. MT-III is known to trigger inflammatory events in both in vivo and in vitro
experimental models. Our group has previously shown that MT-III activates macrophages’ functions
and induces the accumulation of lipids into these cells [19]. In addition, this enzyme is able to
upregulate the differentiation of macrophages into foam cells [20], which are closely associated with
diseases linked to lipid imbalance, including obesity [21,22]. On these bases, in this study, the ability of
MT-III to activate proinflammatory responses in preadipocytes focusing on the biosynthesis of lipid
mediators, cytokines and adipokines and the mechanisms involved in this process were investigated.
In this study, we show for the first time that preadipocytes are target cells for the action of MT-III,
a representative GIIA sPLA;, which triggers inflammatory pathways implicated in the development of
obesity. The effect of MT-III involves the biosynthesis of PGE;, MCP-1 and IL-6 and gene expression
of leptin and adiponectin. PGE, biosynthesis is dependent upon the activation of cytosolic PLA;
(cPLA)-a, COX-1, COX-2 and mPGES-1 pathways. EP3 and EP4 receptors play key roles in the release
of PGE; and cytokines.

2. Materials and Methods

2.1. Chemicals and Reagents

(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) MTT and L-glutamine were
obtained from USB (Cleveland, OH, USA). Mouse mAb anti-(3-actin was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The PGE, enzyme immunoassay kit, Valeryl Salicylate, compounds NS-398,
AH6809, AH23848, SC-19220, L-798106 and polyclonal antibodies against COX-1, COX-2, mPGES-1 and
the EP4 receptor were purchased from Cayman Chemical Company (Ann Arbor, ML, USA). Pyrrolidine-2
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(Pyr-2) was purchased from Calbiochem-Novabiochem Corp. (La Jolla, CA, USA). Secondary antibodies,
anti-mouse and anti-rabbit, conjugated to HRP and nitrocellulose membrane, were obtained from GE
Healthcare (Buckinghamshire, UK). The Cytometric Bead Assay (CBA) kit was purchased from BD
Bioscience (San Jose, CA, USA). Gentamicin was purchased from Schering-Plough (Whitehouse Station,
NJ, USA), DMSO from Amresco (Solon, OH, USA) and Dulbecco’s Modified Eagle Medium (DMEM),
fetal bovine serum and real-time polymerase chain reaction (PCR) assay kit from Life Technologies
(Sao Paulo, SP, Brazil).

2.2. Phospholipase A, (PLA;)

Aspartate-49 sPLA;, named MT-III (Uniprot accession no.: P20474), from B. asper venom was
purified by ion-exchange chromatography on CM Sephadex C-25 using a KCl gradient from 0 to 0.75 M
at pH 7.0 as described [23], followed by RP-HPLC on a semipreparative C8 column (Vydac; 106,250 mm,
5 mm particle size), eluted at a flow rate of 2.5 mL/min with a gradient of acetonitrile (0-70%,
containing 0.1% trifluoroacetic acid) over 30 min. Homogeneity was verified by SDS-PAGE, run under
reducing conditions, in which a single band of 14 kDa was observed. The complete amino acid sequence
of this enzyme has been described previously [23,24]. The absence of endotoxin contamination in the
MT-III batches used was demonstrated by a quantitative LAL test [25], which revealed undetectable
levels of endotoxin (0.125 EU/mL).

2.3. Cytotoxicity Assay

The cytotoxicity of MT-III and toward the 3T3-L1 preadipocyte was evaluated using the MTT
assay previously described [19]. In brief, 4 X 103 preadipocytes per well in DMEM, supplemented
with 40 pg/mL gentamicin sulfate and 2 mM L-glutamine, were plated in 96-well plates and incubated
with MT-III (0.4 pM), COX inhibitors or PGE, antagonist receptors, diluted in medium or with the
same volume of medium alone (control) for 1, 3, 6, 12, 24 and 48 h at 37 °C in a humidified atmosphere
(5% COy). MTT (5 mg/mL) was dissolved in PBS and filtered for sterilization and removal of insoluble
residues. Stock MTT solution (10% in culture medium) was added to all wells in each assay, and plates
were incubated for 3 h at 37 °C. Dimethyl sulfoxide (DMSO) (100 pL) was added to all wells and
mixed thoroughly for 30 min, at room temperature. Absorbances were then recorded in a microtiter
plate reader, at 540 nm. Results were expressed as percentages of viable cells, considering control cells
incubated with medium alone as 100% viable.

2.4. 3T3-L1 Cell Culture and Stimulation

3T3-L1 preadipocytes obtained from the American Type Culture Collection were cultured as
described [26]. Cells were processed according to the experimental protocol, in which 5 x 103 preadipocytes
per well were seeded in 12-wells culture plates and maintained in culture medium for 48 h
before stimulation. Preadipocytes were serum-starved in DMEM with 1% (v/v) gentamicin sulfate
supplemented with 1% (v/v) L-glutamine for 18 h prior to all treatments. Cellular homogenates
were used for the Western blotting analysis of COX-1, COX-2, EP1-EP4 receptors and mPGES-1
protein expression, and supernatants of each treatment were used to measure lipid mediators PGE,,
PGI,, LTB4 and TXA; by Enzyme Immunoassay (EIA) and cytokines MCP-1, IL-6, IL-10, IL-12,
TNF-o and INF-y by CBA. Cells were stimulated with MT-III (0.4 mM) diluted in DMEM (serum free)
or DMEM alone (control) for selected periods of time and maintained at 37 °C in a humidified
atmosphere (5% CO,). To investigate the mechanism involved in the PGE, and cytokine biosynthesis,
selective inhibitors or antagonists were used at concentrations previously tested: 10 uM valeryl
salicylate (COX-1 inhibitor) and NS-398 (COX-2 inhibitor); 10 pM SC-19220 (EP1 receptor antagonist);
AH6809 (EP2 receptor antagonist) and AH23848 (EP4 receptor antagonist); and 1 uM L-798106
(EP3 receptor antagonist) [27-31]. All of the stock solutions were prepared in DMSO and stored at
—20 °C. Aliquots were diluted in DMEM immediately before use. DMSO concentration was always
lower than 1%. The viability of cells treated with inhibitors or antagonists was evaluated with MTT
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assay. No significant changes in cell viability were registered with any of the above agents or the
vehicle at the concentrations used (data not shown).

2.5. Western Blotting

COX-1, COX-2, EP1-EP4 receptors and mPGES-1 protein expression from homogenate cells were
detected by Western blotting. Briefly, MT-IlI-stimulated and non-stimulated cells were lysed with
100 mL of a sample buffer (0.5 M Tris-HCI, pH 6.8, 20% SDS, 1% glycerol, 1 M (3-mercaptoethanol, 0.1%
bromophenol blue) and boiled for 10 min. Samples were resolved by SDS-PAGE on 10% bis-acrylamide
gels overlaid with a 5% stacking gel. Proteins were then transferred to nitrocellulose membranes
using a Mini Trans-Blot (Bio-Rad Laboratories, Richmond, CA, USA). Membranes were blocked for
1 h with 5% albumin in Tris-buffered saline (20 mM Tris, 100 mM NaCl and 0.5% Tween 20, pH 7.2)
and incubated overnight with primary antibodies against COX-1 and COX-2; EP1, EP2, EP3, and EP4
receptors; and mPGES-1 (1:500 dilution) or -actin (1:3000 dilution) for 1 h at room temperature.
Membranes were then washed and incubated with the appropriate secondary antibody conjugated to
horseradish peroxidase. Immunoreactive bands were detected by the entry-level peroxidase substrate
for enhanced chemiluminescence, according to the instructions of the manufacturer (GE Healthcare).
Band densities were quantified with an ImageQuant LAS 4000 mini densitometer (GE Healthcare)
using the image analysis software ImageQuant TL (GE Healthcare).

2.6. Eicosanoid and Cytokines Quantification

PGE,, PGI,, LTB4 and TXA; were measured using an EIA kit, while cytokines (MCP-1, IL-6, IL-10,
IL-12, TNF-«, INF-y) were quantified using a CBA kit from supernatants of preadipocytes incubated
with each treatment. Kits were used according to the instructions of the manufacturer.

2.7. Adipocytokines Expression by Quantitative Real-Time PCR

Quantitative polymerase chain reaction was performed as described [32]. Briefly, the total RNA
from preadipocytes, incubated MT-III or DMEM alone (control) for 1, 3 and 6 h was isolated using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse transcription with oligo (dT) priming was
performed from 2 ug of total RNA using Superscript III (Invitrogen, Carlsbad, CA, USA). The relative
expression of each transcript was determined by quantitative real-time PCR in an ABI 7000 Sequence
Detection System (Applied Biosystems, Forrest City, CA, USA). Each well of the 96-well reaction
plate contained a total volume of 25 uL of Power SYBR Green PCR Master Mix (Applied Biosystems).
The threshold cycle (Ct) was used to determine the relative expression level of each gene by normalizing
to the Ct of Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH). The method of delta—delta cycle
threshold (ddCt) was used to calculate the relative fold change of each gene. Data are represented as
mean + SEM.

2.8. Statistical Analysis

Data are expressed as mean + SEM (n = 4). Multiple comparisons among groups were performed
using the one-way ANOVA and, as a post-test, the Bonferroni test. Differences between experimental
groups were considered significant for p-values < 0.05. All statistical tests were performed using Prism
version 5 software (GraphPad, San Diego, CA, USA).

3. Results

3.1. MT-1II Induces the Release of Lipid Mediators by Preadipocytes

Lipid mediators are involved in lipid abnormalities and contribute to the triggering of inflammatory
processes in adipose tissue [33]. Therefore, we investigated the ability of MT-III to induce the release of
lipid mediators linked to inflammatory processes, such as PGE,, PGl,, TXA; and LTBy, by cultured
preadipocytes. From preliminary studies (data not shown), the submaximal concentration of 0.4 uM of
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MT-III was chosen for these studies as it would allow potential inhibition or exacerbation of its effects
by drug treatment to be detected. As shown in Figure 1, the incubation of preadipocytes with MT-III
induced a significant release of PGE; (A) from 1 to 24 h and of PGI;, (B) from 12 to 48 h when compared
with controls. However, the incubation of cells with MT-III did not alter TXA, (C) or LTBy4 (D) levels in
any of the time periods evaluated. These results indicate the ability of MT-III to activate preadipocytes
for the production of PGE; and PGI,.
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Figure 1. MT-IIl induces production of PGE,, PGI,, TXA; and LTB, by 3T3-L1 preadipocytes. Cells were
incubated with MT-III (0.4 uM) or DMEM (control) for 1 to 48 h. Bar graphs show the MT-III-induced
release of PGE; (A), PGI, (B), TXA; (C) and LTB, (D) by preadipocytes. Concentrations were quantified
in culture supernatants by EIA commercial kit. Results are expressed as mean + SEM from 3 independent
experiments. * p < 0.05 as compared with control group (two-way ANOVA and Bonferroni posttest).

3.2. MT-11I-Induced Release of PGE, Is Dependent on COX-1 and COX-2 in Preadipocytes

COX-1 and COX-2 are enzymes responsible for the metabolization of arachidonic acid-generating
prostanoids, such as PGE; [8,34]. In order to verify the mechanism involved in the MT-Ill-induced
biosynthesis of PGE,, we investigated the participation of COX-1 and COX-2 in this effect. As seen
in Figure 2A, preadipocytes incubated with MT-III, in the presence of vehicle (DMSO), showed a
significant release of PGE; after 6 h when compared with controls. Preadipocytes treated either with
COX-1 inhibitor (valerylsalicylate) or COX-2 inhibitor (NS-398) before the MT-III stimulus showed a
reduction in PGE, release which was statistically significant when compared to the positive control.
Treatment of cells with both valerylsalicylate and NS-398 compounds abolished the MT-III-induced
release of PGE; when compared to the positive control. These results indicate that COX-1 and COX-2
are key enzymes involved in the release of PGE,, induced by MT-11], in preadipocytes. Having shown
that both COX isoforms participate in the signalling pathway triggered by MT-III that leads to PGE,
production, we next investigated whether MT-III is able to upregulate the protein expression of COX-1
and COX-2 in preadipocytes. Our results show that preadipocytes constitutively expressed both
isoforms of COX. Figure 2B,C show that COX-1 protein expression did not differ significantly between
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control cells and cells treated with MT-III. However, the protein expression of COX-2 was higher in cells
incubated with the phospholipase A; after 6 and 12 h (Figure 2D,E). Therefore, although the COX-2
isoform is constitutively expressed by preadipocytes [35], our results show that MT-1II upregulates the
protein expression of COX-2 but not COX-1 in preadipocytes.
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Figure 2. MT-III activates COX-1 and COX-2 pathways for release of PGE, by 3T3-L1 preadipocytes.
(A) Cells were incubated with either valerylsalicylate (VSA) (10 uM), or NS-398 (10 uM), or both for 1 h,
followed by incubation with MT-III (0.4 uM) for 6 h. PGE; concentrations were quantified in culture
supernatants by EIA commercial kit. (B-E) 3T3-L1 preadipocytes were incubated with MT-1II (0.4 uM)
or DMEM (control) for 1 up to 48 h. (B) Western blotting of COX-1 and (-actin (loading control)
showing immunoreactive bands. (D) Western blotting of COX-2 and p-actin (loading control) showing
immunoreactive bands. Densitometric analysis of immunoreactive (C) COX-1 and (E) COX-2 bands.
Density data (in arbitrary units) were normalized with those of 3-actin. Results are expressed as mean
+ SEM from 3 independent experiments. * p < 0.05 as compared with control group and # p < 0.05 as
compared with MT-III group (two-way ANOVA and Bonferroni posttest).

3.3. MT-1II Upregulates Protein Expression of mPGES-1 by Preadipocytes

An inducible synthase responsible for the terminal synthesis of PGE,, mPGES-1 is upregulated
in inflammatory conditions [36,37]. Based on this, we evaluated the ability of MT-III to upregulate
the protein expression of this enzyme in preadipocytes. Our results show that MT-III upregulated the
protein expression of mPGES-1 after 1 h of stimulation when compared with the control (Figure 3).
The phospholipase A, did not alter the protein expression of mPGES-1 at other time intervals evaluated.
These results demonstrate that MT-III induces protein expression of mPGES-1 in preadipocytes.
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Figure 3. MT-III upregulates protein expression of mPGES-1 in 3T3-L1 preadipocyte. Cells were
incubated with MT-III (0.4 uM) or DMEM (control) for 1 up to 12 h. (A) Western blotting of mPGES-1 and
-actin (loading control) showing immunoreactive bands. (B) Densitometric analysis of immunoreactive
mPGES-1 bands. Density data (in arbitrary units) were normalized with those of -actin. Results are
expressed as mean + SEM from 3 experiments. * p < 0.05 as compared with the control group
(two-way ANOVA and Bonferroni posttest).

3.4. MT-1lI-Induced Release of PGE, Is Dependent on Cytosolic PLA,-a in Preadipocytes

It is known that sPLAjs cross-talk with cPLA; for the synthesis of inflammatory mediators [38—40].
Based on this, we investigated the participation of cPLA,-o in the release of PGE, induced by MT-IIL
Our results show that preadipocytes incubated with MT-1II, in the presence of vehicle (positive cotrol),
showed a significant release of PGE, after 3 h when compared with respective control. However,
pre-treatment of cells with cPLAj-« inhibitor (Pyr-2) abrogated the MT-III-induced release of PGE,
when compared to the positive control (Figure 4). These results indicate that the MT-III-induced
production of PGE, is dependent on cPLA;- in preadipocytes.

