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ABSTRACT

Prevention of Fatty Acid-Induced Inflammasome Activation by a

Bioactive Lipokine

Seda Koyuncu
M.Sc.in Molecular Biology and Genetics
Supervisor: Assist. Prof. Dr. Ebru Erbay
August 2014, 82 Pages

Exposure to excess lipids such as fatty acids and cholesterol leads to cellular stress, release of
reactive oxygen species (ROS), inflammation dysfunction and death. These responses have
important role in the pathogenesis of chronic metabolic and inflammatory diseases such
asobesity, diabetes and atherosclerosis. Recent studies show that fatty acids also cause the
formation of inflammatoryprotein complexes that are called inflammasome. Inflammasome
promotesthe activation of caspase-1 protein and cleavage of inactive interleukin-1 beta(I1L-1p)
and interleukin-18 (IL-18) into their active, secreted forms.Two signals are required for the
activation of inflammasome. The first signal (also known as priming step) is needed for the
inducing the expression ofthe proinflammatory factors pro-IL-1p and pro-1L-18 andthe
nucleotide-binding oligomerization domain receptor (NOD-like receptor) family, pyrin
domain containing-3 (NLRP3) proteins through the activation of nuclear factor kappa beta
(NF-xB),a transcription factor. The second signal is needed for the activation of caspase-1 and
formation of the inflammasome complex. Saturated free fatty acids such as palmitate are
known to cause the activation of inflammasome through generation of mitochondrial ROS as
a second signal for inflammasome complex formation. In this study, | investigated the effect
of palmitoleate, a bioactive monounsaturated fatty acidpreviously shown to counteract lipid-

induced ER stress and enhance insulin sensitivity, on palmitate-induced activation of



inflammasome complex. | observed that palmitoleate lead to a significant reduction in
palmitate-stimulatedIL-1p transcription. Moreover, it reduced the expression of palmitate-
stimulated secondary proinflammatory factors such as tumor necrosis factor alpha(TNF-
o).Palmitoleate also diminished the palmitate induced activation of caspase-1, maturation and

secretion of IL-1f in macrophages.

To further understand the mechanism of the protective role of palmitoleate on palmitate
induced inflammasome activation,| analyzed the effect of palmitoleate on palmitate-induced
mtROS in macrophages cells were analyzed. These studies showed palmitoleate decreased
palmitate induced mitochondrial oxygen species in macrophages. Moreover, | investigated the
effect of palmitoleate on palmitate-induced inactivation of 5° AMP-activated protein kinase
(AMPK)controls autopaghy and clearance of dysfunctional mitochondria, thereby reducing
mtROS formation. Palmitoleate blocked the suppression of AMPKphosphorylation that was
suppressed by palmitate, suggesting PAO’s impact on mtROS secretion and inflammasome

activation occurs by this upstream mechanism.

Saturated fatty acids like palmitate are also known to cause endoplasmic reticulum (ER)
stress, whichbe counteracted by palmitolate treatment. When ER stress happens, cells try to
solve stress by activating the unfolded protein response (UPR). There are three arms of the
UPR are Protein Kinase R-resemble like protein kinase (PERK), inositol-requiring enzyme-1
(IRE1) and activating factor 6 (ATF6). In this thesis, contribution of PERK and IRE1 on
palmitate-induced activation of inflammasome was investigated. First, the relation between
PERK and IRE1 with palmitate-stimulated mtROS was analyzedusing PERK- and IRE1-
deficient mouse embryonic fibroblast cells (MEFs).The results of this study show PERK leads
to a marked reduction in the formation of mtROS while IRE1 enhanced palmitate induced
mtROS.Furthermore, palmitoleate suppressed palmitate-induced autophosphorylation of IRE1

while there was no effect of palmitoleate on palmitate-induced phosphorylation of PERK.



In summary, palmitate-induced inflammasome activation can be inhibited by palmitoleate in
boththe priming step and the second step.Palmitoleate blocks palmitate-induced suppression
of phosphorylation of AMPK, leading to its reactivation and subsequent reduction in mtROS
formation. Palmitate is a well-known inducer of ER stress, which can be counteracted by
palmitoleic acid. Moreover, the IRE1 branch of the UPR has been shown to control
inflammasome activationby regulating of mtROS production under lipotoxicity. The outcome
of my studies show that the UPR branches initiated by PERK and IRE1 regulate mtROS
production and therefore, palmitoleate may also block inflammasome activation induced by
palmitate through this alternative mechanism.These findings imply that palmitoleate may
have therapeutic applications inthe management of diseases where inflammasome activation

has been shown to play a causal role such as obesity, diabetes and atherosclerosis.

Key words: Inflammasome, Palmitoleate, Palmitate, UPR, ER stress, Atherosclerosis
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Serbest yag asidlerinin neden oldugu inflammazom aktivasyonunun

bir biyoaktif lipokin tarafindan onlenmesi

Seda Koyuncu
Molekdler Biyoloji ve Genetik Yiksek Lisans
Tez Yoneticisi: Yrd. Dog. Dr. Ebru Erbay
Agustos 2014, 82 Sayfa

Asirt derecede, doymus yag asidi ve kolesterol gibi yaglara maruz kalmak, hiicresel strese,
aktif oksijen tiirlerinin salinmasina, inflamasyon bozukluguna ve Oliime neden olur.Bu
yanitlarin obezite, diyabet, atheroskleroziz gibi kronik metabolic ve inflammatori
hastaliklarda 6nemli rolii vardir. Son gilinlerdeki ¢alismalar, yag asitlerinin ayni zamanda
inflammazomolarak adlandirilan inflammatori protein kompleksinin olusumuna neden
oldugunu gdstermistir. Inflammazom kaspaze-1 proteinin aktiflesmesini ve inaktif interlokin-
1 beta (IL-1B) ve interl6kin-18(IL-18)’in aktif ve saliman formuna kesilmesini
saglamaktadir.inflammazom aktivasyonu igin iki sinyale ihtiya¢ vardir. ik sinyal (ilkil sinyal
olarakta bilinen) oOnculinflammatori faktorlerin oncul-IL-1Bve Oncul-1L-18 ve nUkleotid-
baglanan oligomerizasyon bolge reseptor (NOD- benzeri reseptor) ailesi, pyrin bolge tasiyan-
3 (NLRP3) proteinin, bir transkripsiyon faktorii olan niklear faktor kappa beta (NF-kB)
aktivasyonu iizerinden ekspres olmasi igin gereklidir. Ikinci sinyal, kazpase-1 aktivasyonu ve
inflammazom kompleks olusumu igin gereklidir.Palmitat gibi doymus yag asitlerinin
inflammazom aktivasyonuna, inflammazomun ikinci sinyali olan mitokondriyal ROT
olusumunu saglayarak neden oldugu bilinmektedir. Bu c¢alismada, bir biyoaktif tekli
doymamis yag aside olan ve daha once yaglarin neden oldugu ER stresi 6nledigi ve insulin
duyarhligmi  artirdifi  gosterilmis olan  palmitoleatin  palmitatin  neden oldugu
inflammazomkompleks aktivasyonuna etkisini arastirdim. Palmitoleatin palmitatin neden

oldugulL-1B transkripsiyonunu onemli Olglide azalttigimi gozlemledim.Ayrica, palmitatin
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neden oldugu tiimor nekrozis factor alpha (TNF-a)gibi ikincil dncil-inflammatori faktorlerin
ekspresyonunu da azaltmaktadir.Bunun yaninda, palmitoleat palmitatin neden oldugu

kaspaze-1 aktivasyonu ve IL-13’1n olgunlagmasi ve salinimini makrofajlarda azaltmaktadir.

Palmitoletin palmitatin neden oldugu inflammazom aktivasyonu tzerindeki koruyucu rollndn
mekanizmasint daha iyi anlamak icin, palmitoleatin palmitatin sebep oldugu mtROT
Uzerindeki etkisini makrofajlar hiicrelerinde inceledim.Bu g¢alismalar, palmitoletin palmitatin
sebep oldugu mitokondriyal oksijen tiirlerinin makrofajlarda olusumunu azalttigim
gosterdi.Ayrica, palmitoletin palmitin neden oldugu otofajiyi dizenleyen ve bozulmus
mitokondrileri temizleyerek mtROT olusumunu azaltan 5 AMP-aktifliyen protein kinaz
(AMPK)  “in  inaktivasyonuna etkisiniinceledim.Palmitatin  indirgedigi =~ AMPK
fosforulasyonunu palmitoleatin engellemesi, PAQO’in etkisinin mtROT salinimi ve

inflammazom aktivasyonu lzerindeki etkisinin Ust mekanizmalarla oldugunu ileri siirmiistir.