3.5. MT-III-Induced Release of PGE, Is Dependent on the EP4 Receptor in Preadipocytes

PGE, exerts its effects through activation of four subtypes of G protein-coupled receptors, named
EP1, EP2, EP3 and EP4, and these receptors are able to regulate PGE, biosynthesis [34,37,41]. It is
known that the activation of the EP4 receptor by PGE; may lead to the increased expression of
key enzymes of biosynthesis cascade of this prostaglandin, such as COX-2 and mPGES-1 [8,41,42].
Therefore, we investigated whether PGE, biosynthesis, induced by MT-1II, was dependent on the
activation of these receptors. As shown in Figure 5A, the incubation of preadipocytes with DMEM plus
vehicle or antagonists did not cause a significant release of PGE, after 6 h of incubation. Pre-treatment
of cells with DMEM plus vehicle followed by incubation with MT-III (0.4 uM), for the same time period,
induced a significant increase in PGE), release, relative to baseline control. However, pre-treatment
of cells with antagonists of EP1 (SC-19220), EP2 (AH6809) or EP3 (L-798106) receptors did not alter
MT-III-induced PGE; release when compared with controls. In contrast, pre-treatment of cells with the
EP4 receptor antagonist (AH23848) abolished the MT-IlI-induced release of PGE; when compared to
the positive control. To better understand the involvement of the EP receptors in the effects induced by
MT-IIL, we next analysed the protein expression of these receptors in preadipocytes stimulated with
MTH-III and in control cells incubated with culture medium alone. Our results show that there was no
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alteration in the protein expression of EP receptors in preadipocytes incubated with MT-III (0.4 uM) in
any of the time periods evaluated when compared with controls (Figure 5B-I). These results indicate
that PGE; biosynthesis, induced by MT-III, in preadipocytes is dependent on the engagement of the
EP4 receptor by PGE,, but not on increased protein expression of this receptor.
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Figure 4. MT-III-induced PGE, release is dependent on cPLA2-« in 3T3-L1 preadipocytes. Cells were
incubated with Pyr-2 (1 uM) for 1 h followed by incubation with MT-III (0.4 uM) for 3 h. PGE; concentrations
were quantified in culture supernatants by EIA commercial kit. * p < 0.05 as compared with control
group and # p < 0.05 as compared with MT-III group (two-way ANOVA and Bonferroni posttest).
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Figure 5. EP4 receptor participates in MT-1II-induced PGE, biosynthesis in 3T3-L1 preadipocytes.
(A) Preadipocytes were incubated with SC-19220 (10 uM), AH6809 (10 uM), L-798106 (1 uM) or AH23848
(10 uM) for 1 h followed by incubation with MT-III (0.4 uM) for 6 h. PGE; concentrations were quantified
in culture supernatants by EIA commercial kit. (B-I) 3T3-L1 cells were incubated with MT-III (0.4 uM)
or DMEM (control) for 1 up to 48 h. (B,D,F,H) Western blotting of EP1, EP2, EP3 and EP4 receptors,
respectively, and p-actin (loading control), showing immunoreactive bands. (C,E,G,I) Densitometric
analysis of immunoreactive bands for EP1, EP2, EP3 and EP4 receptors, respectively. Results are
expressed as mean + SEM from 3 independent experiments. * p < 0.05 as compared with control group
and # p < 0.05 as compared with MT-III group (one-way ANOVA and Bonferroni posttest in (A) and
two-way ANOVA and Bonferroni posttest in (C,E,G,I)).

3.6. MT-1II Induces Release of Inflammatory Cytokines by Preadipocytes

Inflammatory cytokines are found in high levels in obesity inflammatory processes and contribute
to the development and maintenance of this inflammatory state [43—45]. On these bases, we investigated
the capacity of MT-III to induce the release of the inflammatory cytokines MCP-1, IL-6, IL-10, IL-12,
TNF-« and IFN-y by preadipocytes. Figure 6A shows that MT-III induced significant release of MCP-1
from 30 min up to 24 h of incubation when compared with controls. In addition, MT-III induced
significant release of IL-6 after 12 h of incubation when compared to the respective controls (Figure 6B).
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However, MT-III did not alter the release of IL-10, IL-12, TNF-« or IEN-y (data not shown). In this
sense, these results evidence the capacity of MT-III to induce the release of MCP-1 and IL-6 by 3T3-L1
in preadipocytes.
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Figure 6. MT-III induces MCP-1 and IL-6 production by 3T3-L1 preadipocytes. Cells were incubated
with MT-III (0.4 uM), or DMEM (control) for % up to 48 h. Bar graphs show concentrations of (A) MCP-1
and (B) IL-6 released by cells incubated with MT-III. Cytokines concentrations were quantified in
culture supernatants by Cytometric Bead Array (CBA). Results are expressed as mean + SEM from
5 experiments. * p < 0.05 as compared with control group (two-way ANOVA and Bonferroni posttest).

3.7. EP3 and EP4 Receptors Participate in the MT-11I-Induced Release of IL-6 and MCP-1 by Preadipocytes

Previous studies have shown that EP3 and EP4 PGE; receptors regulate the release of proinflammatory
cytokines [46,47]. Therefore, we investigated the participation of EP3 and EP4 receptors in the
MT-III-induced release of IL-6 and MCP-1, respectively, by preadipocytes. Figure 7A shows that
the stimulation of preadipocytes with MT-III, in the presence of vehicle, significantly increased MCP-1
release after 24 h when compared with the control. Pre-treatment of preadipocytes with the EP4
antagonist (AH238481) significantly reduced the release of MCP-1 in cells stimulated with MT-III
in comparison with the positive control. Similarly, pre-treatment of cells with the EP3 antagonist
(L-798106) reduced the MT-IlI-induced release of IL-6 after 12 h, which was significant in comparison
with the positive control (Figure 7B). These results indicate that EP3 and EP4 receptors participate in
the release of IL-6 and MCP-1, respectively, in preadipocytes stimulated with MT-IIL
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Figure 7. EP3 and EP4 receptors participate in the MT-III-induced release of IL-6 and MCP-1, respectively,
by 3T3-L1 preadipocytes. Cells were incubated with AH23848 (10 uM) or L-798106 (1 uM) or vehicle
for 1 h followed by incubation with MT-III (0,4 uM) for 12 or 24 h. Graphs show participation of
EP4 receptor in the MT-III-induced release of MCP-1 (A) and participation of the EP3 receptor in the
MT-III-induced release of IL-6 (B). Concentration of cytokines were quantified from culture supernatants
by Cytometric Bead Array (CBA). Results are expressed as mean + SEM from 5 experiments. * p < 0.05
as compared with control group and # p < 0.05 as compared with MT-III group (one-way ANOVA and
Bonferroni posttest).
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3.8. MT-1II Upregulates Gene Expression of Adipokines in Preadipocytes

Adipokines are produced by white adipose tissue and are involved in a wide variety of physiological
and pathological processes. Proinflammatory adipokines contribute to the development and maintenance
of the inflammatory state in obese individuals [35,48,49]. In light of this, we investigated the ability of
MT-III to induce gene expression of the adipokines leptin, resistin and adiponectin by preadipocytes.
As demonstrated in Figure 8A, preadipocytes incubated with MT-III showed a significant increase in
the gene expression of leptin from 1 to 3 h when compared with controls. In addition, preadipocytes
incubated with MT-III showed a significant increase in the gene expression of adiponectin after 3 h
(Figure 8B). However, the phospholipase A, did not affect the gene expression of resistin in any of the
time periods evaluated (Figure 8C). These results indicate that preadipocytes can respond to MT-III
with the production of leptin and adiponectin but not resistin.
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Figure 8. MT-IIl upregulates gene expression of leptin and adiponectin by 3T3-L1 preadipocytes. Cells were
incubated with MT-III (0.4 uM) or DMEM (control) for 1, 3 or 6 h. Graphs show gene expression of
leptin (A), adiponectin (B) and resistin (C) in the presence of MT-III. Concentrations of adipokines were
quantified in cell lysates by qPCR. Results are expressed as mean + SEM from 5 experiments. * p < 0.05
as compared with the control group (two-way ANOVA and Bonferroni posttest).

4. Discussion

Levels of sSPLA; are elevated in the serum of obese patients as well as in inflamed fat tissue [1,2,50,51].
Previous studies have implicated sPLAs in metabolic diseases, including obesity [1,4,6]. However,
the direct effects and mechanisms triggered by this class of enzymes on adipose tissue cells are not
completely known. We herein report the ability of MT-III, a representative GIIA sPLA,, to activate
proinflammatory pathways in preadipocytes.

Prostanoids are produced from the metabolism of arachidonic acid by the cyclooxygenases system
(COX-1 and COX-2) and are implicated in events related to the development of obesity, including
inflammation and the differentiation of preadipocytes into mature adipocytes [33,52]. Our results
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demonstrate that MT-III induced an early and sustained release of PGE,, followed by a late release
of PGI,. Taking into account the marked biosynthesis of PGE, in preadipocytes stimulated by
MT-III and the contribution of this mediator to the inflammation process in the adipose tissue,
the mechanisms involved in PGE, biosynthesis, induced by MT-III, were investigated. Our findings
with a pharmacological approach indicated that PGE; production induced by MT-1II is dependent upon
the activation of COX-1 and COX-2 in preadipocytes. As an additional mechanism, MT-III upregulated
COX-2 protein expression, but not COX-1 protein expression in preadipocytes. To our knowledge,
this is the first demonstration that a GIIA sPLA,; directly activates PGE; biosynthesis in preadipocytes,
the precursor cells of mature adipocytes. Furthermore, our data evidence preadipocytes as target cells
for GIIA sPLA, action.

PGE, synthases, including mPGES-1, mPGES-2 and cPGES, participate in the terminal step of PGE,
biosynthesis by converting PGH, into PGE; [53]. In contrast to mPGES-2 and cPGES, the mPGES-1
isoform is upregulated in inflammatory conditions [54,55]. During obesity, upregulation of mPGES-1
expression has been shown in the adipose tissue during adipogenic processes [56]. Accordingly,
we found that MT-III increased the expression of mPGES-1 in preadipocytes. The early release of PGE;
correlated with mPGES-1 expression, indicating the participation of this terminal synthase in PGE,
biosynthetic cascade triggered by MT-III, probably via functional coupling of COX-1 and mPGES-1
in the early stage of PLA, stimulation. These data reinforce the ability of GIIA sPLA;s to activate
mechanisms in preadipocytes that contribute to the development of obesity.

It is now well recognized that mammalian GIIA sPLAjs do not exert their biological actions
through their catalytic mechanism alone [57]. Several reports evidence that human GIIA sPLA;s
lead to eicosanoid production by means other than by directly providing arachidonic acid (AA)
through catalysis. Among the non-catalytic mechanisms described is the crosstalk between mammalian
GIIA sPLA2 and cPLA2 [58-62]. Several lines of evidence point out that the high AA specificity of
cPLA>-oc and the lack of fatty acid selectivity in sSPLAjs can be combined to achieve specific cellular
responses [38—40]. In this context, our finding that inhibition of the cytosolic (cPLA;)-« by compound
Pyr-2 abrogated the release of PGE,; induced by MT-IIl indicates that the cPLA-« is a crucial partner for
the effect triggered by MT-III in preadipocytes. This finding is in line with our previous data showing
that MT-III increased phosphorylation of cPLA;-« at Ser505, a hallmark of cPLAj-alpha activation,
in human monocytes [63]. Furthermore, although MT-III has the ability to release arachidonic acid
from membrane phosphatidylcholine [63], our results evidence that the catalytic activity of MT-III does
not play a role in production of PGE; in preadipocytes. A similar mechanism is widely accepted for
mammalian GIIA sPLA2s [57].

We further extended our knowledge of the mechanisms involved in the generation of PGE,
induced by MT-III by focusing on the participation of the EP4 receptor, which was shown to regulate the
expression of key enzymes involved in PGE, biosynthesis, including COX-2 and PGESm-1 [2,41,52,64-66].
Our results, showing that EP4 antagonism by compound AH23848 abolished PGE; release induced by
MT-III, indicate a critical role of this receptor in the effect of MT-III. These results strongly suggest that
engagement of the EP4 receptor by PGE, triggers a positive feedback loop regulating the biosynthetic
cascade of this medjiator in preadipocytes stimulated by MT-III. Activation of this positive loop likely
contributes to increased levels of PGE, observed throughout the period of stimulation with MT-III
In accordance with our data, studies using siRNA for knockdown EP4 gene in macrophages have
shown reduced COX-2 expression upon stimuli by lipopolysaccharide [64]. In addition, our data
evidenced a late release of PGI,, which is considered a biomarker of adipocyte differentiation [67,68],
in cells stimulated by MT-III. This suggests the involvement of GIIA sPLA;s in the differentiation of
preadipocytes. Although not investigated in this study, this hypothesis is currently being investigated
in our laboratory.

Development of inflammation in the adipose tissue involves an early migration of leukocytes,
mainly monocytes, into this tissue, followed by the secretion of several pro-inflammatory mediators by
these cells, including cytokines, thus establishing an inflammatory environment [69-72]. Our findings
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showing a long-lasting release of MCP-1 in preadipocytes stimulated by MT-III strongly suggest that
GIIA sPLAjs are implicated in the infiltration of monocytes and macrophages into adipose tissue
and contribute to an inflammatory response in this tissue since MCP-1 is the key chemoattractant for
monocytes during inflammatory conditions [70,72,73].

In addition, the release of IL-6 seen in preadipocytes stimulated by MT-III may contribute to the
establishment of an inflammatory environment in the adipose tissue. These findings are in accordance
with previous reports that levels of IL-6 are elevated in inflamed adipose tissue of obese patients that
was associated with the induction of insulin resistance [74-76]. Furthermore, using pharmacological
interference, we found that the MT-IlI-induced release of MCP-1 and IL-6 was dependent on EP4 or EP3
activation, respectively, in preadipocytes stimulated by MT-III. In view of previous evidence that the
engagement of distinct EP receptors by PGE, triggers signalling pathways linked to the biosynthesis of
proinflammatory cytokines [77,78], our findings indicate that PGE, biosynthesis, induced by MT-III,
is an essential step for the activation of proinflammatory pathways linked to cytokine production in
preadipocytes stimulated by the phospholipase A;.

Adipose tissue produces specific cytokines known as adipokines, which are pivotal mediators
that maintain a low-grade inflammation, which characterizes obesity [79,80]. These mediators
have been described as exerting autocrine and paracrine effects and regulating appetite and satiety,
glucose and lipid metabolism, blood pressure regulation, inflammation and immune functions [81-83].
Accordingly, we found that MT-III upregulated the expression of the adipokines leptin and adiponectin
in preadipocytes. Previous reports have demonstrated that leptin is able to stimulate the production of
proinflammatory cytokines by macrophages and expression of adhesion molecules by endothelial cells,
thus contributing to the development of the inflammatory process in the adipose tissue [84]. Therefore,
this mediator may be critical for the inflammatory effects triggered by MT-III in adipose tissue by
promoting key inflammatory events. Moreover, in light of the modulatory effects of adiponectin
in biological systems and inflammation [85], our findings suggest that this mediator may control
the inflammatory response induced by MT-III leading to a low-grade inflammation environment,
which characterizes obesity. In contrast, MT-III did not affect resistin expression in preadipocytes.
This may be due to the predominance of mature adipocytes over preadipocytes for the production
of this mediator [86]. Although the mechanisms related to the release of adipokines by MT-III have
not been presently investigated, participation of PGE; and MCP-1 in the expression of leptin can be
suggested since PGE; and MCP-1 have been described as activators of signalling pathways leading to
leptin biosynthesis [87,88]. To the best of our knowledge, this is the first demonstration that a GITA
PLA; has the ability to induce the expression of adipokines in preadipocytes.

5. Conclusions

In this study, we demonstrate for the first time the ability of a representative GIIA phospholipase
Aj, MT-III, to directly activate preadipocytes to release PGE, and the critical role of this mediator,
acting via receptors EP3 and EP4, in inflammatory responses induced by this sSPLA,. MT-Ill also induced
release of PGI,, MCP-1 and IL-6 but not TNF-«, INF-y, IL-12 or IL-10, and upregulated the expression
of leptin and adiponectin. The MT-IIl-induced PGE, biosynthesis was dependent on the activation of
cPLA;-a, COX-1 and COX-2 pathways and positively regulated by the EP4 receptor. As an additional
mechanism, MT-III upregulated COX-2 and mPGES-1 protein expression. MCP-1 biosynthesis induced
by this sPLA; was dependent on the activation of the EP4 receptor, while IL-6 biosynthesis was
dependent on the EP3 receptor in preadipocytes. Taken together, these findings provide evidence of
a new target cell of the action of GIIA sPLA;s, extending the knowledge of the effect of this class of
enzymes in the adipose tissue (Scheme 1) given new insights into the roles of GIIA sPLA;s in obesity
and associated disorders.
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Scheme 1. Proinflammatory pathways activated by MT-III, a GIIA snake venom sPLA;, in 3T3-L1
preadipocytes. (1) MT-III stimulates preadipocytes to release PGE, and (2) PGI,; (3) PGE, release
induced by MT-III is dependent on cPLA>-«, (4) COX-1, COX-2, mPGES-1 and (5) EP4 receptor,
which triggers a positive loop for PGE, production; (6) MT-III up-regulates COX-2 and mPGES-1,
key enzymes involved in PGE biosynthesis. Moreover, MT-III induces the release of (7) MCP-1,
dependent on the EP4 receptor, and (8) IL-6, dependent on the EP3 receptor. Furthermore, (9) MT-III
up-regulates leptin and adiponectin gene expression
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Abstract: Respiratory compromise in Crotalus durissus terrificus (C.d.t.) snakebite is an important
pathological condition. Considering that crotoxin (CTX), a phospholipase A; from C.d.t. venom,
is the main component of the venom, the present work investigated the toxin effects on respiratory
failure. Lung mechanics, morphology and soluble markers were evaluated from Swiss male mice, and
mechanism determined using drugs/inhibitors of eicosanoids biosynthesis pathway and autonomic
nervous system. Acute respiratory failure was observed, with an early phase (within 2 h) characterized
by enhanced presence of eicosanoids, including prostaglandin E2, that accounted for the increased
vascular permeability in the lung. The alterations of early phase were inhibited by indomethacin.
The late phase (peaked 12 h) was marked by neutrophil infiltration, presence of pro-inflammatory
cytokines/chemokines, and morphological alterations characterized by alveolar septal thickening
and bronchoconstriction. In addition, lung mechanical function was impaired, with decreased lung
compliance and inspiratory capacity. Hexamethonium, a nicotinic acetylcholine receptor antagonist,
hampered late phase damages indicating that CTX-induced lung impairment could be associated with
cholinergic transmission. The findings reported herein highlight the impact of CTX on respiratory
compromise, and introduce the use of nicotinic blockers and prostanoids biosynthesis inhibitors as
possible symptomatic therapy to Crotalus durissus terrificus snakebite.