Palmitat gibi doymus yag asidleri ayrica endoplasmic reticulum (ER) stresi uyarmakta ve bu
etki palmitoleat ile engellenmektedir. ER stress olustugu zaman, hiicreler bu stresi
katlanmamis protein yanitini aktive ederek ¢6zmeye caligirlar. Protein KinazR’yi animsatan
kinaz (PERK), inositol-gerektiren enzim-1 (IRE1) ve aktiflestiren transkripsiyon faktor 6’dir
(ATF6). Bu tezde, PERK ve IRE1’in palmitatin neden oldugu inflammazom aktivasyonuna
katkilar arastirilmustir. Ik olarak, PERK ve IREI ile palmitatin uyardigi mtROT arasindaki
iliski IRE ve PERK eksik fare embriyonik fibroblast hiicreleri(MEFs) kullanilarak analiz
edildi. Bu ¢alismanin sonuglari, PERK’iin mtROT olusumunun ciddi oranda azalmasina
neden oldugu ancak IRE1’in palmitatin uyardigi mtROT u arttirdigin1 géstermistir. Bunlarin
yaninda palmitoleat palmitatin uyardigi IRE1’m otofosforulasyonunu onlemis ancak

palmitatin uyardigi PERK fosforulasyonu {izerinde etki gostermemistir.

Ozet olarak, palmitatin uyardigi inflammazom aktivasyonu palmitoleat tarafindan hem

birincil hemde ikinci basamakta baskilanabilmektedir. Palmitoleat palmitatin uyardig:
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AMPKin fosforulasyonun baskilanmasini engellemte ve boylese bu tekrar aktivasyonuyla
mtROT olusumunu azaltmaktadir. Palmitoleat iyi bilinen bir ER stres uyarani olan palmitat
etkisizlestirmektedir. Ayrica KPY 1n bir kolu olan IRE1 kolunun mtROT olusumu lipotoksik
durumda dizenleyerek, inflammazom olusumunu kontrol ettigi gozlenmistir. Benim
caligmalarimin sonucu, PERK ve IRE1’1n baglattigi KPR’ un mtROT iiretimin diizenledigi ve
bunun sonucu olarak palmitoletin palmitatin neden oldugu inflammasome aktivasyonunu bu
alternatif mekanizmayla engelleyebilecegini gostermistir. Bu bulgular palmitoletin
inflmamazomun nedensel rol oynadigi obezite, diabet ve atheroskleroziz gibi hastaliklarin

tedavisinde trepatik uygulamalari olabilecegini gostermistir.

Anahtar sozciikler: Inflammasome, Palmitoleat, Palmitat, KPY, ER stres,Atheroskleroziz
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1. Introduction

1.1 Inflammasome

The innate immune system is a complex system that has evolvedfor sensing a variety of
pathogen and host derived signals called pathogen-associated molecular patterns (PAMPS) or
endogenousdanger-associated molecular patterns (DAMPs) through a number of pattern-
recognition receptors including Toll-like, the nucleotide-binding oligomerization domain
receptors (Nod-like) and retinoic acid-inducible gene 1 (RIG-1) like receptors'.One of the key
role players in this system is the inflammasome. The inflammasome is a cytosolic protein
complex that is formed by inflammasome sensor molecules that are a number of pattern
recognition receptor (PRR) proteins including the nucleotide-binding domain and leucine-rich
repeat containing proteins(NLRs) orthe IFI200 family member absent in melanoma 2 (AIM2),
the adaptor protein ASC (apoptosis-associated speck-like protein containing a carboxy-
terminal CARD)and caspase-1°. In addition to them,caspase-5 also participates in the
formation of one type of inflammasome known as NLR family, pyrin domain containing
1(NLRP1)*>.NLR proteins have three main domains consisting of a C terminal leucine-rich
repeat (LRR) domain, an intermediate nucleotide binding and oligomerization domain
(NOD), which is also called as neuronal apoptosis inhibitor protein (NACHT) domain, and an
N-terminal pyrin (PYD), caspase activation and recruitment domain (CARD) or baculovirus
inhibitor of apoptosis repeat domain (BIR)*. The LRR domain has a role in ligand sensing and
autoregulation of NLR proteins but the exact mechanism is not known. Besides, NOD domain
oligomerization is a critical step for the formation of active form of inflammasome complex.
The N-terminal effectors domain can be CARD or pyrin domain (PYD) according to the NLR

type. This N-terminal effectors domain is required for activation of inflammatory caspases



orNF-kB by the inflammasome?.Recognition of the pathogen or any other danger signals by
the inflammasome leads to the assembly of inflammasome complexes which ultimately
provides maturation and secretion of interleukin-1 (IL-1) family proinflammatory cytokines,
interleukin-1p (IL-1B) and interleukin-18 (IL-18)°. NF-kB activates the transcription of the
pro- (or inactive) forms of these ILs, but for full activation posttranslational regulation is
required. For example, the maturation of interleukin 1 family factors occurs upon processing
by active caspase-1 protein®.Caspase-1 is produced as a zymogen and upon activation its
aspartic residues are exposed to autoproteolytic cleavage, which subsequently gives rise to 20
kDa(p20) and 10 kDa (p10) subunits of caspase-1. These then come together as two
heterodimers of p20 and p10. As such the activated caspase-1 interacts with ASC and has a
role in the formation of the active inflammasome complex®. The activation of inflammasome
results in inflammatory programmed cell death that is called pyroptosis. Unlike apoptosis,

pyroptosis needs caspase-1 activity and it results in inflammation’.

Inflammasome

NLR/AIMZRIG- -G -00000

D

Ligand
IL-1p @ @ pro-IL-18
IL-18 ... (=) @D pro-IL-18

Figure 1.1. The Inflammasome Structure

The inflammasome is a multiprotein complex and it is important part of the innate immune response.
The inflammasome complex is consist of mainly three parts which are adaptor protein ASC, NLRs or
AIM2 and caspase-1.When inflammasome complex is activated, it provides cleavage and activation of
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caspase-1 which promotes posttranslational modification of IL-1p and IL-18. This modificated forms
of IL-1p and IL-18 are active and they are secreted from cells and cause inflammation. (The
inflammasome: in memory of Dr. Jurg Tschopp. Cell DeathDiffer 19: 5-12, 20128, Reprinted with

permission from Dagenais M, Skeldon A, Saleh M. (2012).

1.2 Types of Inflammasome

Until now, mainly four types of inflammasome have been identified. They are the
NLRP1/NALP1b inflammasome®, the NLRP3/NALP3 inflammasome®®, the NLRC4/IPAF

inflammasome™, and the AIM2 (absent in melanoma 2) inflammasome™.

Unique to this type of inflammasome, NLRP1 inflammasome contains additional C-terminal
CARD domains that mediate the recruitment of caspase-5 or a second caspase-1 to the
inflammasome complex®*2. The best-known inducer of NLRP1 inflammasome is the bacterial
peptidolygan derivative muramyl dipeptide (MDP). Another inducer known to activate the
mouse NLRP1 is the anthrax lethal toxin produced by Bacillus anthracis. The regulation of
NLRP1 activation is additionally mediated by anti-apoptotic proteins Bcl-2 and Bcl-x(L). In

the resting cells, these proteins bind and suppress the activation of NLRP1.

NLRC4 inflammasome does not have PYD domain to activate pro-caspase-1 to caspase-1
directly. The ASC part is required for this caspase-1 activation by PYD domain, but the main
role of ASC for NLRC4 activation is not known yet. Among the inducers of NLRC4
inflammasome is the bacterial flagellar protein flagellin®>. Through engaging this flagellin
protein the inflammasome is able tomediate the recognition of Salmonella typhimuriumand

Shigella flexneri 2.

Finally, the NLRP3 inflammasome is the best studied inflammasome. It controls the
activation of pro-caspase-1 upon interaction with ASC. NLRP3 has a broad range of

activators containing extracellular ATP'®, gout-associated uric acid crystals'®, cholesterol



crystals'’, free fatty acids*® and potassium efflux'®. This broad range of activators of NLRP3
suggests that the activation of this inflammasome is not directly by the sensing of these
activators.Generally these activators result in the production of reactive oxygen species (ROS)
that leads to the activation of NLRP3, so this suggests that ROS may be the common activator

of NLRP3. Further studies are needed to clarify the identity of general NLRP3 activator®.

AIM2 is not a member of NLR proteins and it was originally identified as tumor suppressor
gene in melanoma?. It has an N-terminal pyrin domain and a C-terminal hemopoietic
expression, interferon-inducibility, nuclear localization(HIN) 200 domain. For activation,
pyrin domain of ASC interacts with pyrin domain of ASC and also with caspase-1 to form the
complex. The main activator of AIM2 inflammasome is cytosolic bacterial or viral double

stranded DNA in the cells*?,

1.3 The Two Signals Required for The Activation of NLRP3 Inflammasome

Given the drastic consequences of erroneous activation of the inflammasome, this process is
tightly controlled. This tight regulation is provided by a two signal requirements in the cells.
The first signal (signal 1), also called the priming step,is required for the expression
ofproinflammatory factors prolL-13 and pro-1L-18 and NLRP3 through the activation of NF-
kB by PRR, cytokine receptors or other factors that can activate the NF-xB pathway?. For
example, lipopolysaccaride (LPS) promotes the activation of TLR4 pathway by the myeloid
differentiation primary response gene 88 (MyD88) pathway®® .This step is important because
in the resting cells NLRP3 level limits the activation of inflammasome. The second signal is
required for the activation of caspase-1 and formation of the inflammasome complex?. The
activation pattern of NLRP3 is a hot topic and the so far known activators include reactive
oxygen species(ROS), ion flux and lysosomal destabilization®. However, all NLRP3
activators result in ROS production, the role of ROS for formation of inflammasome complex

4



is more general. Besides, sequestration of ROS with chemical scavengers prevents
inflammasome activation by some of the mentioned activators**®.The source of ROS for
activation of inflammasome is still debated. According to Dostert et al. the source of ROS for
activation of inflammasome are phagosome-associated NADPH oxidases, however, another
study has shown that despite the deficiency in the subunits of four different NADPH oxidases
(NOX1, NOX2, NOX3, NOX4) the inflammasome complex could still be activated?®?”. This
demonstrates there must be another ROS source that can activate the inflammasome
independent of the NADPH oxidase activity. Recent studies have indicated that the main

source of ROS for activation of NLRP3 inflammasome is mitochondrial ROS%%

. During in
vivo activation of NLRP3 inflammasome, signal 1 and signal 2 may be separate or joined into
a common molecular event that behaves as two signals. In line with the latter thought, Sheedy
et al. demonstrated that cluster of differentiation 36 (CD36)plays a role in both the priming
and the activation of NLRP3 inflammasome in atherosclerosis. The recognition of oxidized
low density lipoprotein (oxLDL)by CD36 provides both signals for NLRP3 activation by
activating TLRs and NLRs?®. CD36 is one of the member of B scavenger receptor family and
it can bind a variety of ligands such as oxidized low density lipoprotein, long chain fatty acids

and collagen®*** Several studies indicated that CD36 is involved in pathologies of other

complex disease such as diabetes, atherosclerosis and Alzheimer disease™.
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Figure 1.2 The Requirement of Two Signals for NLRP3 Inflammasome Activation

For the activation of NLRP3 inflammasome, two signals are required. The first signal is called the

priming signal and is needed for the activation of NF-kB and subsequent transcription of interleukin-

1B and interleukin-18. The second signal is required for the formation of the inflammasome complex,

activation of caspase-1 and posttranslational processing of interleukin-1p and interleukin-18. Some of

ion flux and lysosomal

the known second signals include reactive oxygen species (ROS),

destabilization. (reprinted with permission from Schroder

inflammasomes.Cell 140: 821-832.).
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1.4 The Role of Inflammasome in Metabolic Disorders

In recent years, metabolic disorders such as obesity, atherosclerosis,non-alcoholic fatty liver
disease and type-2 diabetes (T2DM) have increased drastically in both the developed and
under developed countries. One important feature of these metabolic disorders is chronic, low
grade inflammation, particularly in the metabolically active tissues***.IL-1p and IL-18 are
among the proinflammatory factors that rise in these diseases and contribute to their
pathogenesis and complications. These pro-inflammatory factors result in fever, stimulation
of other secondary cytokines’ production and the recruitment and activation of immune
cells®®. The role of these two cytokines in the pathogenesis of metabolic disorders has been
documented earlier. In type 1 diabetes mellitus (TIDM) and type 2 diabetes mellitus IL-1
has a role in inflammation-induced B cell destruction® . IL-1B inhibits insulin signaling by
direct serine phosphorylation of the insulin receptor substrate-1 and also causes an increase in
the amount of tumor necrosis-factor-o.An increase in the activation of the NLRP3
inflammasome in the adipose and liver tissue of the obese mice was observed and the
expression rise in the main components of NLRP3 inflammasome correlated with the severity
of the type 2 diabetes mellitus (T2DM) in the obese individuals®. In addition, NLRP3
activation was observed in the adipose tissue infiltrating macrophages, which were stimulated
with saturated free fatty acids through disruption in autophagy mechanism and increase in
mitochondrial ROS production. Furthermore, it was shown the activation of NLRP3
inflammasome interfered with insulin signaling®®. Also, the accumulation of amyloid
polypeptide(IAPP)in pancreatic islets activates NLRP3 in T2DM*.In vivo studies show that
NIrp3—/—, Asc—/— and Caspl—/— mice display reduced body weight and fat mass, and also,
their insulin resistance levels decrease. Moreover, these mice are also resistant to obesity that

is induced by diet*’.



Another disease causally related to the activation of NLRP3 inflammasome is atherosclerosis.
Atherosclerosis is a chronic inflammatory disease where lipid depositsform plaques and
recruit immune cells to atherosclerotic lesions*. There are several endogenous inducers of
atherosclerosis such as elevated serum glucose, free fatty acids and oxidized LDL. These
stressors are known to cause increased production of pro-inflammatory cytokines and
contribute the inflammatory state of atherosclerosis®.In human atherosclerotic plaques, 1L-1
and 1L-18 are found highly expressed in macrophages***.The cross of Apolipoprotein E-
deficient (ApoE”)mice, a mouse model of atherosclerosis,is crossed with a mouse model of
genetic-deficiency for IL-1p lead to reduction of atherosclerosiswhile the genetic deficiency

for 1L-18 also provides protective effect to atherosclerosis**’.\Whenmice are deficient in IL-

1-receptor, they are more resistant to atherosclerosis, strongly supporting a causal role for
inflammasomes inatherosclerosis*®.A direct role of inflammasome in atherosclerosis has been
established by showing the role of components of inflammasome such as caspase-1, ASC and
NLRP3 in atherosclerosis progression by using knock out mice.The ruptured plaque from
patients with sudden coronary death display high level of activated caspase-1*°.It was also
shown that cholesterol crystals accumulate in arterial vessels and activate NLRP3 in the

" mice with bone marrow

recruited macrophages.Also, reconstitution of the LDL receptor -
from mice which are deficient for various inflammasome components such as NLRP3, ASC
and IL-1o/Breduced the development of atherosclerosis. In the vitro part of the same study, it
was observed that cholesterol crystal-activated NLRP3 inflammasome could be suppressed by
cytochalasinD and bafilomycin treatment, suggesting activation of inflammasome in this

scenerios is involves phagocytosis and lysosome acidification®™. Therefore, it is observed that

cholesterol activates inflammasome through lysosomal damage.



1.5 Atherosclerosis

Atherosclerosis is a chronic inflammatory disease and lesions are characterized with lipid
deposits,innate  immune cell infiltration and vascular smooth muscle cells (VSMC)

proliferation in the vessel*.

Atherosclerosis has a very complex pathogenesis. The first step in this disease
pathogenesis is endothelial dysfunction®®. The increased amount of cholesterol transported
with apolipoprotein B100 (Apo-B100) containing low density lipoprotein (LDL)in circulation
potentiates endothelial dysfunction at vascular sites experiencing hemodynamic sheer stress,
such as arterial branch points, and leads to atherosclerosis formation®®. The lipoproteins that
accumulate on the arterial wall are prone to various modifications such as oxidation by
reacting with ROS, enzymatic reaction like lipoxygenases and non-enzymatic cleavage™.
These modified lipoproteins, especially oxidized LDL (oxLDL) promotes proinflammatory
response and activation of endothelial cells. This activation results in the secretion of
chemoattractants from endothelial cells. This immune response continues with intimal
immune cell infiltration. The monocytes are recruited into subendothelial space. These
monocytes originate from the bone marrow-derived progenitors and their differentiation is
determined by the cholesterol content of the lesion®*. Studies indicate that a distruption in
cholesterol efflux, such as through a deficiency in transporters ATP-binding cassette
transporter (ABCA1) and ATP-binding cassette sub-family G member 1 (ABCG1), can
increase atherosclerosis in mice >°. The monocytes are differentiated to macrophages by the
action of macrophage colony stimulating factor (M-CSF). These macrophages uptake lipids
and they transform into foam cells®*. This lipid uptake occurs by scavenger receptors such as
CD36; type A scavenger receptors and one member of the type B scavenger receptors%.
However, the studies in mice show that also the absence of the lipoprotein clearing protein

such as ApoE is an important factor in foam cell formation>’.The disruption in the lipid



metabolism changes macrophage characteristic and promotes a pro-inflammatory phenotype.
Macrophages lose their migration capacity and this increases inflamation. The accumulated
macrophages in the atherosclerosis plaques promote lesions to more complex and advanced
plaques. At this level, other immune cells such as dendritic cells and vascular smooth muscle
cells also take part in inflammation®®. Macrophages cause further inflammatory response via
secreting proinflammatory factors and proteases and finally cell deaths can occur by either
necrosis or apoptosis. After macrophages die, cellular debris causes the formation of a
necrotic core. The necrotic core forms the main part of unstable plaques and is shielded from
the circulation by a fibrous cap that contains collagen and smooth muscle cells. Rupture of the

fibrous cap can cause thrombotic events leading to myocardial infranction and stroke®®
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Figure 1.3 The Molecular Mechanism of Atherosclerosis