Keywords: crotoxin; snake venom; lung impairment; inflammatory response; lipid mediators;
neuromuscular blocker

1. Introduction

Rattlesnakes are native to the Americas and are responsible for several cases of envenomation in
the continent [1]. They caused 56.3% of the ophidic accidents in North America, while snakes from
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genus Crotalus—the major rattlesnake genus in Central and South Americas—caused less than 10% of
the 50,000 cases of snakebite per year in the region [1-4]. In Brazil, the 2016 report from the Ministry of
Health [5] recorded that snakes from genus Crotalus participated in approximately 10% of the notified
accidents caused by venomous snakes, and accounted for the highest mortality rate.

Typical clinical manifestations during envenomation are related to severe systemic disturbances,
such as neurotoxicity, coagulation alterations, and respiratory and renal failure associated with
myotoxicity, leading to failure of end-organs and death [6,7]. Although rarely reported, respiratory
impairment induced by rattlesnake bite is a potential lethal complication associated with severe cases
of envenomation [8-12], and it is characterized by airway obstruction, bronchospasm, soft tissue
edema, or subjective symptoms including throat tightening and nasal congestion [11]. Crotalus durissus
snakebite causes other respiratory abnormalities within the first 48 h, such as dyspnea, tachypnea,
use of accessory muscles of respiration and flaring of the nostrils, followed by decreased blood pH
and pO,, and increased pCO; levels [9]. Crotalus durissus terrificus (C.d.t.) [13] and Crotalus durissus
cascavella [14] crude venom induces similar respiratory disturbances in a mice model of envenomation,
in addition to (i) mechanical alterations in lung tissues characterized by increased lung static- and
dynamic-elastance, and resistive- and viscoelastic-pressure; and (ii) morphological alterations including
increased leukocyte infiltration, hemorrhage, and edema [13,14].

Crotoxin (CTX) is the main toxic component of the venom from the South American rattlesnake
C.d.t. This toxin is isolated as a heterodimeric complex composed of a basic enzymatically active
phospholipase A; (CB) non-covalently bound to an acidic non-enzymatic domain (crotapotin) [15-17].
CTX has been associated with several pathological conditions such as neurotoxicity, myotoxicity,
and immune alterations [18-22], but its participation in respiratory disturbances is poorly reported
and remains controversial. The CTX complex (CB/crotapotin), but not its components alone (CB or
crotapotin), causes complete respiratory arrest associated with decreased blood pH and pO;, and
increased pCO; in rabbits [23]. In contrast, CTX do not modulate respiration frequency and amplitude
in dogs [24].

The reported clinical and experimental data on C.d.t. effects on respiratory function stress the
importance of investigating how CTX, the most abundant venom toxin, participates in the impairment
of lung physiology. Literature reports are limited, do not show lung pathological alterations in depth,
and do not elucidate the mechanism by which CTX acts. In this sense, the present work investigated
the pathophysiology of CTX-induced lung disturbances in mice, in particular the morphological and
functional alterations, as well as the participation of peripheral nervous system and production of
lipid mediators during respiratory failure.

2. Materials and Methods

2.1. Animals

Male 8-9 week-old Swiss mice (35-40 g) were provided by the Central Animal Facility of the
University of Sao Paulo, Campus of Ribeirdao Preto (Ribeirao Preto, SP, Brazil). The animals were
housed at Animal Facility at Pharmaceutical Sciences School of Ribeirao Preto (FCFRP-USP) under
controlled conditions of temperature (23 °C) and brightness (12 h light/dark cycles), and with free
access to food and water. The experiments were performed at FCFRP-USP following animal care
procedures, which experimental protocols are in accordance with the COBEA (Brazilian College of
Animal Experimentation) guidelines and were approved by the Ethics Committee on Animal Use
(CEUA) from the University of Sao Paulo, Campus of Ribeirdo Preto (protocol number: 15.1.807.60.1).

2.2. Crotoxin

Crotoxin (CTX) was isolated from C.d.t crude venom as described by Muller and colleagues [1].
To eliminate endotoxin contaminants, CTX sample was purified using Affi-Prep Polymyxin Resin
according to the manufacturer’s instructions (Bio-Rad—Hercules, CA, USA). The endotoxin levels
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were lower than 0.01 EU/ug of CTX (1 EU = 0.1 ng of endotoxin), as determined using the limulus
amoebocyte lysate kit (Lonza Biosciences—Walkersville, MD, USA). Protein concentration in CTX
samples was quantified using the BCA kit, according to the manufacturer’s instructions (Thermo
Scientific—Rockford, IL, USA).

2.3. CTX and Drug Treatments

2.3.1. CTX Dose- and Time-Response Experiments

To select a suitable CTX dose for the in vivo assays, a dose-response experiment was carried
out using subcutaneous injection (s.c.) of CTX at 10-300 pg/Kg or saline (control). After 6 h, mice
were anesthetized with intraperitoneal (i.p.) injection of ketamine/xylazine solution (80/10 mg/kg),
their lung and heart were removed for analysis, and their blood was collected by cardiac puncture
for analysis of whole blood and serum. Based on the survival profile of the animals, the CTX dose of
300 png/Kg s.c. and time treatments of 2, 6, and 12 h were selected for further experiments. Animals
treated with saline under the same conditions were used as the control group.

2.3.2. Drug Treatments

Drugs that act as antagonists or inhibitors of eicosanoids production and peripheral neuronal
pathways were used to investigate the toxicological mechanisms of CTX action in mice. Indomethacin
(Sigma-Aldrich—St. Louis, MO, USA) was administered (3 mg/Kg i.p.) 4.5 h before CTX s.c. injection [2,3].
MK-591 (AdooQ Bioscience—Irvine, CA, USA) was administered (40 mg/Kg i.p.) 30 min before CTXs.c.
injection [4]. Hexamethonium bromide (Sigma-Aldrich) was administered intravenously (i.v. tail vein) at
a dose of 10 mg/Kg, 15 min before CTX s.c. injection [5]. Methyl-atropine (Sigma-Aldrich) was administered
(30 mg/Kg i.p.) 30 min before CTX s.c. injection [6]. Neostigmine (Sigma-Aldrich) was administered
(0.1 mg/Kg i.p.) 10 min before CTX s.c. injection [7]. Propranolol (Tocris Bioscience—Bristol, UK)
was administered (5 mg/Kg i.p.) 30 min before CTX s.c. injection [8]. Indomethacin was prepared in
Tris-HC1 100 mM pH 8.2, while the other drugs were prepared in saline (0.9% NaCl).

2.4. In Vivo Experiments

In order to better illustrate the experimental protocol rationale, a scheme was performed (Scheme 1).
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Scheme 1. Experimental protocol ratilonale. (A) Determination of crotoxin (CTX) working dose.
(B) CTX-induced lung alterations.

2.4.1. Lethality

To determine the median lethal dose (LDs5p), CTX was administered to mice at doses ranging
from 100 to 1000 ug/Kg (s.c.), and the animal survival rate was analyzed after 24 h. To analyze the
survival rate profile, the toxin was administered at a dose of 300 ug/Kg (s.c.) and the survival rate was
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monitored for 144 h (6 days). To examine the effect of pharmacological antagonists on the survival rate
of CTX-treated animals, the drugs were administered before CTX (300 ug/Kg s.c.) as described in the
previous section, and the survival rate was monitored every 12 h during 48 h (2 days).

2.4.2. Open Field Test

The open field test was performed in an independent experimental group to evaluate the
CTX-induced locomotor effects, as previously described [9]. Mice were placed individually at the
center of a circular open-field arena (40 cm diameter) divided into quadrants where the exploratory
activity was videotaped during 6 min. A trained experimenter manually counted the number of
quadrants crossed in the last 4 min.

2.4.3. Vascular Permeability

The Evans blue permeability assay was performed as described elsewhere [10]. Thirty minutes
before the end of the experimental period, 200 puL of 0.5% Evans blue solution in sterile saline were
injected into the mice tail vein. Next, the animals were euthanized and their left lung lobe and heart
were collected, weighted, and immersed in 500 puL of formamide for 24 h, at 55 °C, to extract Evans
blue. Finally, absorbance of the supernatant was recorded at 610 nm and the amount of extravasated
dye per mg of organ was calculated from the Evans blue standard curve.

2.4.4. Air Pouch Model to Examine Local Inflammation

To examine the CTX-induced local inflammation, we used the dorsal air pouch model. First,
mice were anesthetized with ketamine/xylazine solution (80/10 mg/kg, i.p.), and the midline of their
dorsal region was shaved. Approximately 3 mL of sterile air were injected subcutaneously with a 25 G
needle, through a sterile 0.22 pum filter (Millex, Merck Millipore—Burlington, VT, USA). At the third
day, a second boost of 2 mL of sterile air was injected into the pre-existing air pouch. At the sixth day,
0.5 mL of CTX (10-300 ng/Kg) or saline (control) were injected into the air pouch, followed by injection
of 2 mL of incomplete RPMI medium. The pouch fluid was collected and stained with Trypan Blue for
total leukocyte counting, using the Countess II automated cell counter (Life Technologies—Carlsbad,
CA, USA). Differential leukocyte counts were performed on cytospin preparations of pouch fluid
stained with Panoptic kit (Laborclin—Pinhais, Brazil). Supernatant was stored at —80 °C for further
quantification of cytokines and total proteins.

2.4.5. Lung Mechanics

A tracheal cannula connected to a small animal FlexiVent® ventilator (Scireq—Montreal, QC,
Canada) was inserted into mice anesthetized with ketamine/xylazine (100/10 mg/kg, i.p.), and further
ventilated with respiratory frequency of 150 breaths/minute and positive end-expiratory pressure of
3 cmH,O. Pancuronium bromide (1.2 mg/kg i.p.) was administered for total paralysis before analysis of
lung mechanical functions using the forced oscillation technique, in particular the single compartment
and the constant phase model. In addition, a respiratory pressure—volume curve was built and the
quasi-static and dynamic respiratory compliance were calculated by fitting the Salazar-Knowles
equation to pressure-volume curves. Results were expressed as respiratory system elastance, tissue
elastance, quasi-static and dynamic respiratory compliance, respiratory system compliance, inspiratory
capacity, and tissue resistance.

2.5. Biological Parameters and Markers

2.5.1. Biochemical Markers

Mice blood samples collected without anticoagulant were kept at room temperature for 30 min to
allow clotting, and centrifuged at 1300x g for 15 min. The resulting serum supernatant was collected
and stored at —80 °C. The damage-associated serum biomarkers aspartate aminotransferase (AST),
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creatine kinase (CK), and creatine kinase MB (CK-MB) were quantified according to the manufacturer’s
instructions (Wiener Lab—Rosario, Argentina).

2.5.2. Pro-Inflammatory Cytokines

The pro-inflammatory mediators chemokine (CXC motif) ligand 1 (CXCL-1), interleukin-1f3 (IL-1 3),
interleukin-6 (IL-6), and tumor necrosis factor-oc (TNF-&) were quantified in dorsal air pouch fluid,
lung homogenates and bronchoalveolar fluid (BALF) using enzyme-linked immunosorbent assay
(ELISA) kits, as recommended by the manufacturer (R&D Systems—Minneapolis, MN, USA).

2.5.3. Hematocrit

Hematocrit was determined in EDTA-anticoagulated whole blood samples, using the automated
hematology analyzer Cell Dyn 3700 (Abbott—Chicago, IL, USA).

2.5.4. Gene Expression

Expression of genes of inflammatory cytokines and enzymes involved in eicosanoid metabolism
was analyzed in lung after 2 h of treatment with CTX or saline. The right lower lung lobule was
harvested, weighed, and homogenized. Total RNA was extracted using PureLink RNA Mini Kit
according to the manufacturer’s specifications (Invitrogen—Carlsbad, CA, USA), quantified using
NanoDrop 2000 (Thermo Scientific)—considering the absorbance ratios A260/280 and A260/230 between
1.8-2.2—and treated with DNase I amplification grade (Invitrogen). Next, cDNA was synthesized from
2 ug of the total RNA extracted, using the High Capacity cDNA Reserve Transcription Kit (Applied
Biosystems—Foster City, CA, USA).

Aliquots (40 ng) of the total cDNA were amplified by quantitative reverse transcriptase-polymerase
chain reaction (QRT-PCR). Custom plates for RT> PCR analysis were acquired from Applied Biosystems
and contained genes of arachidonate 5-lipoxygenase-activating protein (Alox5ap-Mm00802100_m1),
cyclooxygenase-2 (Ptgs2-Mm00478374_m1), cytosolic phospholipase A, (Pla2g4a—Mm00447040_m1),
interleukin-13 (IL16-Mm01336189_m1), interleukin-6 (IL6-Mm00446191_m1), leukotriene A4 hydrolase
(Lta4h-Mm01246216_m1), 5-lipoxygenase (Alox5-Mm01182743_m1), 12-lipoxygenase (Alox12-Mm00545833
_m1), 15-lipoxygenase (Alox15-Mm01250458_m1), and tumor necrosis factor (Tnf-Mm00443258_m1).
Glucuronidase beta (Gusb—-Mm00446953_m1), glyceraldehyde-3-phosphate dehydrogenase (Gapdh—
Mm99999915_g1), and hypoxanthine phosphoribosyltransferase 1 (Hprt1-Mm00446968_m1) were used
as reference genes. PCR reactions were performed using the TagMan Fast Universal PCR Mastermix 2X
(Applied Biosystems—Austin, TX, USA) in a StepOnePlus Real-Time PCR System (Applied Biosystems),
according to the manufacturer’s instructions.

Results were analyzed using the DataAssist™ v3.01 software (Applied Biosystems), and the
threshold cycle (Ct) cut-off value was set up as 40. Normalization was done by subtracting the Ct
mean value of the gene of interest from the Ct mean value of the three reference genes (GAPDH, GUSB
and HPRT1). The values obtained for the negative control were used as reference for comparison.
The relative expression of each gene was calculated by the 24t method [11].

2.5.5. Eicosanoids

The eicosanoids 11-hydroxyeicosatetraenoic acid (11-HETE), 12-hydroxyeicosatetraenoic acid
(12-HETE), 15-hydroxyeicosatetraenoic acid (15-HETE), and 5-oxo-eicosatetraenoic acid (5-oxo-ETE),
leukotriene By (LTBy), 6-trans-leukotriene By (6-trans-LTB,), prostaglandin B, (PGB,), prostaglandin D,
(PGD,), prostaglandin E, (PGE;), 6-keto-prostaglandin E; (6-keto-PGE,), prostaglandin F, x (PGF,x),
6-keto-prostaglandin F; « (6-keto-PGF; «, the stable prostacyclin (PGI,) metabolite), and tromboxane
B, (TXB,) were quantified in lungs from mice treated with CTX or saline.

Left lung lobules were collected, weighed, and homogenized in incomplete RPMI 1640 medium
(1 mL/100 mg lung). The lung homogenate supernatant was mixed with methanol (1:1 v/ final)
and submitted to solid phase extraction in a C18 column for lipids extraction. A 10 uL aliquot of
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each sample extracted was analyzed using the liquid chromatography-tandem mass spectrometry
(LC-MS/MS) system TripleTOF® 5600+ (AB Sciex—Foster, CA, USA), as previously described [12].
Data were acquired using the Analyst software (SCIEX—Framingham, MA, USA), reviewed using the
PeakView™ software (SCIEX), and quantified using the MultiQuant™ software (SCIEX).

2.5.6. Myeloperoxidase Activity

Myeloperoxidase (MPO) activity was determined as described elsewhere [13]. Animals heart
and mid right lung lobule were removed, weighed, and homogenized in a tissue homogenizer. MPO
activity in the supernatant was determined using 3,3’,5,5'-tetramethylbenzidine (TMB) as substrate
(BD Bioscience—San Jose, USA), and recording absorbance at 450 nm. The results were reported as
Units (1 Unit = A0.1 Abs 450 nm) per mg of tissue.

2.6. Lung Histology

The left lung lobule was collected and fixed in a 10% formaldehyde solution in PBS pH 7.4 for
24 h. Afterwards, the samples were immersed in alcohol and xylol solutions, and included in paraffin.
Sections of 4 um were prepared using the RM-2125 microtome (Leica—Wetzlar, Germany) and stained
with hematoxylin and eosin (HE). Morphological analysis was performed using the DM LB2light
microscope (Leica) coupled to the DC 300F camera (Leica). The captured images were analyzed using
the Leica QWin software (Leica). Quantitative histopathologic analysis of lung injury was performed
using a score system based on the following criteria: leukocyte infiltration, vascular congestion,
alveolar hemorrhage, and edema. Each criterion was graded on a scale from 0 to 3 (0, absent; 1, mild;
2, moderate; and 3, severe). Lung injury score was calculated for each specimen and treatment period.
The pathologist who performed histological analysis was blinded to the intervention. The alveolar
sac area represented by the empty space (white area) in HE-stained lung histological images was
calculated using the IM-50 software (Leica).

2.7. Analysis of Lung Leukocyte Population

Infiltrating leukocytes were isolated from mice lung using the protocol reported by Souza and
colleagues [14]. Briefly, the upper right lung lobule was collected, minced with sterile scissors in
RPMI 1640 medium, and treated with digestion buffer containing 0.05 mg/mL liberase (Roche—Basel,
Switzerland) and 0.5 mg/mL DNase (Sigma-Aldrich) for 45 min, at 37 °C, under shaking at 2000 rpm.
Tissue debris were removed using a 100 pm cell strainer. Next, red blood cells were lysed and the
remaining cells were washed with PBS, centrifuged, and suspended in RPMI 1640 containing 10% FBS.
Cells were fixed using cytospin slides and stained with Panoptic kit (Laborclin—Pinhais, Brazil) to
perform differential leukocyte counting. Next, neutrophil phenotypes were analyzed by flow cytometry
using the Ly6G PE-Cy7 conjugated (Cat#560601, RRID:AB_1727562) and CD62L BB515 conjugated
(Clone MEL-14) antibodies (BD Bioscience—San Jose, CA, USA). Data from 20,000 events were acquired
using a FACSCanto II flow cytometer equipped with the FACSDiva software (BD Biosciences), and
further plotted and analyzed using the FlowJo software v.10.0.7 (Tree Star, Inc.—Ashland, OR, USA).

2.8. Statistical Analysis

The GraphPad Prism software version 5.01 (GraphPad Software Inc.—San Diego, CA, USA) was
used to plot graphics and perform statistical data analysis. The unpaired Student’s t-test was used to
analyze differences between two groups, while one-way analysis of variance (ANOVA) followed by the
Bonferroni’s post-test was used for comparison of multiple groups. The survival rate was expressed as
percentage of live animals, and the Mantel-Cox log-rank test was used to compare the survival curves.
Two-way ANOVA followed by the Bonferroni’s post-test was used to analyze the time-course plots.
Differences with p < 0.05 were considered statistically significant.
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3. Results

3.1. CTX Working Dose

Crotoxin induces several harmful effects, which vary according to the target organ studied, the
experimental design, animal species, and toxin dose and route of administration [16-20]. To determine
a CTX dose capable of promoting tissue damage, in the present study we performed dose-response
experiments where mice were treated with CTX at 10-300 ug/Kg (s.c.) for 6 h.

Compared with control mice, animals treated with 300 pug/Kg CTX exhibited reduced exploratory
activity, as evidenced by the open field test analysis of locomotor alterations (Figure 1A), and a slightly
increased hematocrit level, as evidenced by hematological analysis (Figure 1B). The serum levels of CK
and CK-MB (biomarkers of muscle and heart tissue damage, respectively) and AST (a marker of liver
damage) were increased in mice treated with 100 and 300 ug/Kg CTX (Figure 1C-E). Analysis of local
inflammation in the dorsal air pouch cavity fluid evidenced increased infiltration of polymorphonuclear
cells and production of the inflammatory mediators IL-6 and CXCL-1 in mice treated with the highest
CTX dose (300 ng/Kg) (Figure 1F-H). In general, the CTX dose of 300 pug/Kg induced alterations in
all the biological parameters evaluated; this dose is 1.3-fold greater than the determined LDsy of
229.6 ng/Kg (Figure 1i). The survival profile revealed that the toxin was lethal to approximately 20%,
60%, and 70% of the animals at 12, 24, 48 h, respectively (Figure 11). Based on the set of results obtained
so far, the CTX dose of 300 nug/Kg s.c. and the time treatment of 12 h—when the survival rate was ~80%
(Figure 1])—were selected for further investigations on how the toxin affects the respiratory system.
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Figure 1. Dose-response toxicological effects of CTX. Mice were treated with different CTX doses
(10-300 pg/Kg s.c.) and the biological parameters were evaluated at 6 h. (A) Open field test.
(B) Hematocrit. (C) Serum creatine kinase (CK). (D) Serum creatine kinase-MB (CK-MB). (E) Serum
aspartate aminotransferase (AST). (F) Total and differential leukocyte counting in dorsal air pouch fluid.
(G) IL-6 levels in dorsal air pouch fluid. (H) CXCL-1 levels in dorsal air pouch fluid. (I) Determination
of LDsg. (J) Time-course survival profile. The results are representative from two-independent
experiments (n = 6-7). # p <0.05, $ p <0.05,*p <0.05, ** p < 0.01, ** p < 0.001 compared with animals
treated with saline (control)—One-way ANOVA followed by Tukey’s multiple comparison test multiple
comparison test.

3.2. CTX Induces Lung Alterations

Morphological analysis of lungs from animals treated with CTX for 2, 6, and 12 h revealed reduction
of alveolar sac area and increased septum wall thickness, as compared with saline-treated animals
(control) (Figure 2A-D). The lung histological score increased with time and was significantly different
from the control at 12 h after CTX injection, indicating that lung damage was time-dependent (Figure 2E).
At this treatment time, the presence of edema, vascular congestion, and —alveolar hemorrhage
(Figure 2F-H), as well as leukocyte infiltration (especially of polymorphonuclear leukocytes) (Figure 2H),
foamy macrophages, and hyperemia (data not shown) was also more evident.

The findings from morphological analysis guided determination of vascular permeability, total
protein concentration, myeloperoxidase activity, and leukocyte infiltration in lung homogenates.
Lung vascular permeability increased only at 2 h after CTX administration (Figure 3A). At 6 and
12 h of treatment with CTX, total protein concentration (Figure 3B) increased as a function of
time and were significantly different from those detected in the control group. The time course
myeloperoxidase activity increasing (Figure 3C) was followed by augmentation of leukocyte infiltration
of polymorphonuclear cells (Figure 3D) and reflected by increased percentage of single Ly6G* neutrophil
population (Figure 3E), corroborating data from the increased number of granulocytes. Treatment with
CTX did not alter the percentage of double Ly6G* CD62L" cells (data not shown).
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Figure 2. Histological alterations in mice lung induced by CTX. Representative sections of lungs from
mice treated with saline or CTX (300 ug/Kg s.c.) for 2, 6, or 12 h. (A-D) Images from HE-stained
sections were captured at 20X magnification (scale is represented in the image) and alveolar sac area
was calculated using the IM-50 software. (E) Lung injury score was graded from 0-3 for each animal,
and the result is representative of the mean of injury score. (F-H) Lung alterations after 12 h of CTX
treatment: vascular congestion (thick arrow), edema (asterisk), alveolar hemorrhage (arrow head),
and leukocyte infiltrate (thin arrow). ** p < 0.01 vs. saline-treated mice (control)—two-way ANOVA
followed by the Bonferroni’s post-test (n = 3 animals/group).

Next, we analyzed the kinetics of leukocyte infiltration profile in bronchoalveolar fluid (BALF) and
dorsal skin pouch fluid (PF). No neutrophil infiltration was detected in BALF from CTX-treated mice,
at all experimental periods (data not shown), indicating that leukocyte infiltration was restricted to lung
parenchyma. Leukocyte infiltration into PF increased at 6 h after CTX administration, but returned to
basal levels at 12 h of treatment; this infiltrate was mainly composed of Ly6G* polymorphonuclear
cells (Supplementary Figure SIA-C).
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Figure 3. Lung alterations detected in lung homogenates from CTX-treated mice. The animals were
treated with CTX (300 pg/Kg s.c.) for 2, 6, and 12 h, euthanized, and their lungs were removed
and homogenized for the assays. (A) Vascular permeability was evaluated by injecting Evans blue
solution 30 min before euthanasia. (B) Total protein concentration. (C) Myeloperoxidase activity.
(D) Differential leukocyte counting from cytospin smears. (E) Flow cytometry data are summarized in
the representative contour plots and line plots showing kinetics of increase of Ly6G™ cells. The results
from (A-C) are representative from two independent experiments (1 = 6-7 animals/group), while
the results from (D-E) are representative from one independent experiment (n = 5 animals/group).
*p <0.05, ** p < 0.01, and *** p < 0.001 vs. saline-treated animals (control) from the respective time
group—two-way ANOVA followed by the Bonferroni’s post-test.

3.3. CTX Elevates the Levels of Inflammatory Mediators and Impairs Pulmonary Function

We analyzed the kinetics of cytokine, chemokine, and lipid mediator release in mice lung
homogenates. The levels of the pro-inflammatory cytokines IL-1f3, IL-6, and TNF-o increased at 12 h
of treatment with CTX (Figure 4A-C). The levels of CXCL-1, which is a crucial mediator of neutrophil
recruitment, increased at 6 and 12 h after CTX injection (Figure 4D).

Quantification of cytokines/chemokines in mice BALF and PF revealed that CTX injection did not
alter the levels of IL-1f3, IL-6, TNF-&, and CXCL-1 in BALF during the studied period of 12 h (data not
shown). Considering that lung homogenates are composed of both lung tissue and BALF, and that the
inflammatory markers remained unaltered in BALF, our findings indicate that the aforementioned
lung alterations are exclusive to lung parenchyma, i.e., they do not occur in bronchoalveolar cavity.
IL-6 levels in PF raised in a time-dependent manner up to 6 h after CTX administration, but returned
to basal levels at 12 h of treatment. In contrast, the highest CXCL-1 levels in PF were detected at 2 h of
CTX injection, and gradually declined up to basal levels at 12 h of treatment. The PF levels of TNF-«
and IL-1p were not altered by CTX injection (Supplementary Figure S1D-G). Together, these findings
illustrate a contrasting profile of cytokine/chemokine production in lungs and local dorsal skin in
CTX-treated animals.

As the enzymatic phospholipase A; activity of CTX mediates the production of signaling molecules,
including eicosanoids that are associated with several biological effects induced by the toxin [21-23],
in this study we examined the kinetics of lipid mediator production in mice lungs using a LC-MS/MS
approach. Compared with the control group, concentration of the eicosanoids LTBy, 6-trans-LTBy,
PGE,, and 12-HETE increased at 2 h of CTX injection (Figure 4E-H), while concentration of 15-HETE
increased at 12 h of CTX injection (Figure 4I) but concentration of the mediators 6-keto-PGE,, PGD,

132



Biomolecules 2020, 10, 794

PGB;, PGF,a, 6-keto-PGFja, TXB,, 11-HETE, and 5-oxo-ETE remained unaltered after CTX injection
(data not shown). Gene transcripts for eicosanoid metabolism enzymes were analyzed in random lung
samples from mice treated with CTX for 2 h. The heatmap (Figure 4]) illustrates a tendency of increase
in expression of genes Ptgs-2 (COX-2), Lta4h, Alox15, Alox5, and protein FLAP (Alox5ap gene), which
play crucial roles during production of the abovementioned eicosanoids.
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Figure 4. CTX-induced production of inflammatory mediators in mice lung. The animals were treated
with CTX (300 ug/Kgs.c.) for 2, 6, and 12 h, euthanized, and their lungs were removed and homogenized
for the quantification of pro-inflammatory cytokines/chemokines (A-D) and eicosanoids (E-I) using
ELISA and LC-MS/MS, respectively. (A) Interleukin 6 (IL-6). (B) Tumor necrosis factor o (TNF-«).
(C) Interleukin 1p (IL-1p). (D) Keratinocyte-derived chemokine (CXCL-1). (E) Leukotriene By (LTBy).
(F) 6-trans-Leukotriene By (6-trans-LTBy). (G) Prostaglandin E, (PGE,). (H) 15-Hydroxyeicosatetraenoic
acid (15-HETE). (I) 12-Hydroxyeicosatetraenoic acid (12-HETE). (J) Gene expression profile in mice
lung after 2 h of treatment with CTX, assessed by qRT-PCR. Data were expressed as log2 fold-change
compared with the control (saline) (1 =3). The results from (A-D) are representative from two
independent experiments (1 = 6-7), while the results from (E-I) are representative from one independent
experiment (n = 4 animals/group). * p < 0.05, *** p < 0.001 vs. saline treated animals (control) from the
respective time group—two-way ANOVA followed by the Bonferroni’s post-test.
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Considering that CTX induced pathological alterations in lung, next we examined how the toxin
affected lung mechanics in mice 12 h after its injection. Compared with the control group (saline),
the respiratory system of CTX-treated mice exhibited reduced dynamic and quasi-static compliances
(Figure 5A-B), indicating lung stiffness, as well as decreased inspiratory capacity (Figure 5C). In addition,
the respiratory system and tissue elastance, and tissue resistance tended to increase in CTX-treated
mice, but these parameters did not significantly differ from the control (p = 0.061, 0.110, and 0.108
respectively) (Figure 5D-F).

A) B)
8 0.08-
§ 005 2
= S T
o -
E  0.044 g o= 0067 R
=) * 2o Q
> o5
2 0.034 <s
2t eaE 004
£3 0021 §E3
3 E an © ‘g’ 0.02
s 001 8 ’
s 014
E 3
g 000 r 0.00 T
a Saline cTX Saline CTX
C D
) Vg
o
z I %
T 0 * 3 = 60
g © 3 601
S . 06 §E
> © O 40
s £ 0.4+ @£ I
£ ok
% 0.24 ag — 204
[=1 - -
£ 5
0.0 T g 0: T
Saline CTX x Saline CTX
E) F)
60 104
@ @ 8
Q ~- o
c
SE 40 S
0 — -—— 1 —l—
20 go
@I 5T 4-
3 -
g5 25
[ [ 24
0 T 0 T
Saline CTX Saline CTX

Figure 5. Lung mechanics in mice treated with CTX for 12 h. The respiratory mechanics parameters
(A) Dynamic respiratory compliance, (B) Quasi-static respiratory compliance, (C) Inspiratory capacity,
(D) Respiratory system elastance, (E) Tissue elastance, and (F) Tissue resistance were measured in vivo
using a small animal ventilator, 12 h after CTX (300 pg/Kg s.c.) or saline (control) administration.
The results are representative from two independent experiments (1 = 8-10 animals/group). * p < 0.05
vs. control group—unpaired Student’s t-test.

3.4. Indomethacin and Hexamethonium Mitigate CTX-Induced Lethality

Here we used drugs that act as antagonists or inhibitors of lipid mediator metabolism or peripheral
nervous system pathways as the pharmacological approach to investigate the mechanisms by which
CTX induced lethality. The COX-1 and -2 inhibitor indomethacin, but not the 5-lipoxygenase pathway
inhibitor MK-591, increased the survival rate of CTX-treated animals (Figure 6A,B). Analysis of the
peripheral neural effects involving nicotine pharmacology evidenced that the blocker of ganglionic
nicotinic receptors hexamethonium, but not the acetylcholinesterase inhibitor neostigmine, increased
the survival rate of CTX-treated animals (Figure 6C,D). In addition, neither the peripheral muscarinic
antagonist methyl-atropine nor the adrenergic antagonist propranolol altered the survival rate of
CTX-treated mice (Figure 6EF). Therefore, these results clearly indicate that both COX-derived
prostanoids and peripheral nicotinic receptors are associated with CTX-induced lethality.