Atherosclerosis is characterized with chronic inflammation and starts with the accumulation of lipids

and activation of endothelial cells. Activated endotheial cells secrete chemoattractants and cause the
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accumulation of monocytes. Monocytes scavange the lipids, transform the cholesterol-filled foam cells
and cause more inflammation. Cell death, formation of the necrotic core, accumulation of collagen and
vascular smooth muscle in a fibrous cap follow. (Reprinted from Tabas 1.(2010). Macrophage death

and defective inflammation resolution in atherosclerosis. Nat Rev Immunol. 2010;10:3646.60)

1.6 Endoplasmic Reticulum Homeostasis and Stress

The endoplasmic reticulum (ER) is one of the organelle which is formed by an interconnected
network of flattened, membrane-enclosed sacs cisternae and microtubules®. According to its
various stuctures, ER is classified into the ribosome-studded rough endoplasmic reticulum
(RER) and the ribosome-free smooth endoplasmic reticulum (SER)®%.This organelle has a
broad range of activities in the cells.The main role of ER is protein folding and controlling of
quality of newly synthesized proteins®. In addition, ER plays also a role in synthesis of lipids
and deposition of intracellular calcium (Ca**)®¥® .Moreover, it is involved in the biogenesis of
autophagosomes and peroxisomes. Disruption in any of these functions such as in cellular
energy levels or Ca?* concentration causes decrease in protein folding capacity and results in
ER stress®. Cells activate an adaptive mechanism that is known as unfolded protein
response(UPR) to cope with the decrease in protein folding capacity.The activation of UPR
fights with stress that is caused by the accumulation of unfolded protein through several pro-
survival mechanisms. These mechanisms are consist of attenuation of translation, selective
production of key components that regulate protein folding and controlling of quality of
newly synthesized proteins,expanding the ER membrane and elimination of the unfolded
proteins by activation of endoplasmic-reticulum-associated protein
degradation(ERAD).However, if the ER stress is not solved and homeostasis does not return

to normal, the UPR leads to apoptosis®.
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The UPR has three branches each initated by ER transmembrane proteins including the
protein kinase R-like ER kinase (PERK), inositolrequiring enzyme 1 (IRE1), and activating
transcription factor 6 (ATF6). In resting cells, chaperone Bip binds to ER luminal domain of
these proteins and keeps them inactive® .The inositol-requiring enzyme-1 (IRE1) is a
transmembrane protein localized in the ER, which has several domains: an N-terminal luminal
sensor domain, a single transmembrane domain and a C-terminal cytosolic effector region that
contains both kinase and endoribonuclease activities®.Under ER stress, IRE oligomerization
and transphosphorylation is observed®.After oligomerization, endoribonuclease (RNase)
function is activated and cleaves X-box binding protein (XBP1)mRNA in mammalian cells
and Hacl mRNA in yeasts. This cleavage converts the transcription factor XBP1s to active
form®”. The target of IRE is not only XBP1, but it also regulates its expression by cleavage of
own mRNA. The activation of IRE1 induces activation of several signaling pathways.Firstly,
the cleavage and activation of XBP1 by IRE1 is fundamental to cells due to XBP1 being a
transactivator with important role in the regulation of ER protein synthesis, folding, lipid
biogenesis, glycosylation, ERAD, autopahgy, redox metabolism, and vesicular trafficking®.
Second, C-Jun N-terminal kinase (JNK)is activated by IRE1 with tumor necrosis factor (TNF)
receptor-associated adapter protein TRAF2'*.JNK has several roles in the cells such as
regulation of cell death, and by activating c-Jun, promotion of survival’®’®. IRE1 also
activates nuclear kappa-light-chain-enhancer of activated B cells (NF-kB)"*.PERK is another
ER transmembrane and kinase protein.Under ER stress conditions, it is activated via
oligomerization and autophosphrylation.Then PERK phosphorylates and inhibits translation
initiation factor elF2alpha (elF2c) mRNA translation”.On the other hand, the translation of
some mRNAs such as the mRNA for transcription factor, activating transcription factor 4
(ATF4)increasesthrough an open reading frame (ORF) in their 5’-untranslated region’®. ATF4

regulates C/EBP homologous protein (CHOP)gene that is an ER stress-induced proapoptotic
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factor and GADD34 (growth arrest and DNA damage—inducible 34) that dephosphorylates
elF20®® Another important role of PERK is the phosphorylation of nuclear factor-like-2
(Nrf2)transcription factor that then dissociates fromnuclear factor-like-2/Kelch-like ECH-
associated protein 1 (Nrf2/Keapl)complex, leading to its translocation into the nucleus’”.
ATF®6 is the third and only arm of UPR that is regulated by a transcription factor. ATF6 is
produced firstly as an ER-resident transmembrane protein®®. Under ER stress, ATF6
translocates to the Golgi apparatus from the ER. There, it is cleaved by two proteases, site-
1(S1P) and site-2 (S2P)proteases’®. Then the N-terminal fragment of ATF6 is localized to the
nucleus and induces transcription of UPR genes, like CHOP, the chaperones BiP/GRP78
andheat shock protein 90kDa beta member 1 (GRP94) and XBP19®. The mechanism of how
ATF®6 is activated under ER stress is not well understood, however, this factor is bound to BiP

and BiP release under ER stress may lead to ATF6 activation®®,
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Unfolded Protein Response (UPR) has three main arms that are PERK (PKR resemble ER kinase), IRE1 (Inositol
requiring enzyme 1) and ATF6 (Activating Transcription Factor 6). Under ER stress, these there arms of UPR are
activated to cope with stress conditions. The activation of IRE1 and PERK occur with autophosphrylation while
ATF6 is activated by cleavage with S1P and S2P proteases. The activated IRE1 provides splicing of XBP1
mRNA with its RNAse domain and promotes its translation. This regulated XBP1 protein upregulates chaperones
gene expression via acting as transcription factors. Activated PERK phosphorylates elF2alpha and promotes
inhibition of translation and specificly activation of ATF4 mRNA. Activated ATF6 upregulates UPR target genes
by acting as transcription factors.(reprinted from Hetz C, Chevet E, Harding HP. (2013). Targeting the

unfolded protein response in disease.Nat. Rev. Drug Discov., 12 (2013), pp. 703-719%)

1.7 The Unfolded Protein Response and Apoptosis

UPR tries to resolve the protein unfolding and aggreagaration problems but if UPR does not
resolve these, apoptotic pathway is activated. This cell death can be mitochondria-dependent
or mitochondria independent under ER stress. There are several different apoptotic signals

which are raised by ER.

The first mechanism is proapoptotic transcription factor CHOP that is induced by PERK/elF2
or ATF6%. CHOP/GADD153 is a Bzip transcription factor®®. CHOP provides activation of
several genes transcription containing Gadd34, Erol, Trb3 (Tribbles homolog 3), Dr5 (death

receptor 5), and carbonic anhydrase V1.2

These expressed genes differently affect pathways
and activate apoptosis. To illustrate, expressed Gadd34 causes dephosphrylation of elF2 and
S0 increase in protein synthesis. This results in chronic activation of UPR and causes
apoptosis®. On the other hand, Dr5 may result in activation of caspase cascades®®. Another
important role of CHOP is decreasing expression of antiapoptotic BCL2 protein and both

increasing expression of genes that has role in activating apotosis and decreasing

antiapoptotic gene, CHOP activation promotes apoptosis®’.The second mechanism is BCL2
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induced apoptosis under ER stress. BCL-2 can activate caspase-12 by translocation of BIM
(BCL2- interacting mediator of cell death) to ER membrane under ER stress while BCL-xL
(BCL2-like 1) inhibits binding of BIM and prevent entrance to apoptotic pathway®.The third
mechanism is IRE1 regulated cell death pathway. The interaction of IRE1 with TRAF2
promotes phosphorylation and activation of JNK and stress-activated protein kinase (SAPK)
by mitogen-activated protein kinase kinase kinase®. IRE1-TRAF2 may also activate caspase-
12 and ATF3 and so promotes apoptosis®. The final mechanism is caspase-mediated cell
death under ER stress. The different members of caspase family such as caspase 2,3, 9 and 12
are involved in cell death is known®>*.Caspase-12 is found as associated with ER membrane
and under ER stress, it is activated by calpain and also BAX and BAK®**®. After this
activation for enterence of apoptotic pathway, caspase-12 activates caspase-9 and then

caspase-3 %,

1.8 ER Stress and the Formation of Reactive Oxygen Species

Generation and accumulation of ROS in the cells is important cause of inflammation and this
is called as oxidative stress®.In the protein folding process in ER, oxidizing conditions are
needed to formation of disulphide bonds®. For electron transport for formation of these
bonds, there are two ER enzymes which are protein disulphide isomerase (PDI) and ER
oxidoreductin 1 (ERO1). The role of PDI is accepting electrons directly and forming disulfide
bonds via oxidation of cysteine residues while EROL provides transformation of electrons
from PDI to oxygen. The usage of oxygen as a final terminal electron recipient results in
formation of ROS®. In addition to them, decrease in reduced gluathione is also another
contributor for production of ROS®. The increase in ROS under protein load also causes
inflammation. To prevent accumulation of ROS, cells improve mechanisms. One of them is

PERK arm of UPR which may activate antioxidant mechanism by activating expression of the
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bZIP-containing transcription factor ATF4 and by phosphorylating NRF2 (nuclear factor-
erythroid-derived 2 (NF-E2)-related factor 2)®. Phosphorylated NRF2 translocates to nucleus
and promotes activation of expression of several antioxidant and oxidantdetoxifying enzymes
such as glutathione S-transferase®. In addition to them, PERK antioxidant role is proved by
research that indicates tunicamycin, a well known ER stress inducer promoted ROS is more in
PERK lack cells when comparing wild type cells®. As a result, production of ROS is directly
related with ER stressandone arm of UPR that is PERKhas a protective role on regulation of

ROS production.

1.9 Endoplasmic Reticulum Stress and Inflammasome

Up to now, there is not enough information between ER stress and inflammasome formation.
However, recent studies gave some clues about their relationship. From previous studies, it is
known that reactive oxygen species (ROS) have a serious role in activation of NLRP3
inflammasome®®'% It was indicated that the thioredoxin (TRX)-interacting protein (TXNIP)
is a NLRP3 ligand and it is ROS sensitive'®™.Under stress condition, by production of ROS,
TXNIP dissociates from TRX and TXNIP binds NLRP3 from LRR and NACHT domains and
provides processing of I1L-1B ®*%.In a recent study, two arms of UPR that are PERK and
IRE pathways have role in regulation of TXNIP expression. PERK regulates it at transcription
control level while IRE1 regulates it at the posttranscriptional level'® Also another study
supports that both PERK and IRElaare requirement for TXNIP induction in ER stress
condition and this induction is important for production of IL-1p and beta cell death'®.In
addition to them, a recent study shows that endoplasmic reticulum stress is an activator factor

105

for NF-KB and provides production of IL-1f via this pathways™".Previously it is known that

106

UPR signaling pathway activate NFxB pathway andso it is predicted results—. Also, another

study shows that ER stress behaves as a second signal that is needed for NLRP3
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inflammasome activation in macrophages that are primed with LPS or phorbol esters. In this
study, it is suggested that NLRP3 activation occurs independently from classic unfolded
protein response (UPR) consists of PERK, IRE1 and ATF6 and it proposes that ER stress
downstream part could be involved in NLRP3 activation'”. In addition to them, another
important kinase which is Protein Kinase R is important for activation of inflammasome. PKR
is not direct arm of UPR but it is observed that under ER stress, PKR is also activated by well
known ER stress inducers that are thapsigargin and palmitate'®. In the Lu et al. study,the role
of PKR in inflammasome activation is identified.In this study, it is observed that inhibition of
PKR activity with different methods such as using PKR inhibitors or shRNA results in
reduction of the secreted IL-1B, IL-18 and HMGB1. Moreover, direct interaction between
different infammasome type and PKR is detected*®. In summary, the important role of PKR
in inflammasome activation is obvious.However, for understanding UPR and inflammasome
activation, these researches are not enough and further investigation on ER stress and

inflammasome relationship is needed.

1.10 The Monounsaturated Fatty Acids and Their Role in Health

Monounsaturated fatty acids(MUFA) contain a single double bond between carbon atoms on
the fatty acid backbone. On the other hand, polyunsaturated fatty acids have two or more
double bonds while saturated fatty acids do not have any double bonds.The geometric
configurations of MUFA are identified by the location of the hydrogen atoms around the
double bond. If the hydrogen atoms are on the same side, this is called as cis-MUFA while if
the hyrogen atoms are on the opposite site, they are called as trans-MUFA’. The most
common dietary MUFA is oleic acid (OLA; 18:1n-9), which is a cis MUFA™!. On the other

hand, the most common trans-MUFA in diet is elaidic acid (trans18:1n-9)**2.
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A broad range of studies shows that saturated fatty acids(SFA) have deleterious effects on
health such as perturbation ofglycemic control, insulin sensitivity and they contribute to
obesity******, Therefore, the replacement of SFA with MUFA in diet is beneficial. The studies
indicate that MUFA has a variety of beneficial effects on health, especially on type-2 diabetes

and cardiovascular diseases'!*%,

Moreover, the replacement of SFA with MUFA leads to
maintaining body mass and fat mass at a constant level and eliminating weight gain in healthy
subjects™®. To illustrate more specifically, providing oleic acid is in diet leads to decrease in
low density lipoprotein (LDL) cholesterol and increase in the beneficial, high density
liporpotein (HDL).In addition, it is known that oleic acids decreases DNA oxidation and
ROS. This ability is important for protection from different type of cancers'’. It has been
shown that MUFA has a preventive effect on metabolic disease and cardiovascular disease via
decreasing blood pressure and increasing insulin sensitivity. Whether MUFAs should

preferentially replace SFA instead of polyunsaturated fatty acids (PUFA) is important

question.

1.10.1Palmitoleate, a Bioactive Lipokine

Palmitoleic acid (C16:1) is an omega-7 monounsaturated fatty acid and it is found in different

sources such as plant and marine species™***°

. A recent study has shown that palmitoleic
acid behaves as an adipose tissue-derivedlipid hormone or lipokine to communicate between
the adipose tissue and other distant organs in order to maintain metabolichomeostasis.In the
same study, palmitoleate raised insulin response of muscle and suppressed hepatosteatosis
120 Unlike saturated fatty acids that can stimulate insulin resistance, palmitoleate has been
shown to increase insulin sensitivity in both mice and human*?#, Another interesting result
shows that antidiabetic thiazolidinediones increases suppression of a stearoyl- CoA desaturase

1 (SCD 1) gene in adipose tissue, a rate limiting enzyme in palmitoleate production®.In
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addition to the effect of palmitoleate on insulin sensitivity, research in human and mouse cells
showed that palmitoleate can also reduce endoplasmic reticulum stress and protect cells from

apoptosislzz’124'127.
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2. OBJECTIVES AND RATIONALES

Palmitoleic acid (C16:1) is an omega-7 monounsaturated fatty acid that was shown to have a
beneficial role in several human diseases™'®. Palmitoleic acid behaves as an adipose tissue-
derived lipid hormone or lipokine that mediates communication between the adipose tissue
and other organs that are important for metabolic homeostasis*?®.In mouse studies, it was
observed that palmitoleate can raise insulin sensitivity’***?.Increased palmitoleate levels
have been associated with insulin sensitivity aswell*?**?> Moreover, palmitoleate could
suppress hepatostetosis in another study conducted in mice*®*?!. In addition, palmitoleate has
been shown to reduce endoplasmic reticulum stress and protect cells from apoptosis'®**%’.
Although these beneficial effects may promote a healthier life, further investigation is
required to understand the exact mechanism of action of palmitoleate in preventing complex
and chronic metabolic and inflammatory diseases. Recent studies suggest that NLRP3
inflammasome activation and IL-1 family processing by the inflammasome complex
isimportant for the pathogenesis of metabolic disorders such as obesity, type-2 diabetes and
atherosclerosis®*** It is known that free fatty acids such as palmitate in diet are important
contributorsto cardiovascular problems. Excess fatty acids contribute to disease pathogenesis
in part by leading to lipid accumulation, endoplamic reticulum stress and chronic
inflammation?**%°. A study by Wen, H., et al has shown that palmitate is an activator of

NLRP3 inflammasome via increasing mitochondrial reactive oxygen species production and

stopping autophagy activation in murine macrophages'®.

In this thesis study, | set forth to wunderstand the impact of the bioactive
lipokine,palmitoleate(PAO), on  palmitate(PA)-induced inflammasome  activation.