134



Biomolecules 2020, 10, 794

-0~ CTX+Vehicle - CTX+Indomethacin -0~ CTX+Vehicle & CTX+MK-591
1004 100.
_ 30'—é: * 804
S s
>~ g0 —n —
o :_Z, 3 501
@ a0 @ ol
20 E; 20 N ——)
—a
0 T T T T o T T T T
0 12 24 36 48 0 12 24 36 43
Time (hours) Time (hours)
-0~ CTX+Vehicle -& CTX+Neostigmine -0~ CTX+Vehicle - CTX+Hexamethonium
1ou-—é: b é:
80 - l
- 5 80 —=n
> ] >~ ]
s ® b— EE
@ 401 . ® a0
204 @ 20
0 T T T T 0 T T T T
0 12 24 36 48 0 12 24 36 48
Time (hours) Time (hours)
-O- CTX+Vehicle -# CTX+Methylatropine =0~ CTX+Vehicle - CTX+Propranolol

100 1004
ao-j: ao.—é:

@
S
1

Survival
(%)

&
Survival
(%)

5 3

N
o
I
|
N
=
I

[~
=

12 2 36 4 12 24 36 48
Time (hours) Time (hours)

o
=}

Figure 6. Role of eicosanoids metabolism and peripheral nervous system on survival of CTX-treated
mice. Animals were treated with (A) Indomethacin (3 mg/Kg i.p.), (B) MK-591 (40 mg/Kg i.p.),
(C) Neostigmine (0.1 mg/Kg i.p.), (D) Hexamethonium (10 mg/Kg i.v.), (E) Methyl-atropine (30 mg/Kg
i.p.), and (F) Propranolol (5 mg/Kg i.p.) or their respective vehicles before CTX administration
(300 pg/Kg). Survival rate was determined every 12 h for 48 h. Results are expressed as percentage
of survival and are representative from two independent experiments (n = 13-16 animals/group).
* p < 0.05—Mantel-Cox log-rank test.

3.5. Role of Hexamethonium And Indomethacin on CTX-Induced Lung Alterations

Our previous results revealed that CTX induced several morphological and functional alterations
in lung parenchyma associated with inflammatory and vascular responses. Analysis of kinetics of
CTX action evidenced that some alterations were clearly detected at the early (at 2 h) or late (at 12 h)
phases of response to toxin administration. Considering that COX-derived prostanoids and nicotinic
acetylcholine receptors were involved in CTX pathogenesis, here we examined how their antagonists
indomethacin and hexamethonium, respectively, interfered with early and late phase lung alterations.
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3.5.1. Early Phase

The early phase lung alterations, which were analyzed 2 h after CTX treatment, were marked
by increased vascular permeability and release of eicosanoids (previous Figures 3A and 4E-],
respectively). Indomethacin, but not hexamethonium, mitigated the CTX-induced enhancement
of vascular permeability (Figure 7A,B)—as assessed by the Evans blue extravasation assay—and
strongly lowered basal (saline/vehicle) and CTX-induced increase of lung PGE, levels (Figure 7C,D).
Altogether, these findings indicated that PGE, participated in the early phase lung alterations induced
by CTX.
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Figure 7. Effect of indomethacin and hexamethonium on CTX-induced early phase lung alterations.
Mice were treated with indomethacin (3 mg/Kg i.p.; panels (A,C)), hexamethonium (10 mg/Kg i.v.;
panels (B,D)), or their respective vehicles, before CTX (300 ug/Kg s.c.) administration. After 2 h, lungs
were collected for (A,B) analysis of vascular permeability using the Evans blue extravasation assay
and (C,D) quantification of prostaglandin E, (PGE;) by ELISA. The results are representative from
one independent experiment (1 = 4 animals/group). * p < 0.05 and *** p < 0.001—one-way ANOVA
followed by the Tukey’s multiple comparison test.

3.5.2. Late Phase

The late phase lung alterations, analyzed 12 h after CTX treatment, were characterized by increased
myeloperoxidase activity and increased levels of pro-inflammatory cytokines/chemokines (previous
Figure 3C and Figure 4A-D, respectively). The effects of indomethacin and hexamethonium were
the opposite of those detected on the early phase lung alterations: the latter but not the former drug
mitigated the CTX-induced enhancement of myeloperoxidase activity (Figure 8A,B) and levels of the
inflammatory markers IL-1p (Figure 8C,D), TNF-« (Figure 8E,F), IL-6 (Figure 8G,H), and CXCL-1
(Figure 8L]J). These results pointed out the participation of peripheric nicotinic receptors in the late
phase lung alterations.

136



Biomolecules 2020, 10, 794

A) Indomethacin

=)
—

Hexamethonium

3

Myeloperoxidase
(U/mg of tissue)
Myeloperoxidase
(U/mg of tissue)

o

Q D) . .
5001 400} it |
400
300
= 300 g
v E < E
=) 0 200
=2 200 22
1004 1004
0 04
E) F)
1000 800+ . .
- ; . :
800 600
13 o 2
w w u
ZD ZD 400
=2 4004 -a
200 2001
0 0~
G H .
) e . ) w0y —
—_
600+
. 4004 -
©E °E
2% 25 4007
8 2
=~ 200
ol 1

1) J) . .

8004 *
| —
6004
Ay <3
- |
£ 4001 o E
x 2 x o
oz e
2004
0
Vehicle + + + - + + + -
Saline + - - - + - - -
Indomethacin - + - + - - - -
Hexamethonium - - - - - * - +
Crotoxin - - + + - - + +

Figure 8. Effect of indomethacin and hexamethonium on ctx-induced late phase lung alterations.
Animals were treated with indomethacin (3 mg/Kg i.p.) or hexamethonium (10 mg/Kg i.v.), or their
respective vehicles, before CTX (300 pug/Kg s.c.) administration. After 12 h, lungs were collected for
quantification of (A,B) Myeloperoxidase activity, (C,D) Interleukin 1§ (IL-18), (E,F) Tumor necrosis
factor o (TNF-o), (G,H) Interleukin 6 (IL-6), and (LJ) Keratinocyte-derived chemokine (CXCL-1). The
results are representative from two independent experiments (n = 6-7 animals/group). * p < 0.05,
**p <0.01, and *** p < 0.001—one-way ANOVA followed by the Tukey’s multiple comparison test.

We also investigated whether indomethacin and hexamethonium altered the levels of leukocyte
infiltration and inflammatory mediators in PF. Compared with CTX-treated mice, animals treated with
indomethacin prior to CTX injection exhibited increased levels of CXCL-1 and IL-6, and an almost
significantly increased leukocyte infiltration level (Supplementary Figure S2A,C,E). Administration of
hexamethonium before CTX injection did not alter the levels of the inflammatory parameters analyzed
(Supplementary Figure S2B,D,F).
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To continue analyzing the late phase inflammatory parameters, we determined the serum CK-MB
levels at 12 h after CTX administration in mice pretreated with hexamethonium and indomethacin. Both
drugs mitigated the CTX-induced increase in CK-MB levels (Supplementary Figure S3), suggesting that
both COX metabolism and peripheral nicotinic receptors are associated with cardiovascular alterations
induced by CTX.

3.6. Hexamethonium Mitigates CTX-Induced Lung Mechanics Impairment

Based on the previous results that clearly demonstrated that hexamethonium effectively dampened
CTX-induced late phase lung alterations, here we examined how the nicotinic blocker modulated
the toxin-induced impairment of pulmonary function after 12 h of treatment. Pre-treatment with
hexamethonium prevented the CTX-induced alterations in pulmonary mechanics, i.e., it improved
quasi-static and respiratory system compliances (Figure 9A,B) and inspiratory capacity (Figure 9C)
when compared with mice treated with CTX alone.
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Figure 9. Effect of hexamethonium on lung mechanics of CTX-treated mice. Mice were treated with
hexamethonium (10 mg/Kg i.v.) 30 min before CTX (300 ug/Kg s.c.) administration. After 12 h, we used
a small animal ventilator to determine the respiratory mechanics parameters in vivo. (A) Respiratory
system compliance. (B) Quasi-static compliance. (C) Inspiratory capacity. The results are representative
from two independent experiments (n = 7-8 animals/group). * p < 0.05—one-way ANOVA followed
Tukey’s multiple comparison test.
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4. Discussion

The systemic effects of C. durissus venom are stronger than its local effects, and are mainly
characterized by neurotoxicity, systemic myotoxicity, and respiratory and acute renal failure [24-26].
Respiratory failure only occurs in severe cases of envenomation by rattlesnake bite [27-31]. As the
major venom component, CTX plays a significant role on Crotalus accidents, including neuromuscular
blockade and systemic myotoxicity as the main toxicological effects, associated with other alterations.

To investigate how CTX affects respiratory physiology, we selected a dose that causes significant
intoxication by evaluating some biological alterations, based on previous findings. CTX-induced
locomotor alterations are associated with neuromuscular disturbances caused by neuromuscular
blockade [16,17,32,33] and myotoxicity [20,34]. We found that subcutaneous injection of CTX at a dose
of 300 png/Kg significantly decreased mice exploratory activity at the open field test and increased serum
CK, which indicate locomotor impairment and systemic myotoxicity. This toxin dose also effectively
induces other previously reported biological alterations such as increased blood hematocrit [35], dorsal
skin local inflammation [19], and increased levels of AST and CK-MB associated with liver and heart
damage, respectively [18,36-38]. The LDs found in the present work (229.6 ng/Kg s.c.) was relatively
close to that reported by Brazil and colleagues [39] (177.5 pg/Kg, s.c.) in mice. The selected dose for the
following experiments (300 pg/Kg) represented 1.3 LDsy, and enabled a reliable characterization of the
toxicological effects of CTX on the respiratory system.

The respiratory system is a complex arrangement of organs that promote the respiration,
coordinated by neural control of respiratory muscles of pump (diaphragm, intercostals and abdominal)
and bronchomotor tone (airway smooth muscles), and which the respiratory tract (composed of
specialized tissues and cells) responsible for the maintenance of the architecture and gas exchange [40].
Lung disorders are characterized by alterations that impair airway, vessel or lung function, and are
accompanied by changes in tissue morphology [41]. In the present study, histological analysis of
lung from CTX-treated mice evidenced progressive tissue damage characterized by the presence
of edema, vascular congestion, alveolar hemorrhage, and leukocyte infiltration, with the highest
histological scores at 12 h after CTX injection. These results agree with previous findings on lung
morphological changes after C.d.t. and C. durissus cascavella whole venom administration, especially
the presence of perivascular edema, diffuse hemorrhage, and leukocyte infiltration up to 24 h after
venom administration [42,43].

We used lung homogenates to investigate deep tissue alterations, including vascular permeability,
total protein concentration, myeloperoxidase activity, leukocyte infiltration profile, and levels of
pro-inflammatory cytokines and lipid mediators. We also analyzed the leukocyte infiltration profile
and concentration of pro-inflammatory cytokines in BALF, but we did not detect alterations in these
inflammatory markers (data not shown), indicating that CTX selectively acted on lung parenchyma
rather than bronchoalveolar cavity.

An overall analysis of the time-course of lung injuries evidenced two patterns: early phase
alterations within the first two hours, and late phase alterations that begun (or not) at 6 h and
peaked after 12 h. The early phase was marked by a transient increase in lung vascular permeability,
identified by tissue accumulation of Evans blue. Acute lung injuries are characterized by an early
phase increase in vascular permeability, whose evolution can impair respiratory function [44,45]. CTX
also upregulated the cyclo- and lipoxygenase pathways of eicosanoids production. The levels of the
enzymatic product PGE; were augmented. Expression of the 15-lipoxygenase (Alox15), but not the
12-lipoxygenase (Alox12) gene was upregulated and associated with increased 12- and 15-HETE levels.
Elevation of LTBy levels was accompanied by a rise in gene expression of the 5-lipoxygenase complex
enzyme (ALOXD), its associated protein 5-lipoxygenase activated protein (FLAP—ALOXbap)—which
is required for 5-lipoxygenase activity [46], and LTA4 hydrolase (Lta4h); both enzymes, 5-lipoxygenase
and LTA4 hydrolase, catalyze LTB, biosynthesis [47].

We detected increased levels of 6-trans-LTBy—a non-enzymatic product from LTA;—along with
gene expression of cytosolic PLA; (Pla2g4a)—an important enzyme responsible for arachidonic acid
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release [48]. The aforementioned eicosanoids are common mediators of inflammatory response that
can participate in lung impairment [49-52], but this hypothesis will be discussed further. Another
plausible assumption for the participation of eicosanoids in CTX-induced lung alteration relies
on the PGEj>-mediated increase of vascular permeability [53]. Additionally, PGE; is a known
bronchoconstrictor agent with a direct effect on airways smooth muscle [54], and possibly being
responsible for minor effect on airway impairment.

The involvement of eicosanoids in the biological effects of CTX has been widely investigated.
For instance, the literature reports that PLA, enzymatic activity of CTX towards cell membrane
phospholipids releases free arachidonic acid, and mediates the toxin-induced biosynthesis of lipoxin
Ay via the lipoxygenase pathway, and of the prostanoids PGE,, PGD,, and 15-d-PG]; via participation
of COX-1 and Ca?*-independent PLA,. These mediators are associated with several biological effects
of the toxin, such as modulation of leukocyte function and anti-inflammatory and immunosuppressive
responses [21,55-57].

The late phase lung injuries were characterized by inflammatory alterations that peaked 12 h after
CTX administration, including neutrophil infiltrate composed of Ly6G™ cells, associated with increased
levels of myeloperoxidase activity, an indirect indicator of tissue neutrophil content [58], total proteins,
and the pro-inflammatory cytokines/chemokines IL-6, TNF-¢, IL-13, and CXCL-1. High CTX doses
promote local and systemic pro-inflammatory effects, such as paw edema, local and systemic muscle
necrosis with neutrophil infiltration, and blood neutrophilia associated with increased serum levels of
IL-6 and IL-10 [31,59-61]. Although CTX induced an inflammatory pattern with increased leukocyte
infiltration and production of pro-inflammatory cytokines and lipid medjiators, its intensity was not as
strong as that found in infectious disease [62] and was restricted to parenchyma; these findings unveil
a new pathophysiologic scenario in the experimental model studied herein.

Lung mechanics is an important feature in respiratory physiology that is associated with elastic
and resistive properties of lung tissue [63]. Hence, alterations in parenchymal tissue can induce
biomechanical loss of function and result in respiratory impairment [64]. Considering the CTX-induced
injury and morphological alterations in mice lungs, we used the forced oscillation technique [65]
to assess invasive lung function. We found that CTX-treated mice exhibited diminished dynamic
and quasi-static respiratory compliances—two parameters that are associated with the lung ability
to expand during inspiration and active expiration, and whose decrease is associated with lung
stiffness [66]. Furthermore, tissue changes that lead to lung stiffness and make the respiratory system
to work harder culminate in reduced inspiratory capacity [67,68]. We hypothesize that the lung tissue
morphological injuries caused by CTX accounted for the lung stiffness and reduced inspiratory capacity
in our study.

Next, we investigated the mechanisms by which CTX caused pulmonary impairment. CTX is a
B-neurotoxin that induces neuromuscular blockade by inhibiting presynaptic acetylcholine release and
postsynaptic desensitization of nicotinic receptors in neuromuscular junction, resulting in a flaccid
paralysis [16,69-71]. Additionally, the PLA; enzymatic activity of CTX is associated with (i) several
toxicological effects, such as myotoxicity characterized by degradation of cell membrane phospholipids
and muscle tissue necrosis; and (ii) production of lipid mediators like PGE,, which are associated
with myotoxicity, neurotoxicity, and activation of immune responses [21,55,72-75]. In this sense,
we examined the participation of peripheral nervous system and lipid mediators in CTX-induced
pulmonary alterations and lethality. Pretreatment of mice with indomethacin and hexamethonium
prior to CTX injection reduced the toxin lethality rate. Indomethacin is a COX-1 and -2 inhibitor that
suppresses the biosynthesis of prostaglandins [76], while hexamethonium is a nicotinic acetylcholine
receptor antagonist acting promiscuously on both ganglionic and less effectively on neuromuscular
junction from peripheral nervous system, [77,78]. We also observed that methyl-atropine (muscarinic
acetylcholine receptor antagonist) and propranolol (3-adrenergic receptor antagonist) did not change
the CTX-induced lethality rate, as well as neostigmine (acetylcholinesterase inhibitor), probably
due to the toxin capacity to deplete acetylcholine vesicles in nerve cholinergic endings [79]. These
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results suggest that the toxicological effects could be associated with the modulation of cholinergic
transmission involving nicotinic receptors, but not muscarinic. Another harmful effect of CTX related
to participation of both prostanoids and peripheral nervous system is associated with the toxin capacity
to induce cardiovascular alterations. The toxin causes systemic hypotension in dogs and rabbits when
the vagus nerve response is stimulated, since it is a parasympathetic-related controller of heart and lung
function [35,80]. An in vitro study using the Langendorff model has demonstrated that CTX weakens
heart contractile force and increases CK release [72]. Indomethacin reverts both effects, indicating the
participation of COX-derived mediators, such as PGE;, in these events [72]. In the present work, CTX
increased serum CK-MB levels, and pretreatment with hexamethonium and indomethacin mitigated
such rise. As CK-MB is a biomarker of heart damage, our findings strongly indicate that CTX-induced
cardiovascular alterations are associated with production of COX-derived prostanoids and modulation
of nicotinic receptors, and can account for the toxin-induced respiratory compromise.

Analysis of the interference of hexamethonium and indomethacin on both early and late phase
lung alterations revealed that they have divergent modulatory actions. Indomethacin, but not
hexamethonium, lowered the CTX-induced lung vascular permeability and PGE, production. Vascular
permeability occurs in the early phase of lung diseases and is associated with lung tissue alterations
such as edema [44,45,81]. PGE, also elicits vasodilation and thereby increases vascular permeability
by acting on EP2 and EP4 receptors [53]. Considering previous studies on CTX biodistribution that
report that the toxin reaches lung tissues after 10 min of i.v. administration [82,83], we can assume
that, in the early phase, (i) CTX directly acted on lung tissues in order to induce the production of
lipid mediators; and (i) PGE, mediated the increased lung vascular permeability. Regarding the
late phase lung alterations, characterized by an inflammatory response, hexamethonium but not
indomethacin mitigated the CTX-induced increase in lung myeloperoxidase activity and in the levels
of the pro-inflammatory cytokines/chemokines IL-13, IL-6, TNF-o, and CXCL-1. Altogether, these
findings indicate that CTX-induced PGE, production was not involved in lung inflammation, and
that hexamethonium acted as peripheral nervous system nicotinic blocker and did not have a direct
anti-inflammatory action; hence, the CTX-induced lung inflammatory response seemed to be associated
with a secondary effect of the toxin.

To examine whether CTX induces lung inflammation directly or indirectly, we compared data from
local inflammatory profile using the dorsal air pouch model with data from lung tissue homogenates.
Both local and tissue inflammatory responses were characterized by the presence of neutrophil
infiltration and pro-inflammatory cytokines/chemokines, which peaked at 6 and 12 h in pouch fluid
and lung tissue, respectively. Such kinetic difference can be explained by CTX biodistribution, but it
does not exclude the possibility of a direct toxin action on the lungs. The increased levels of TNF-x
and IL-1p in lung tissue but not in pouch fluid indicated that these compartments had different
inflammation patterns. In addition, hexamethonium had no effect on total leukocyte counting and
IL-6 and CXCL-1 levels in pouch fluid, but mitigated the CTX-induced increase in these parameters
in mice lungs. Interestingly, pre-treatment with indomethacin worsened the CTX-induced local
inflammatory response, suggesting that PGE, favors resolution of the inflammatory process. Although
it is known that PGE, plays an anti-inflammatory role [50] and CTX also presents anti-inflammatory
and immunosuppressive properties [84], the resolution effect of PGE, associated with CTX has never
been described. Therefore, lung inflammation in CTX-treated mice was not associated with a direct
effect of the toxin on the lungs.

Treatment with hexamethonium also significantly mitigated the CTX-induced impairment of
lung function, which was another late phase alteration; in particular, it restored the dynamic and
quasi-static respiratory compliances and inspiratory capacity. The neurophysiology of respiration
involves the participation of cholinergic transmission from i) parasympathetic nerves that activates
mAChRs, present on airway smooth muscle and blood vessels, causing bronchoconstriction and
vasodilatation, and ii) and motor nerve fibers responsible for promoting diaphragm and intercostals
muscles activation mediated by nAChRs [85,86]. Consequently, a possible mechanism of CTX lung
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toxicity would involve the modulation of nicotinic receptors, at ganglionar and/or neuromuscular
junction levels, of cholinergic fibers of respiratory muscles. Our data clearly support the hypothesis that
CTX induced respiratory impairment by triggering peripheral paralysis of airway muscles, including
the diaphragm, which can be associated with development of lung hypoxia. CTX-induced respiratory
paralysis in rabbits promotes severe acidosis and hypoxia, as demonstrated by decreased blood pH
and pO,, and increased pCO, [80]. Some alterations that occur in several pathologies associated with
neuromuscular paralysis and hypoxia are the development of an inflammatory response comprising
neutrophil infiltration, release of pro-inflammatory mediators, lung tissue fibrosis, decreased lung
compliance, and increased lung resistance [87-89]. Therefore, the CTX-induced late phase alterations
were not associated with a direct toxin effect on the lungs, but with a neuromuscular blockade that
triggered airway muscle paralysis and promoted a hypoxemic condition.

5. Conclusions

Here we report for the first time the CTX-induced lung alterations and their implications on
the respiratory function, as well as the mechanisms involved. The toxin causes acute respiratory
failure characterized by early and late phase lung alterations. The early phase is marked by a direct
CTX action on lung tissue that increases the production of lipid mediators, among which PGE; is
supposed to mediate the increased vascular permeability. Additionally, the capacity to modulate
lung cholinergic transmission via nicotinic receptors, possible at ganglionic and neuromuscular levels,
induced a set of late phase alterations characterized by a moderate, but consistent, inflammatory
response associated with morphological alterations characterized by tissue septum wall thickening,
edema, hemorrhage, and decreased alveolar sac areas. Together, these effects impair lung mechanical
function—more specifically, lung compliance and inspiratory capacity are decreased—and lead to
animal death. Considering the CTX-induced mice lung impairment, we conclude that respiratory
failure is the determinant factor for murine death. The findings reported herein highlight the impact
of CTX on respiratory compromise, and introduce the use of nicotinic blockers and prostaglandin
biosynthesis pathway inhibitors as possible symptomatic therapy to envenomed patients.

The present work deeply investigated the CTX-induced respiratory impairment, which is an
important pathological condition of rattlesnake-envenomed patients. Additional studies on the
toxicological effects of CTX are required due to its dual role: (1) as the major component, the toxin
is a key player of pathological events induced by C.d.t. venom, whose understanding may help to
develop therapeutic interventions to envenomed patients thru nicotinic acetylcholine antagonists drugs;
(2) the toxin has promising medicinal applications due to its anti-inflammatory, immunosuppressive,
antitumor, and analgesic properties [84,90-92]. The potential medicinal application of CTX, as
demonstrated in phase I clinical trials against cancer [18,93], stresses the importance of analyzing the
side effects of the toxin that may occur in possible cases of intoxication during its therapeutic use.
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Abstract: Polymorphisms of group VIA calcium-independent phospholipase A2 (iPLA; (3 or PLA2G6)
are positively associated with adiposity, blood lipids, and Type-2 diabetes. The ubiquitously expressed
iPLA,[3 catalyzes the hydrolysis of phospholipids (PLs) to generate a fatty acid and a lysoPL.
We studied the role of iPLA;f3 on PL metabolism in non-alcoholic fatty liver disease (NAFLD).
By using global deletion iPLA; 3-null mice, we investigated three NAFLD mouse models; genetic
Ob/Ob and long-term high-fat-diet (HFD) feeding (representing obese NAFLD) as well as feeding
with methionine- and choline-deficient (MCD) diet (representing non-obese NAFLD). A decrease of
hepatic PLs containing monounsaturated- and polyunsaturated fatty acids and a decrease of the ratio
between PLs and cholesterol esters were observed in all three NAFLD models. iPLA; {3 deficiency
rescued these decreases in obese, but not in non-obese, NAFLD models. iPLA 3 deficiency elicited
protection against fatty liver and obesity in the order of Ob/Ob » HFD » MCD. Liver inflammation
was not protected in HFD NAFLD, and that liver fibrosis was even exaggerated in non-obese MCD
model. Thus, the rescue of hepatic PL remodeling defect observed in iPLA;[3-null mice was critical
for the protection against NAFLD and obesity. However, iPLA, 3 deletion in specific cell types such
as macrophages may render liver inflammation and fibrosis, independent of steatosis protection.

Keywords: PLA2G6; fatty liver; phospholipid remodeling; diet-induced obesity; morbidly obesity;
choline and methionine deficiency

1. Obesity and NAFLD

Obesity is an epidemic with a prevalence rate of 13% of the world’s population [1] and has become
a major public health problem resulting in decreased quality of life, reduced working ability, and early
death. Obesity-associated co-morbidity and diseases include atherosclerosis, diabetes, non-alcoholic
fatty liver disease (NAFLD), and non-alcoholic steatohepatitis (NASH) [2]. A significant proportion
of the risk of obesity is due to genetic variance [3-5]. Demographics (ethnicity, age, and gender) and
behavior (eating behavior, physical activity, and smoking) are environmental factors contributing to
obesity as well [6-8]. Increased consumption of high-fat-diet (HFD) contributes in a major way to
obesity in a genetic variance-dependent manner [7,8]. One example is that C57BL/6] mice are more
vulnerable to diet-induced obesity compared to other genetic backgrounds [9-11]. The gene-by-diet
interactions may be highly heritable and they could significantly have a large impact on obesity in
human offspring [12].
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A study using more than 100 inbred strains of mice revealed that a high-fat/high-sucrose diet
promotes strain-specific changes in obesity that is not accounted for by food intake [13]. This provides
evidence for a genetically determined set-point for obesity at least for the case of high-fat/high-sucrose
feeding [13]. The genome-wide association studies (GWAS) of obesity data have been used to elucidate
the function of genetic variants. The GWAS analyses of knockout mouse phenotypes have provided
PLA2G6 association with body weights, lipids, energy, and nervous system [14]. In human studies,
the failure to explain a larger fraction of the genetic basis of obesity alone highlights the gene-by-diet
interactions, genetic determinants of habitual dietary intake, as well as the interplay between diet,
genes, and obesity [13,14].

Hepatic manifestation of obesity is NAFLD [15]. NAFLD is one of the most common causes of
chronic liver disease worldwide [16]. NAFLD pathogenesis has a spectrum covering from steatosis
through NASH to cirrhosis, which may progress to primary liver cancer [17]. NAFLD prevalence
is 27-34% of the general population in the USA, and 40-90% of global obese populations have this
disease [16,17]. Similar to obesity, genetic variances [18-20], hormones [20], sex [21,22], ethnicity [23]
combined with age [24], as well as dietary and physical activity habits [25] are important factors and
traits for NAFLD development.

While NAFLD is commonly seen in obese subjects, it is however not rare among non-obese and
lean individuals [26,27] particularly those with specific ethnic backgrounds, such as, Asia-Pacific [28,29].
Genetic predispositions, fructose- and cholesterol-rich diet, visceral adiposity, and dyslipidaemia
play an important role in the pathogenesis of lean NAFLD [26,27]. Lean-NAFLD patients show less
severe histological features as compared to overweight and obese NAFLD patients. For the latter,
a significant ~25% increment of mean fibrosis score is found suggesting that obesity could predict
a worse long-term prognosis [30]. Lean subjects with evidence of NAFLD have clinically relevant
impaired glucose tolerance, low adiponectin concentrations, and a distinct metabolite profile with
an increased rate of patatin-like phospholipase containing lipase 3 (PNPLAS3) risk allele carriage [31].
Cardiovascular events are the main cause of mortality and morbidity in non-obese NAFLD [26,27];
which is similar to obese NAFLD [32]. As atherogenic dyslipidaemia arises from hepatic steatosis [32],
the metabolism of intrahepatic fat in NAFLD is also recognized to contribute to complications of
obesity [33]. While lifestyle changes that include physical activity and weight loss are the mainstay
of NAFLD treatment, the understanding of hepatic lipid metabolism may provide some clues for
specific interactions between nutrients and dietary needs [34]. Thus, the understanding of the balanced
biomolecules and nutrients in the diets would become important in providing insights for an alternative
strategy to treat and alleviate NAFLD and obesity [35].

2. Animal Models of Obese and Non-Obese NAFLD/NASH

In order to identify important biomolecules and nutrients involved in NAFLD, we have used
mouse NAFLD models because mice have shorter lifespan and provide research results in a relatively
short period of time. We performed our studies using three different mouse models of NAFLD/NASH.
They included leptin-deficient Ob/Ob and long-term HFD-fed mice (representing obese NAFLD),
and mice fed with a methionine-choline deficient (MCD) diet (representing non-obese NAFLD). All of
these mice had C57BL/6 background which is prone for obesity [11]. Ob/Ob and HFD feeding represent
over-nutrition NAFLD model with metabolic perturbations, glucose intolerance, and insulin resistance
that are common in humans with mild NASH [36]. MCD diet feeding of mice causes no increase
in weight and obesity and no insulin resistance thus representing a non-obese NAFLD model with
pathological mechanisms that lead to NASH [37].

The induction of NAFLD/NASH by MCD diet is based on an impaired synthesis of
phosphatidylcholine (PC) and the subsequent reduced production of very low-density lipoproteins
(VLDLs), and this leads to accumulation of hepatic triglycerides (TGs) and hepatic steatosis
development [36,37]. Although histological features and inflammatory response of MCD model
reflect human NAFLD/NASH, this model does not however resemble human metabolic physiology;
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in that the levels of serum TGs, cholesterol, insulin, glucose, and leptin are not increased. As MCD-fed
mice lose their bodyweight and do not exhibit insulin resistance, these mice may represent a model of
non-obese NAFLD/NASH. Interestingly, non-obese NAFLD has also been described in mice deficient
with phosphatidylethanolamine N-methyltransferase (PEMT), which is the enzyme that converts
phosphatidylethanolamine (PE) to PC [38]. This bolsters the notion that altered phospholipid (PL)
metabolism and changes in the composition of PC and PE are linked to NAFLD pathogenesis.

In this review, we investigated the extent of hepatic fatty acid (FA) and PL metabolism in livers of
male Ob/Ob mice at six months old [39], male C57BL/6 mice at six months old fed with HFD (60 kcal %
fat, Research Diet, USA) for six months [40], and female C57BL/6 mice at 12 months old fed with MCD
diet (ssniff GmbH, Germany) for four weeks [41].

3. Phospholipids in NAFLD/NASH

In NAFLD, hepatic TG contents are the bulk vesicular fat stored in lipid droplets, thus the
alteration in TG metabolism has been a focus for NAFLD prevention [42]. However, hepatic PLs
could also play a role in NAFLD by three major mechanisms because PLs and their metabolism are
important for (1) the formation of lipid droplets [43,44], (2) the regulation of de novo lipogenesis
via sterol regulatory element-binding proteins (SREBPs), a family of membrane-bound transcription
factors that regulate synthesis of cholesterol and unsaturated FAs [45,46], and (3) the metabolism and
secretion of VLDLs [36,37].

In (1), cytosolic lipid droplets are the sites for storage of neutral lipids including TGs, which are
surrounded by a monolayer of PLs [43]. It is known that relative abundance of PC and PE on the
surface of lipid droplets is important for their dynamics [44]. An inhibition of PC biosynthesis during
conditions that promote TG storage increases the size of the lipid droplets [44].

For (2), the disturbance of PC [47] or PE [48] synthesis by respective genetic deletion of C. elegans
and Drosophila leads to an activation of SREBPs. Thus, decreased PL mass due to suppressed synthesis
could lead to a compensatory upregulation of SREBPs eventually resulting in an increase in de novo
lipogenic lipid synthesis, steatohepatitis, and metabolic syndrome. This notion could be supported
by the data using transgenic mice with deletion of PC [47] and PE [48] in the liver; whereby these
knockout mice exhibit propensity to develop NAFLD.