Furthermore, | carried out mechanistic studies that could explain PAO’s effect. Towards this
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end | investigated how PAO modulate PA-induced mitochondrial reactive oxygen species
(mtROS) in both LPS primed human macrophage cell line, THP1, and in primary bone
marrow derived mouse macrophages. The outcome of my studies showed that PAO has a
suppressive effect on the inflammasome at both the priming step and the second step, via
reducing mtROS.The first mechanism that was investigated in relation to PAQO’s role in
regulating inflammasome activation in involved the inactivation of AMPK via
phosphorylation because AMPK plays an important role in mtROS production by controlling
cellular autophagic response, which can turn over defective mitochondria and reduce mtROS
levels in the cell. A seond mechanism that was investigated in this thesis in relation to
PAO’s impact on inflammasome activation involved the UPR- mediated control of
inflammasome activity. Since PAO is known to regulate the UPR and ER stress and UPR,
particularly the IRE1 arm, has been shown to play a role in inflammasome activation | also
analyzed that the possible contributons of two UPR arms (namely IRE1 and PERK branches)

on PA-induced inflammasome activation.
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3. MATERIALS AND METHODS

3.1 MATERIALS

3.1.1 General Laboratory Reagents

In this research, the reagents used were purchased from several different companies such as
Fisher Scientific (NJ, US),AppliChem (Dermstadt, Germany), Sigma-Aldrich (St.Louis, MO,
USA), Merck (NJ, USA), Amresco (Ohio, US). Ethanol, Methanol, Isopropanol, Bradford,
Trizma Base and Sodium Chloride were got from Sigma-Aldrich (St.Louis, MO, USA). High
Grade Pure Water was from HyClone (Rockford, USA). HEPES and Tween were bought
from Amresco (Ohio, US). 40% Acrylamide Reagent was bought from Fisher BioReagents
(Fisher Scientific, NJ, US). Ammonium persulfate was bought from Carlo Erba (Italy). ECL
Prime Western Blot Detection Kit was purchased from Amersham Pharmacia Biotech
Company (AMERSHAM, UK). Spectra Multicolor Broad Range Protein Ladder was bought
from Thermo Scientific (Rockford, USA).Bovine Serum Albumin (BSA) was bought from

Santa Cruz Biotechnology (Dallas, USA).
3.1.2 Cell Culture Materials and Reagents

Dulbecco’s modified Eagle’s Medium and Rosswell Park Memorial Institute Medium (RPMI)
were obtained from Thermo Scientific HyClone (Rockford, USA). Fetal Bovine Serum
(FBS),Trypsin-EDTA were obtained from GIBCO (Invitrogen, Carlsbad, CA, USA) while L-
glutamine and Penicillin/Streptomycin solution were obtained from HyClone (Rockford,
USA). The cell culture plates, scrapers, dishes and flasks were obtained from Greiner Bio One
(Monroe, NC, USA) and Costar Corning Incorporated (NY, USA). Serological Pipettes were
obtained from Sarstedt Inc (Newton, NC, USA). DMSO was obtained fromAppliChem

(Dermstadt, Germany).
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3.1.3 Spectrophotometry, NanoDrop, Polymerase Chain Reaction, Real Time-

Polymerase Chain Reaction and Fluorescence Microscope

To determination of RNA amounts, NanoDrop obtained from Thermo Scientific (Wilmington,
USA) was used. The concentrations of proteins were measured with spectrophotometer
Beckman Du640 (Beckman Instruments Inc., Ca, USA). cDNA synthesis was done by using

Techne TC-512.RT-PCR was done by using Light Cycler 48011 Roche.
3.1.4 Antibodies

The antibodies used, their catalog number and their usage condition were given the list.

Antibody Catalog  Number | Dilution Incubation Time

and Company

Caspase-1(C20) sc-515 1:1000 for p45 part | Overnight incubation

Santa Cruz 1:500 for p10 part at4*C

Biotechnology

Caspase-1(M20) sc-514 1:1000 for p45 part | Overnight incubation

Santa Cruz 1:500 for p10 part ar4°c

Biotechnology

Beta Actin sc-47778 1:1000 1 hour at room

temperature
Santa Cruz

Biotechnology

Beta Tubulin (H-235): sc-9104 1:1000 1 hour at Room

Santa Cruz Temperature

Biotechnology

Phospho- 3179S 1:1000 Overnight incubation
PERK(Thr980)
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(16F8) Cell Signaling at4°C
) ab48187 1:1000 1 hour at Room
Anti-IRE1 (phospho
S724) antibody Abcam Temperature
2531S 1:1000 Overnight incubation
Phospho-
AMPKa. (Thr172) Cell Signaling at 4°C
MOMA-2 SC-59332 1:500 1 hour at Room
Santa Cruz Temperature
Biotechnology
Alexa 488 1:200 20 minutes at Room
ab150157
Temperature
Abcam

Table 3.1: The list of antibodies that were used during this research with their catalog no,

working dilution and incubation conditions

3.2 SOLUTIONS AND MEDIA

3.2.1 Cell Culture Solutions

Cell Culture Medium: DMEM and RPMI medium, Conditional RPMI medium

Cell culture medium was prepared with 10 % Fetal Bovine Serum (FBS), 1 % L-Glutamine

and it was stored at 4 °C. For conditional RPMI medium, 15 % L- 929 conditional medium,

10 % Fetal Bovine Serum (FBS), 1 % L-Glutamine and 1 % Penicillin/Streptomycin were

used and it was stored at 4 °C.
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0.25% Trypsin-EDTA (1X), Phenol Red, L-Glutamine (200 mM), Fetal Bovine Serum

(FBS), 1X Phosphate Buffered Solution

They werepurchased from GIBCO (Invitrogen).
Albumin, from Bovine Serum (Fatty Acid Free)
It was purchased from SIGMA Life Science.
Palmitic Acid (palmitate)

It was purchased from Sigma-Aldrich (St.Louis, MO, USA). The main stock was prepared as
500 mM/mlby dissolving in absolute ethanol. Working solution was prepared by that enough
amount of palmitate was dissolved in filtered 1 % BSA (Fatty acid free) containing RPMI. It

was dissolved by vortexing and heating up to 55°C for 30 minutes.
Palmitoleic Acid (palmitoleate)

It was purchased from Sigma- Aldrich (St.Louis, MO, USA).The main stock was prepared as
500 mM/ml in absolute ethanol and working solution was prepared by that enough amount of

palmitoleate was dissolved in filtered 1 % BSA (Fatty acid free) containing RPMI.
Lipopolysaaccaride(LPS)

It was purchased from Sigma-Aldrich (St.Louis, MO, USA). It was prepared as 10 pg/ml
aliquots and working solution was prepared bythat enough amount of LPS was dissolved in

RPMI including 10% heat inactivated FBS and 1% L-glutamine.

3.2.2. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis and Immunoblotting

Solutions

In this research, for Western blotting experiments, Mini PROTEAN Tetra Cell Western
Blotting System (Bio Rad, CA, USA) was used. The gels used were prepared as 10% and 15

% resolving according to protein size and 5 % stacking Gels.
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Phospho Lysis Buffer

To isolation of total protein from cell culture, Phospho lysis buffer was used. To preparation,
50 mM HEPES pH:7,9, 100 mM NaCl, 10 mM EDTA,10 mM NaF, 4 mM NaPP, 1% Triton,
2 mM Sodium orthovanadate (NazVO,4), 1mM phenylmethanesulfonylfluoride(PMSF), 1X
phosphatase inhibitor cocktail 3(Sigma, P0044) and 1X (10pM/ ml) protease inhibitor
cocktail were mixed.

10% and 15% Resolving Gels

For preparation of resolving gels, 40% Acrylamide mix, 1.5 M Tris-HCI (pH: 8.8), 10% SDS
and 10% Ammonium persulfate, 0.08% TEMED were mixed and completed with enough

amount volume of ddH,0.
5 % Stacking Gel

For preparation of stacking gel, 40% Acrylamide mix, 1.5 mM Tris-HCI (pH: 6.8), 10% SDS
and 10% Ammonium persulfate, 0.1% TEMED were mixed and completed with suitable

volume of ddHO.
10% Ammonium persulfate

2 g Ammonium persulfate was dissolved in 20 ml ddH,O and it was stored at-20°C as

aliquots.
1.5 M Tris-HCI (pH: 8.8)

54.45 g Tris Base (Trizma) was dissolved in 300 ml ddH,O and pH was 8.8 adjusted by 1 N

HCI. It was stored at 4 °C.
1.5 M Tris-HCI (pH: 6.8)

12 g Tris Base (Trizma) was dissolved with 100 ml ddH,O and pH must be 6.8 adjusted with

1 N HCI.
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10% SDS Solution
10 g SDS was dissolved in 100 ml ddH,0.
10X Running Buffer

15 g/liter Tris Base, 144 g/liter Glycine and 300 ml 10% SDSwere dissolved in suitable

volume of ddH,0O. Before usage, working solution was prepared as 1X.
10X Transfer Buffer

72 glliter Glycine, 58 g/liter Tris Base, 2 ml 10% SDS were dissolved in suitable volume of
ddH,0. Before usage, working solution was prepared as1X by mixing 700 ml ddH,0O, 100 ml

10X Transfer Buffer, 200 ml Methanol.
10X Tris Buffered Saline (TBS)

1.5 M NacCl (87.76 g), 100 mM Trizma Base were dissolved in one liter ddH,O and adjust pH

8.0 with 1N HCI.