For the last (3) case, it has been long known that PLs are required for the formation and stability
of lipoproteins [49]. Depletion of PC can affect the endoplasmic reticulum (ER) and protein trafficking
in the Golgi [50]. Moreover, a block of the ER-to-Golgi trafficking associated with a decrease in PC
synthesis is shown to induce TG accumulation and subsequent lipoprotein secretion [51]. Consistently,
w-3 FA-induced PL remodeling can alter the utilization of TGs in the form of TG-rich lipoproteins [52].
While the ratio of PC/PE that influence hepatocyte membrane integrity can regulate NAFLD [53],
hepatocellular PC is shown to exhibit protective effects on hepatic steatosis, however this PC does
not protect liver inflammation in NASH [54]. This may indicate a differential role of PC and perhaps
other PLs in hepatocytes versus in immune cells. Thus, the alteration of hepatic PL metabolism during
NAFLD in mice is linked to the syntheses and trafficking of TGs and FAs, as well as the synthesis and
secretion of TG-rich lipoproteins.

Accordingly, patients with NAFLD contain a decrease in liver total PC and PE levels, and the
contents of arachidonate (20:4)-containing PC and docosahexaenate (22:6)-containing TG are also
decreased in livers of NASH patients [55]. The decrease of polyunsaturated fatty acid (PUFA)-
containing lipids in NASH livers indicates that there is an impairment of PL remodeling, which could
be due to the down-regulation of PL synthesis genes by pro-inflammatory cytokines, such as tumor
necrosis factor-« [56]. It is therefore essential to determine PL profiles as a function of unsaturation of not
only PC and PE, but also other lipids including sphingomyelin (SM), ceramides (Cer), and cholesteryl
esters (CEs). These results will help identify the relative significance of these types of biomolecules
and their different roles in obese and non-obese NAFLD.
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4. Phospholipid-Metabolizing Genes and Phospholipases A2 (PLA;) in Obesity and NAFLD

Since hepatocellular phospholipids play important role in NAFLD/NASH, phospholipid-
metabolizing genes have thus been inherently subjected to research investigations. These genes
may include phospholipase A2 (PLA;) such as group IVA PLA; (or cytosolic PLA; ), group IIA PLA,
(or PLA2G2A or secretory PLA;), as well as lipid hydrolases with specificities for diverse substrates
such as TGs, PLs, and retinol esters. These lipid hydrolases include PNPLA family consisting of
six enzymes, namely PNPLA2 (ATGL or iPLA;£&), PNPLA3 (adiponutrin or iPLA¢), PNPLA4 (iPLA;™),
PNPLAG6 (iPLA,5), PNPLAS (group VIBiPLA; or iPLA;v), and PNPLA9 (group VIA iPLA; or PLA2G6
or iPLA,[3) [57]. An ablation of group IVA PLA,; [58] or or iPLAy [59,60] in mice leads to strong
and partial protection against diet-induced obesity, respectively. The attenuation of obesity by group
IVA PLA; deficiency could likely be due to the reduction of adipocyte differentiation [61], as well as
attenuation of neutrophil infiltration and hepatic insulin resistance [62]. BL/6 mice expressing the
human PLA2G2A gene when fed with a fat diet showed more insulin sensitivity and glucose tolerance
with a mechanism of mitochondrial uncoupling activation in brown adipose tissues [63]. Inhibitor of
secretory PLA, reduces obesity-induced inflammation in Beagle dogs [64], and protects diet-induced
metabolic syndrome in rats [65]. Inactivation of the group 1B PLA; (PLA2G1B), a gut digestive
enzyme, suppresses diet-induced obesity, hyperglycemia, insulin resistance, and hyperlipidemia in
C57BL/6 mice [66,67] and attenuates atherosclerosis and metabolic diseases in LDL receptor-deficient
mice [68]. Conversely, transgenic mice with pancreatic acinar cell-specific overexpression of the
human PLA2G1B gene gain more weight and display elevated insulin resistance when challenged
with a high-fat/carbohydrate diet [69]. Moreover, two secreted PLAjs, PLA2G5 and PLA2G2E
capable of hydrolysis of lipoproteins, are robustly induced in adipocytes of obese mice, and PLA2G5
prevents palmitate-induced M1 macrophage polarization and PLA2G2E moderately facilitates lipid
accumulation in adipose tissue and liver [70]. On the contrary to previously mentioned PLAjs, mice
deficient with ATGL, iPLA¢&, or PNPLA2 when fed with MCD diet show exacerbated hepatic steatosis
and inflammation [71]. Interestingly, mice deficient with adiponutrin or PNPLA3 show no protection
against HFD or Ob/Ob background [72], but on the other hand show protection under ER stress [73].
Taken together, these publications show a growing list of lipolytic enzymes that act as metabolic
coordinators of obesity and NALFD in mice.

Consistent with mouse data, obese human subjects with or without Type-2 diabetes show
high activities of total PLA; and of Ca’*-dependent and Ca®*-independent enzymes; and that
Ca?*-dependent secretory sPLA, are the main enzyme responsible of obesity-associated high
activity [74]. Moreover, SPLA2 activity is increased with high correlation with sensitive C-reactive
proteins in morbidly obese patients [75]. Lastly, plasma PLA2 activity is increased in asthma patients
and associated with high plasma cholesterol and body mass index [76].

Genome-wide (GWAS) and candidate gene association studies have identified several variants
that predispose individuals to developing NAFLD. A study in mouse GWAS has identified
11 genome-wide significant loci to be associated with obesity traits, and a PL-metabolizing enzyme
lysophospholipase-like 1 (LYPLAL1) was among these loci identified in the epididymal adipose
tissues of diet-induced obese mice [13]. These results are consistent with association of this gene with
human NAFLD [77]. When NASH/fibrosis was assessed histologically and non-invasive computed
tomography (CT) was used for hepatic steatosis, it is reported that three variants near PNPLAS3 are
associated with CT hepatic steatosis, and variants in or near LYPLAL1 and adiponutrin or PNPLA3
are associated with histologic lobular inflammation/fibrosis [77]. NAFLD progression has a strong
genetic component, and the most robust contributor is PNPLA3 rs738409 encoding the 148M protein
sequence variant [78]. Moreover, antisense oligonucleotides-mediated silencing of Pnpla3 reduces
liver steatosis in homozygous Pnpla3 148M/M knock-in mutant mice, but not in wild-type littermates
fed a steatogenic high-sucrose diet [79]. As the variation in PNPLA3 contributes to ancestry-related
differences in hepatic fat content and susceptibility to NAFLD, consistently the weight loss is effective
in decreasing liver fat in subjects who are homozygous for the rs738409 PNPLA3 G or C allele [80].
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Hence, current data bolster the notion that PL-metabolizing enzymes, particularly PNPLA3, may be
involved in NAFLD development and thus may be used as targets for development of drugs for
NAFLD/NASH treatment and prevention.

5. iPLA;,f3 in Obesity and NAFLD and Use of iPLA;3-Null Mice

GWAS in >100,000 individuals of primarily European ancestry have identified group VIA
calcium-independent PLA, (iPLA;{3, PLA2G6, or PNPLAY) as one of the 12 loci to be associated with
human body fat percentage (BFP) [81]. This is consistent with PLA2G6 association with bodyweight
in mice [14]. Further extended GWAS also identified a strong association of PLA2G6 to BFP in
metabolically healthy obesity [82]. In this study, the BFP-increasing allele in the locus near PLA2G6
is associated with lower plasma TG levels in men and women, with lower insulin levels and risk of
Type-2 diabetes particularly in men, and higher visceral adipose tissue in men [82]. Another GWAS for
plasma lipids in >100,000 individuals also identified SNP rs5756931 of PLA2G6 as one of the 95 loci to
be associated with plasma TGs [83]. These results were also recently reviewed [84]. While PLA2G6
association with plasma TG is shown to have no effects on cardiovascular disease (CAD) risk [85],
PLA2G6 together with PLA2G2 and PLA2GS levels are however increased in subgroups of patients
with CAD [86]. Furthermore, genetic variants at or near PLA2G6 are associated with Type-2 diabetes in
European-Americans [87], European-American women [88], and a Chinese population [89]. This is in
line with the reported suppressed insulin secretion by islets in response to glucose and forskolin upon
global iPLA;[3 deletion in mice [90]. Hence, iPLA; {3 or PLA2G6 may represent a key PL-metabolizing
enzyme being critical in the development of obesity and Type-2 diabetes.

iPLAjs are lipolytic enzymes not requiring calcium for catalysis in hydrolyzing ester bond of
PL at sn-2 position to release a 2-lysoPL and a free FA [91-93]. iPLA;f} is a prototypic iPLA; that is
ubiquitously expressed and plays a house-keeping role in PL metabolism and PL remodeling [91-93].
iPLA, 3 mediates PL remodeling by regulating the composition of PUFA in PL pools, for example,
an increase of PUFA-containing PLs was observed upon treatment of cultured cells with an iPLA; 3
inhibitor [94-96].

In 2011, we obtained global-deficient iPLA, 3-null (KO) mice with exon 9 deletion [90,97] from
Dr. John Turk, Washington University School of Medicine, St. Louis, MO, USA. Our first publication
in 2016 revealed the functional role of iPLA; (3 inactivation in morbidly obese NAFLD [39]. Male
Ob/Ob mice were cross-bred with KO mice. Compared to Ob/Ob mice, the double Ob/Ob-iPLA;f3
KO mice showed protection with significant reduction of body and liver weights, improved glucose
tolerance, and reduction in islet hyperplasia [39]. The improvement in hepatic steatosis was also seen
by attenuation of liver TG, FA, and CE contents in double Ob/Ob-iPLA; 3 KO mice.

Work from Dr. Turk’s laboratory showed that HFD feeding of iPLA;3-null mice for six months
did not improve, but rather further impaired glucose intolerance likely due to an impairment of insulin
secretion by pancreatic islets [90]. Moreover, the global deletion of exon 2 in the iPLA;[3 gene in
mice fed with HFD for eight weeks also did not show any improvement in serum and liver TGs [98].
The lack of effects could be due to relative short HFD feeding such that hepatic PLs were not yet
affected. We therefore attempted to define the conditions among the three NAFLD models that an
inactivation of iPLA; 3 is effective in alleviating obesity and NAFLD. We were particularly interested
in comparing hepatic PL profiles in iPLA; 3-null mice in obese and non-obese NAFLD. We considered
that hepatic PLs and TGs may be affected by the metabolism in adipose tissues of iPLA; 3-null mice,
since iPLA; 3 is shown to regulate adipocyte differentiation [99]. Interestingly unlike PLA2G6, group
IVA PLA; or group VIB iPLA; (iPLAyY) are not included in human GWAS data on obesity/adiposity
and blood lipids as discussed above [14,81-89]. Thus, PLA2G6 or iPLA; 3 may exhibit a unique activity
with a preference toward obesity and hence obese NAFLD [39].

We performed HFD feeding of WT and iPLA; 3 KO mice for six months as another model of obese
NAFLD [40]. We showed that protection was observed in iPLA;{3 KO mice with an attenuation of
HFD-induced body and liver-weight gains, liver enzymes, serum-free FAs, as well as hepatic TGs and
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steatosis scores. However, this deficiency did not attenuate hepatic ER stress, fibrosis, and inflammation
markers. No protection was observed after short-term 3-5 week HFD feeding when hepatic PL contents
were not yet depleted.

Since PL syntheses are disturbed by MCD feeding of mice [36,37], we tested whether iPLA,(
KO mice could still be protected from fatty liver in this non-obese NAFLD model. MCD feeding of
female wild-type (WT) for four weeks induced hepatic steatosis with a severe reduction of body and
visceral fat weights, which were not altered in MCD-fed iPLA;{3-KO mice [41]. However, iPLA;f3
deficiency attenuated MCD-induced elevation of serum transaminase activities and hepatic expression
of FA translocase Cd36, fatty-acid binding protein-4, peroxisome-proliferator activated receptory,
and HDL-uptake gene scavenger receptor B type 1 (SR-B1). The reduction of lipid uptake genes was
consistent with a decrease of hepatic esterified and un-esterified FAs and CEs [41]. On the contrary,
iPLA; {3 deficiency under MCD did not have any effects on inflammasomes and pro-inflammatory
markers but rather exacerbated hepatic expression of myofibroblast x-smooth muscle actin and
vimentin [41].

Taken together, iPLA,[3 deficiency elicited protection against hepatic steatosis in an order
of Ob/Ob > HFD » MCD; or that protection was better in obese NAFLD compared to non-obese
NAFLD model.

6. Metabolic Lipid Changes in Ob/Ob Mice and Modulation by iPLA; Deficiency

Because the liver does not serve as a storage depot for fat, the steady-state concentration of hepatic
TGs is low under physiological conditions. There is nevertheless a considerable trafficking of both
TGs and FAs into and out of the liver during NAFLD development induced by genetic alterations,
increased fat intake, and/or alteration in hepatic metabolism [34,42]. Hepatic steatosis in NAFLD
develops when the rate of FA input is greater than that of FA output. Thus, the mechanisms for
gene-to-diet interactions on the extent of steatosis are very complex since many genes are involved in
the regulation of TG, FA, and lipoprotein syntheses; and that some of these lipids have been identified
as obese [19] and non-obese [100] NAFLD modifier genes.

We first compared hepatic steatosis among WT and Ob/Ob mice. Liver TG and total FA contents
were increased in Ob/Ob mice (Figure 1A). Metabolomic profiling has been used to study hepatic
lipid metabolism [39-41]. Gas chromatography mass spectrometry (GC/MS) method was used to
measure un-esterified and esterified FA species present in all lipids [101]. Regarding FA composition
(% Mol), Ob/Ob mice showed an increase of hepatic FAs containing monounsaturated FAs (MUFA) but
a decrease in those containing di- and >2 unsaturated FAs (Figure 1B).

PC and PE metabolism is important in pathogenesis of fatty liver owing to disrupted membrane
integrity and suppressed PC syntheses as well as altered PC and PE composition [102]. Hepatic
steatosis is associated with the reduction of hepatic PC or PLs as demonstrated in experiments in
transgenic mice with a deletion of a PC synthesis gene [47,48,53]. Here, an electrospray ionization
tandem mass spectrometry (ESI-MS/MS) method was utilized to profile PL species including PC, SM,
lysoPC (LPC), LPE, PE, phosphatidylserine (PS), phosphatidylinositol (PI), plasmalogens (Pla), Cer,
CE, and free cholesterol (FC) [103-106]. The composition among these PL subclasses (% Mol) showed
a decrease of PC, PE, and PI, but an increase of CE in genetic Ob/Ob mice (Figure 1C). This indicates a
shift from polar PLs to neutral lipids, namely, TGs and CEs (Figure 1A,C). The increase of CEs in Ob/Ob
livers may reflect diabetes and hyperinsulinemia in these mice. Genetically obese Ob/Ob livers showed
a significant increase in MUFA-containing CEs concomitant with a decrease of PUFA-containing PC,
PE, PS, and PI as well as SM contents (Figure 1D-F).

PL contents and composition in livers of WT, Ob/Ob, and Ob/Ob-iPLA; 3 KO mice were determined
by ESI-MS/MS. Liver histology showed marked steatosis attenuation in Ob/Ob-iPLA;{3 KO mice
(Figure 2A). Here, PL composition (% Mol) (Figure 2B), MUFA-PL (Figure 2C), and PUFA-PL (Figure 2D)
contents were analyzed showing the suppression of PUFA-PC, PUFA-PE, and PUFA-PS contents in
Ob/Ob livers. This suppression was reversed in Ob/Ob-iPLA; {3 KO mice. Moreover, the elevation of
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MUPFA-CEs and PUFA-CEs in Ob/Ob livers was also attenuated in Ob/Ob-iPLA; 3 KO mice (Figure 2C,D).
These changes were associated with an attenuation of bodyweight gains, hepatic steatosis, as well as the
reduction of hepatic and plasma TGs [39]. These results showed that iPLA;[3 has a pathophysiological
function by depleting PUFA concentrations in Ob/Ob liver PLs. iPLA 3 inactivation re-establishes PL
remodeling to return to normal homeostasis.
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Figure 1. Lipid contents and composition show a defect of hepatic PL remodeling in Ob/Ob mice. Male
wild-type (WT) and Ob/Ob mice at six months old were used. (A) The contents of hepatic triglycerides
(TG), total fatty acids (FAs). (B) FA composition of saturated, monounsaturated fatty acids (MUFA),
di unsaturated, and > 2 unsaturated FA. (C) The composition of phospholipids (PLs) and cholesterol
esters (CEs). (D) The contents of PLs and CEs containing monounsaturated fatty acids (MUFA).
(E) The contents of PLs and CEs containing polyunsaturated fatty acids (PUFA). (F) The contents of
sphingolipids. Data are mean + SEM, N = 5-7; *, p < 0.05 versus WT.
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Figure 2. iPLA; 3 inactivation in Ob/Ob mice rescues the defect of hepatic PL remodeling. Male WT,
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Ob/Ob, and double knockout Ob/Ob-iPLA; {3 KO at six months old were used. (A) Representative
photographs of hematoxylin- and eosin-stained livers of Ob/Ob mice and Ob/Ob-iPLA,f3 KO.
(B) The composition of PLs and CEs. (C) The contents of PLs and CEs containing MUFA. (D) The contents
of PLs and CEs containing PUFA. Data are mean + SEM, N = 5-7; #, p < 0.05, versus WT; *, p < 0.05,
Ob/Ob versus Ob/Ob-iPLA, 3 KO.

7. Metabolic Lipid Changes in HFD-Fed Mice and Modulation by iPLA, 3 Deficiency

Livers of WT mice fed with HFD showed a significant increase of TGs and FAs (Figure 3A) [40].
On the contrary to Ob/Ob mice (Figure 1B), hepatic FA composition showed an increase of di-unsaturated
FAs by HFD feeding (Figure 3B). For HFD-fed mice, PL composition plot (% Mol) showed a weaker shift
from PC to CEs (Figure 3C) when compared with Ob/Ob mice (Figure 1C). There was a decrease in liver
MUFA-PC (Figure 3D) concomitant with an increase in SM (Figure 3F). Hence, hepatic PC particularly
PUFA-PC was the key PL that was suppressed in HFD obese NAFLD model. This suppression indicated
a defect in hepatic fatty-acyl PC remodeling. It appears that PUFA-PE contents were modulated
differently between Ob/Ob (Figure 1E) and HFD (Figure 3E) obese NAFLD.
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Figure 3. Lipid contents and composition show a defect of hepatic PL remodeling of WT mice fed with
high-fat diet (HFD) for six months. Male WT mice at six months old were used. (A) The contents of
hepatic triglycerides (TG), total fatty acids (FA). (B) FA composition of saturated, MUFA, di unsaturated,
and > 2 unsaturated FA. (C) The composition of PLs and CEs. (D) The contents of PLs and CEs
containing MUFA. (E) The contents (nmol/mg liver) of PLs and CEs containing PUFA. (F) The contents
of sphingolipids SMs and Cers. Data are mean + SEM, N = 5-12; %, p < 0.05, versus WT.

PL contents and composition in livers of WT, HFD-fed WT, and HFD-fed iPLA; {3 KO mice were
determined by ESI-MS/MS. Liver histology showed marked steatosis attenuation in HFD-fed iPLA, 3
KO mice (Figure 4A). Analyses of hepatic PL composition showed that the elevation of liver CEs in
HFD-fed WT mice was attenuated by iPLA; 3 deficiency (Figure 4B). In HFD model, iPLA, 3 deficiency
was rescued by loss of PUFA-PC and PUFA-PE (Figure 4D) and only a trend rescue of MUFA-PE and
MUPFA-PS (Figure 4C). Hence, similar to Ob/Ob mice (Figure 2D), the loss of PUFA-PC and PUFA-PE
was rescued by iPLA; 3 deficiency in HFD obese model (Figure 4D).
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Figure 4. Inactivation in HFD-fed mice rescues the defect of hepatic PL remodeling. Male WT and
iPLA;f KO mice at six months old were fed with HFD for six months. (A) Representative photographs
of hematoxylin- and eosin-stained livers of HFD-fed WT and iPLA; 3 KO mice. (B) The composition of
PLs and CEs. (C) The contents of PLs and CEs containing MUFA. (D) The contents of PLs and CEs
containing PUFA. Data are mean + SEM, N = 5-12; #, p < 0.05, versus WT; *, p < 0.05, WI/HFD versus
iPLA; 3 KO/HFD.

8. Metabolic Lipid Changes in MCD-Fed Mice and Modulation by iPLA; (3 Deficiency

Unlike Ob/Ob and HFD obese models, hepatic steatosis was not protected by iPLA; 3 deficiency
in non-obese mice fed with MCD diet [41] (Figure 5A). There was a decrease in composition of liver PC
but an increase of CEs by MCD feeding (Figure 5B). iPLA; 3 deficiency attenuated the elevation of CEs
in composition plot (Figure 5B) and CE contents (Figure 5C) associated with attenuation of SR-B1 by
iPLA;{ deficiency [41]. MCD feeding of WT mice decreased the contents of MUFA-PC, MUFA-PE
(Figure 5C), and PUFA-PC (Figure 5D) concomitant with a significant increase in total Cer (Figure 5E),
and all these changes were not altered by iPLA, 3 deficiency.
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Figure 5. Inactivation does not rescue the defect of hepatic phospholipid remodeling in methionine-
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and choline-deficient (MCD) diet-fed mice. Female WT and iPLA; 3 KO mice at 12 months old were
fed with MCD diet for four weeks. (A) Representative photographs of hematoxylin- and eosin-stained
livers of MCD-fed WT and iPLA;f3 KO mice. (B) The composition of hepatic PLs, CEs, and free
cholesterol (FC). (C) The contents of PLs and CEs containing MUFA. (D) The contents of PLs and CEs
containing PUFA. (E) The contents of sphingolipids SMs and Cers. Data are mean + SEM, N = 5-6;
#, p <0.05, versus WT; *, p < 0.05, WI/MCD versus iPLA; 3 KO/MCD.

9. PL in Liver Endoplasmic Reticulum of HFD- or MCD-Fed Mice and Modulation by
iPLA; 3 Deficiency

Because iPLA;f3 is localized in the ER [107] where PL syntheses take place [102], we surmise
that PLs in the ER membrane during obese and non-obese NAFLD could be modulated by iPLA; (3
inactivation. In support of this notion, NAFLD induced by HFD feeding of PEMT-knockout mice [108]
and genetic obese Ob/Ob mice [109] are associated with changes of PC and PE in liver ER fractions.
We determined whether PL contents in the ER could be affected by HFD [40] or MCD diet [110] feeding
and in combination with iPLA; 3 deficiency. Our ER preparations from livers led to an enrichment of a
resident ER protein calnexin in ER fractions (but not in liver homogenates) [110]; thus confirming the
purity of ER membranes for lipidomic measurements.

PL profiles of liver ER fractions of HFD-fed mice were analyzed as PL subclasses (Figure 6A).
HFD feeding of WT mice depleted ER PC contents and iPLA;{3 deficiency showed a rescue trend.
A similar pattern of a rescue-trend effect of iPLA, 3 deficiency could be observed for ER PE and ER PS.
Due to substrate depletion of PC synthesis [37], MCD feeding of WT mice caused a strong reduction of
ER PC and ER PE (Figure 6B) [110]. iPLA 3 deficiency under MCD further suppressed ER PE contents,
particularly, those containing PUFA. This deficiency did not, however, have any effects on ER PC
contents suggesting specificity iPLA; 3 towards PE in the ER. Hence, MCD-induced defect of ER PL
remodeling became more severe by iPLA; 3 deficiency [110].
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Figure 6. iPLA; 3 inactivation on PL profiles of liver ER fractions of HFD- and MCD-fed mice. Feeding
with HFD or MCD diet was described in Figures 4 and 5, respectively. ER fractions were isolated
from mouse livers and ER proteins subjected to PL profiling by LC-MS/MS. (A) The contents of PC,
PE, PI, and PS in the ER of WT, iPLA,3-KO, WT/HFD, and iPLA,-KO/HFD livers. (B) Saturated,
MUFA, PUFA, and total contents of PC and PE in liver ER fractions of WT, iPLA,3-KO, WTI/MCD,
and iPLA,(3-KO/MCD livers. Data are mean + SEM, N = 5-12 for (A) and 5-6 for (B); *, p < 0.05,
between indicated pairs.

10. Hepatic PL Ratio among Obese and Non-Obese NAFLD and Modulation by
iPLA; 3 Deficiency

The importance of maintaining an appropriate hepatic PC/PE ratio has been extensively studied
by D. Vance’s research group using PEMT-knockout mice [53,54,102,108]. The clinical relevance of
this ratio has been shown that the proportion of patients with NASH have a lower hepatic PC/PE
ratio compared to healthy subjects [53]. Interestingly, both low and high hepatic PC/PE ratios in
different NAFLD models are associated with an increase in NAFLD scores [102]. The lower PC/PE
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ratio seen with a deficiency of PEMT, betaine:homocysteine methyltransferase, or CPT:phosphocholine
cytidyltransferasew, correlates with increased NAFLD severity [102]. In contrast, mice with the
deficiency of glycine N-methyltransferase [102], Ob/Ob mice [109], and mice fed with high fat/high
cholesterol/cholate diet [111] show a higher hepatic PC/PE ratio. Hence, hepatic changes in PL
composition and PC/PE ratio may be dependent on the experimental models distinguishing between
genetic versus diet or obese versus non-obese NAFLD.

To this end, we investigated whether the ratios among PL subclasses and CEs would indicate
hepatic steatosis among our three NAFLD mouse models. The ratios were calculated and separated
into groups with the indicated PL subclasses used in the calculation including total PLs, saturated (sat)
PLs, MUFA-PLs, and PUFA-PLs (Figure 7). Consistent with previous report in Ob/Ob mice [109], PC/PE
ratio among total PLs in our Ob/Ob livers was increased from 1.5 to 2.3; and this increase was seen
among sat and PUFA-PLs (Figure 7A). With a significant increase in CEs in Ob/Ob livers (Figure 1D),
PC/CE and PE/CE ratios were therefore decreased with genetic obesity (Figure 7A). For HFD-fed
WT mice, PC/PE was decreased among total and sat PLs, but a marked decrease was observed in
PC/CE and PE/CE among MUFA-PLs and PUFA-PLs (Figure 7B). For MCD-fed WT mice, PC/PE was
decreased from 1.5 to 0.5 among total and PUFA-PLs (Figure 7C). MCD feeding caused a marked
decrease in PC/PS and PC/PI seen in MUFA-PLs. With a significant decrease in CEs in MCD-fed livers
(Figure 5C), PC/CE and PE/CE ratios were therefore decreased in sat- and PUFA PLs (Figure 7C).
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Figure 7. Alters the ratios among phospholipid subclasses in 3 NAFLD models: Ob/Ob mice, HFD-,
and MCD-fed mice. Ob/Ob mice, HFD-, and MCD-fed mice are described in Figures 1, 3 and 5,
respectively. The ratio among PLs in livers of (A) Ob/Ob, (B) HFD-fed mice, and (C) MCD-fed mice.
Data are mean + SEM, N = 5-7 for (A); N = 4-5 for (B), and N = 5-6 for (C). #, p < 0.05, versus WT;
*, p < 0.05, Ob/ODb versus Ob/Ob-iPLA; 3 KO or WT/HFD versus iPLA, 3 KO/HFD.

Our data showed PC/PE among total PLs increased in Ob/Ob, but on the other hand, decreased in
MCD livers. Thus, PC/PE ratios are changed in a U-shape curve from genetic obesity to non-obese
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NAFLD/NASH [102]. In addition to PC/PE, ratios among other PLs were also altered with fatty
liver. A weak decrease in PE/PI was observed in Ob/Ob livers (Figure 7A). A decrease in PE/PI was
observed in HFD-fed WT mice (Figure 7B). A weak decrease of PC/PS and PC/PI ratios was observed
in MCD-induced NAFLD (Figure 7C). Such changes during NAFLD can support the changes in
electrostatics of PL bilayers and the existence of asymmetric lipid membranes due to charged anionic
PLs, such as PS and PE relative to PC [112]. This may correlate with the least extent of hepatic
inflammatory status in Ob/Ob mice as compared with HFD- and MCD-fed mice [39-41].

iPLA 3 deficiency did not alter PC/PE ratio in Ob/ODb (Figure 7A) and MCD-fed mice (Figure 7C).
This deficiency however reversed the suppression of PC/PE and PE/PI in HFD-fed mice (Figure 7B).
Since marked exacerbation of cholesterol metabolism is reported in Ob/Ob [113] and diabetic mice [114],
the elevation of CEs caused a decrease of PC/CE and PE/CE in all three NAFLD models. iPLA,f
deficiency reversed the suppression of PC/CE and PE/CE ratios in Ob/Ob and HFD-fed mice, but not in
MCD-fed mice (Figure 7A-C). This may suggest that the remodeling with a shuttling of PUFA and
MUFA could occur between PC, PE, and CEs via acylation and transacylation in choline/methionine-rich
Ob/Ob and HFD livers [115]. Taken together, we have demonstrated a difference between genetic and
diet (HFD and MCD) NAFLD regarding the ratios among PL subclasses, a contribution of PS and PI
relative to PC and PE, as well as CE metabolism.

11. iPLA;$3 and De Novo Lipogenesis Gene Expression in Livers of Mice in 3 NAFLD Models

Associated with hepatic steatosis protection in obese but in non-obese NAFLD models [39-41],
we further compared expression of iPLA; 3 protein and de novo lipogenesis in livers of Ob/Ob, HFD-
and MCD-fed WT mice. Rather than an increase, a slight decrease in iPLA; 3 protein expression was
observed in fatty livers of obese models (Figure 8A,B) and a strong decrease in MCD model (Figure 8C).
iPLA;[3 mRNA expression was not markedly altered (not shown) [39-41]. These data imply that
iPLA, 3 protein may be subjected to degradation at post translational levels during NASH. It is shown
that iPLA, expression is decreased in rat cirrhotic livers [116], and may support iPLA,f3 as a target for
degradation during severe liver injury. Currently, no published data on iPLA;{3 or PLA2G6 expression
in livers of NAFLD/NASH patients are available. We could not correlate iPLA; 3 protein expression
observed in our results with human data.
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Figure 8. Expression of iPLA;[3 protein and de novo lipogenesis mRNA in livers of WT, Ob/Ob mice,
HFD-, and MCD-fed mice. Ob/Ob mice, HFD-, and MCD-fed mice are described in Figures 1, 3 and 5,
respectively. Expression of (A) iPLA;{ protein, (B) HFD-fed mice, and (C) MCD-fed mice. Data are
mean + SEM, N = 5-7 for PCR data; #, p < 0.05; §, p < 0.05, KO versus KO/MCD; *, p < 0.05 between
indicated groups.

With obesity and fatty liver, livers of Ob/Ob and HFD-fed mice showed marked elevation of
de novo lipogenesis genes including fatty acid synthase (FAS) and transcription factor SREBP1c
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(Figure 8A,B). It was shown that the transcription of iPLA, 3 is regulated by SREBP-1 [117], consistently
attenuated expression of FAS and SREBP1c was observed in livers of iPLA;[3-deficient obese mice.
This attenuation was in indeed correlated with hepatic steatosis protection. On the other hand, MCD
feeding of WT mice caused suppressed expression of these genes, which was not altered by iPLA;, (3
deficiency (Figure 8C). This was associated with no steatosis protection by iPLA; 3 deficiency in this
non-obese model.

12. Summarized PL Characteristics in Ob/Ob, HFD-, and MCD-Fed Mice and Effects of
iPLA;, 3 Deficiency

Because PC and PE are the two major zwitterionic PLs in cells and their metabolism has been a
focus as a key mechanistic base for healthy liver, the alterations in PC and PE are critical in liver disease
development and NAFLD [53,54,102,108]. iPLA, (3 deficiency protects obesity and NAFLD with an
order of - Ob/Ob [39] » HFD [40] » MCD [41]; and the latter showed no steatosis protection (Figure 9).
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Figure 9. Role of iPLA; 3 deficiency in obese and non-obese NAFLD/NASH mouse models. (A) Livers
of genetic Ob/Ob and chronic HFD-fed mice exhibited a defect in PL remodeling with suppressed
contents of PUFA PLs. PC/PE ratio was increased in Ob/Ob mice while that of HFD-fed mice was
decreased. iPLA; [ inactivation replenished PLs associated with fatty liver protection. (B) Livers of
MCD-fed mice exhibited a defect in PL remodeling with suppressed PUFA PLs as well as PC/PE ratio.
iPLA; 3 inactivation in MCD-fed mice did not rescue this defect with no protection. We propose that
iPLA, 3 deficiency in specific cell types may lead to no protection in liver inflammation and liver
fibrosis in HFD and MCD NAFLD model, respectively (marked in red).

Human NAFLD and NASH are associated with numerous changes in the lipid composition of
the liver. A decrease of the total PC and a decrease of arachidonic acid (20:4n-6) in FFA, TGs, and PC
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are reported in both NAFLD and NASH [55]. The contents of eicosapentanoic acid (20:5n-3) and
docosahexanoic acid (22:6n-3) are decreased in NASH livers. In another study, PUFA-PLs are decreased
in NASH liver