1X-TBS-T

450 ml ddH,0, 50 ml TBS, 500 pl Tweens were mixed.
10X Phosphate Buffered Saline (PBS)

80 g NaCl, 2 g KCl, 15.2 g Na;HPO,4.2H,0 were dissolved in 1 liter ddH20 and adjust pH to

6.8.
1X-PBS-T
450 ml ddH,0, 50 ml PBS, 500 ul Tweens were mixed.

Blocking Solutions (5 % Bovine Serum Albumin in TBS-T and5 % Milk in TBS-T or

PBS-T)

2.5 g Bovine Serum Albumin (Santa Cruz) was dissolved in 50 ml 1X TBS-T and 2.5 g milk

powder was dissolved in 50 ml TBS-T or PBS-T.
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3.2.3 Immunochemistry and MitoSOX Solutions

10X Triton

5 ml Triton X-100 was dissolved in 45ml dH0.

Blocking Buffer

3%BSA in 1X PBS was prepared by dissolving of 0, 3 g BSA in 1X PBS.
Permeabilization Buffer

0.3% TritonX-100 in 1XPBS was prepared.

Fixing Buffer

4% Formaldehyde in 1X PBS was prepared 40% Formaldehyde diluted to 4% by 1X PBS.
HBSS buffer

8000 mg/liter Sodium Chloride, 8000 mg/liter Potassium Chloride, 60 mg/liter Potassium
Phosphate monobasic KH2PO4, 1000 mg/liter Glucose, 48 mg/liter Sodium Phosphate,
dibasic Na2HPO4 anhydrate, 98 mg/liter Magnesium Sulfate, anhydrate MgSO4, 140 mg/liter
Calcium Chloride, anhydrate, 350 mg/liter Sodium Bicarbonate were dissolved in dH,O and

autoclaved.

3.3 METHODS

3.3.1 Cell Culture
3.3.1.1 Cell Lines and Cell Culture Conditions of These Cells

For cell culture, DMEM and RPMI medium were used. In this research, THP-1 monocytes
that were a human monocytic cell line, THP-1 macrophages, Primary Bone Marrow Derived
Mouse Macrophages , IRE -/- mouse embryonic fibroblast cells (MEF), WT MEF, PERK -/-
MEF, murine aneuploid fibrosarcoma cells (L929) were used. THP-1 monocytes, THP-1
macrophages were grown with RPMlIcontained 10% heat inactivated Fetal Bovine Serum
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(FBS) and 1% L-Glutamine while IRE -/- MEF, WT MEF, PERK -/- MEF, L929 were
DMEMcontained 10% Fetal Bovine Serum (FBS) and 1X-L-Glutamine.BMDM cells were
grown in RPMI that contained 10% Fetal Bovine Serum (FBS),15% conditioned medium
from L929 cells, 1% Penicillin/Streptomycin and 1% 1X-L-Glutamine.All cells were grown
in 37 °C incubators with 5% CO,. They were controlled regularly to provide better grow

conditions.
3.3.1.2 Passage of the Cell Lines

Firstly, all cells medium were removed and cells were washed with PBS. After that PBS was
removed and 1 ml Trypsin-EDTA was added for 96 mm. The plates were incubated in
incubator for 2-3 minutes. Then detached cells were collected with complete medium and
suspend them in 15 ml or 50 ml falcons. The cells were reseeded with enough confluence to

plates.

For THP-1 monocytes, the passage was different because THP-1 monocytes were suspension
cell lines. Therefore, THP-1 monocytes were collected in 15 or 50 ml falcons and they were
centrifuged at 500 rpm for 4 minutes. After that, supernatant was removed with not
disrupting. Cells collected and were suspended with enough amount of RPMI. Then reseed

the cells to plates. Before the usage, the mediums used were warmed at 37 °C in water bath.
3.3.1.3Freezing of Cultured Cells

The cells that had 70-80 % confluency in plates could be frozen by firstly removing their
mediums. After that, they were washed PBS and Trypsin-EDTA was used to detach the cells.
Then collect cells. If cells were suspension cells such as THP-1 monocyte cell lines, they were

collected directly. After collecting cells, they were centrifuged for 7 minutes at 1000 rpm.

For freezing, the freezing medium was used contained 50 % FBS, 40 % DMEM and 10 %
DMSO. The medium of the centrifuged cells were removed carefully and cells were

resuspended with freezing medium prepared. The 1 ml of this suspension was put in cryovial
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tube and they were stored at -80°C freezer. After one day later, some of frozen cells can be

put in liquid nitrogen tank.
3.3.1.4Thawing of Cultured Cells

To thawing of the frozen cells, the frozen vials firstly were incubated in the 37°C water bath
until they thawed. After that, they were suspended 1 ml pre-heated medium in cryovial and
seeded to 25 cm? flask contained 5 ml medium and had filtered cap. For THP-1 cells, they
were opened in 60 mm plates instead of 25 cm? flask. Then plates and flasks were incubated

at 37°C incubator and after one day the medium was changed.

3.3.1.5 Preparation of Conditioned Medium from L929 Cells

4,7x10° cells were placed in a 75 cm? flask and 55 ml RPMI containing 10% heat inactivated
FBS and 1% L-glutamine. Then these cells were grown for seven days inincubator with 5%
CO2 at 37°C. After seven days, medium from the cells were collected and filtered with a

0.45-um filter. This solution was frozen at -20°C.

3.3.1.6 Isolation of Bone Marrow Derived Macrophages

Firstly, femurs and tibiae were got from the 8 week old C57BL/6 mice by removing all
muscle from bones. They were put in PBS until isolation. Then, the end of bones were cut and
they were flushed with RPMI that contained 10% heat inactivated FBS and 1%
Penicillin/Streptomycin solution using 21 G needle. After collection of these flushed cells in
50 ml Falcon tube, cells were spun at 1100 rpm for 5 minutes at 4°C.Then, they were filtered
by cell strainer that were purchased from BD Bioscience (San Fransisco, USA) . Cells were
spun again at 1100rpm for 5 min at 4°C. After spin, supernatant was removed and cells are
resuspended with RPMI containing 10% heat inactivated FBS, 15% cell conditioned medium
from L929 cells (they make M-CSF) and1% L-glutamine. Cells are seeded in 10 or 15 cm
bacterial plates. These cells were cultured for a week for differentiation. At day 3, the cells

were fed withRPMI containing 10% heat inactivated FBS, 15% cell conditioned medium from
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L929 cells and1% L-glutamine. At day 6, the medium of cells were changed. If there was a lot
of floating cells, they were spun down and resuspended with fresh medium and replaced on
plates. After one week, only macrophage progenitors were sitting down on plastic plates.

They were ready for experiments and they were able to use for 2-3 weeks.

3.3.1.7 Treatment of Cells

In this research, LPS, palmitate and palmitoleate were used to treat THP-1 and BMDM cells.
One day before from treatment, the cells were seeded into plates. For treatment, palmitate and
palmitoleate were given in 1% BSA (free fatty acids) RPMI medium and LPS was applied in
RPMI medium contained 10% heat inactivated FBS and 1% L-glutamine. In these
experiments, for negative controls, same amount of solvents according to treatment was
given. For palmitate and palmitoleate treatment, negative controls were absolute ethanol and
for LPS treatment, negative control was nuclease free water. The appropriate experimental

conditions for treatment were given in the table below.

Amount The solvent | The solvent | Treatment Chemicals
(Molarity for treatment | O duration used for
and gram) dissolving negative
control
LPS 50 ng/ml for | Complete Nuclease 3hours Nuclease
THP-1 RPMI free water pretreatment free water
200 ng/mi before PA or
for BMDM PAO
treatment
Palmitate 1000 uM/ml | RPMI with 1 | Absolute 9&16 hours | Ethanol
% free fatty | Ethanol for THP-1
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acid BSA

9 hours and 2
hours
pretreatment
before 22
hours no
serum free
medium
treatment for

BMDM

Palmitate

200 pM/ml

RPMI with 1
% free fatty

acid BSA

Absolute

Ethanol

72 hours for

WT MEF

and IRE-/-

&PERK-/-

MEF

Ethanol

Palmitoleate

1000 pM/ml

RPMI with 1
% free fatty

acid BSA

Absolute

Ethanol

2 hours
pretreatment
and 24 or 16
hours
treatment

with PA

Ethanol

Table 3.2: The list of appropriate conditions of treatment used in this research with their

solvent for dissolving and treatment time
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3.3.2 Immunocytochemistry

To control of percentage of BMDM on total cells, immunocytochemistry method was used.
One day before immunohistochemistry experiment, cells were seeded to wells contained
sterile slides. After one day, medium was removed from the wells and cells were washed
gently with 1X PBS twice. PBS was removed and cells were fixed with 4% formaldehyde for
10 minutes on ice. Then cells were washed with 1X PBS three times and for permebilization,
they were treated with 0.3% Triton X in 1X PBS by incubating for 5 minutes at room
temperature. After that, cells were blocked in 3% BSA in 1X PBS for 30 min at room
temperature. MOMA-2 antibody in blocking solutions was applied for 1 hour at room
temperature. After blocking, cells were washed with 1X PBS for 5 times by each wash for 1
minute on the shaker. Then cells were incubated secondary antibody such as Alexa488 or
FITC for 20 minutes at room temperature. Again cells were washed for 5 times and one time
washed with dH,0. All liquid was removed and cells were stained with 50000X diluted DAPI
from AppliChem (Dermstadt, Germany) for 30 seconds-1 minute. Then slides were mounted
and placed in dark at room temperature for dry. The images were got with fluorescence

microscope.

3.3.3 Quantification of Mitochondrial Reactive Oxygen Species with MitoSOX Red

mitochondrial superoxide indicator

For the detection of mitochondrial reactive oxygen species(ROS), MitoSOX™ Red
mitochondrial superoxide indicator that was purchased from Invitrogen (Grand
Island,NY,USA) was used. Every vial of MitoSOX contains 50 pg of MitoSOX Red
mitochondrial superoxide indicator and it was dissolved with 13 uL of DMSO to make5 mM
MitoSOX stock solution. For quantification of mitochondrial ROS, one day before from
treatment, cells were seeded into plates that contained sterilized slides. After the treatment

according to experiment, the cell medium was removed and 300 pl of 5 uM MitoSOX
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working solution was applied. Working solution was prepared with dilution of stock solution
of MitoSOX withHBSS/Ca/Mg buffer before experiment. After putting the working solution
onto cells that were incubated for 10 minutes at 37°C, protected from light. Then cells were
washed gently tree times with warm HBSS buffer. After that, for counterstaining, cells were
fixated with 500 pul cold Acetone was applied onto cells and they were put at -20°C.Then cells
were washed with 1XPBS with three times and 300ul DAPI diluted as 50000 times was
applied to cells for 30 seconds- 1 minutes. Finally, cells were washed with dH20 and mount
with using FluorSave reagent from Millipore (Darmstadt, Germany) to imaging. Images were

got as 40X by using fluorescence microscope and they were analyzed with ImageJ program.
3.3.4 Protein Extraction
3.3.4.1 Protein Precipitation from Cell Medium

For isolation of proteins from cell medium,methanol/chloroform precipitation method was
used. Firstly, from treated cells 500 pl cell supernatant was collected, and 500 pl methanol
and 125 ul chloroform were added to supernatant. Then, samples were vortexed vigorously
until to seeing homogenous milky white suspension and samples were centrifuged at 13,000 x
g for 5 minutes.After centrifuge, there was three phases: upper aqua/methanol part, a protein
layer and lower chloroform part.The upper part was removed carefully by not removing
protein phase. 500 ulmethanol was added to samples and samples were vortexed until protein
layer break well. After that, the samples were centrifuged at 13,000 x g for 5 minutes. The
entire methanol was removed from samples by sucking carefully.lt was important that when
removing methanol, the protein must not be disrupted. The proteins pellets were dissolved in
2X SDS loading dye and vortexed well. Then they were incubated at 95 °C for 5 minutes and

then spun.
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3.3.4.2 Protein Isolation from Cultured Cells

Firstly, phospholysis buffer mix prepared freshly was put into cells that frozen in liquid
nitrogen. Then they were shaken gently and waited for 5 minutes in the dark. After that, cells
were scraped with 1000 pl tip and collected in eppendorfs. They were centrifuged at 13000
rpm at 4°C for 12 minutes. The supernatants were collected and for measure the amount of
protein, Bradford measurement was done. For this,1 pl protein sample was mixed with 49 pl
nuclease free water and for blank, instead of protein sample, phospholysis buffer was used.
After that, 450 pl Bradford Solution from SIGMA-ALDRICH (St.Louis, MO, USA), was
added into prepared samples to measurement. The absorbance value of protein was measured
at 595 nm and concentrations were calculatedaccording to BSA curve. Then the protein
amounts were equaled and enough amounts of 5X SDS Loading Dye were added to samples.

Then, samples were incubated atat 95°C for 5 minutes and they were spun.

3.3.5 Western Blotting

Before the running, samples were boiled at 95°C for 5 minutes. Then enough amount of
protein (50 to 100ul) was loaded into Tris-glycine SDS-Polyacrylamide gel. To comparison
of protein size, protein ladder was also loaded into gel. Gel was run in 1X running Buffer. The
concentrations of gel were changed according to protein size. To looking at caspase-1 p10
part, protein was run on 15% gel with 100 V constantly. To look at caspase-1 p45 and B-actin
or B-tubulin, 10% gels were used and running started with 80 V and after 30 minutes it was
changed to 120 V. After running, the proteins in gel were transferred onto PVDF transfer
membrane that was brought from Thermo Scientific. Firstly, transfer membrane was activated
in methanol for 10 seconds and then it was washing in 1X transfer buffer. Then for wet
transfer, the sandwich was prepared. Firstly, 3 sponges and 4 filter papers were soaked in 1X
transfer buffer. Then these were put by this order: 2 sponges, 2 filter papers, gel, transfer

membrane, 2 filter papers and 1 sponge. Then sandwich apparatus was closed and put in
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transfer tank. For looking at caspase-1 p10 part, the proteins were transferred at 100 V for 90
minutes while for looking other proteins; transfer was done at 95 V for 120 minutes. The
transfer was one at 4°C.After transfer, transferred membranes firstly washing with TBST-T
for two minutes and then it was blocked with 5% PBS-T milk for caspase-1 and for other
proteins with 5% TBS-T milk. After that, primary antibody in same solution with blocking is
prepare with suitable dilution and put on plate that was surrounded with wet towels and
incubated at 4°C overnight or 1 hour at room temperature. Then the membranes was washed
with TBS-T (%0.5 tween) or PBS-T(%0.5 tween) according to blocking solution content for 3
times 5,15,5 minutes on shaker in order. After that,anti-mouse or anti-rabbit which were
horseradish peroxidase (HRP) conjugated antibodies used as secondary antibody. The
secondary antibody was prepared in same solution with blocking solution with suitable
dilution. The membrane was incubated with secondary antibody for 1 hour at room
temperature and then the membrane was washed with again TBS-T or PBS-T on shaker for 3
times as 5,15 and 5 minutes. After these processes, for detection, ECL-Prime (Amersham,
UK) was prepared with 1:1 ratio of its solution A and solution B. Then, it was applied on to
membrane and it was incubated at dark for 5 minutes. After that, the membrane was

developed with X-ray films and Developer device.

3.3.6 Total RNA isolation from Cells

For RNA from cell lines were extracted by using Trisure Ambion Trizol Reagent from
Invitrogen (Grand Island,NY,USA).For this, firstly, cells were suspended 1000ul Trisure and
200 ul Chloroform were added and then mixed them. After waiting for 3 minutes, they were
spun at 13000 rpm for 17 minutes. Afterwards, the upper phase was collected carefully and
500 pl Isapropanol added and mixed for 15 seconds. After waiting them at room temperature
for 10 minutes, they were spun at 13000 rpm for 12 minutes. The supernatant part was

removed and 1 ml 75% ethanol was added to eppendorfs. They were spun at 8000 rpm for 8
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minutes. Then again supernatant part was removed and 100% ethanol was added into
eppendorfs. Afterwards, they were spun at 8000 rpm for 8 minutes. After centrifuge, all
ethanol was removed and RNA pellets were dried for several minutes. Then they were

dissolved by 10-25ul nuclease free water and stored at —80°C.

3.3.7 cDNA Synthesis

From RNA, first strand cDNAs was synthesized by using Thermo Scientific Revert Aid First
Strand cDNA Synthesis Kit (Rockford, USA). Firstly, 0,550 ug RNA was mixed with 0, 5 pl
The oligo (dT)s primer and to complete to volume as 6 pul , enough amount of nuclease free
water was added. Then, they were incubated at 65°C for 5 minutes. After incubation, 2 pl
reaction buffer, 1 pl dNTP mix,0.5 pl RNAase inhibitor,0.5 pl Revert aid M-Mul V
Reverse Transcriptase (200u/ul ) were added to these samples and they weremixed gently.
Finally, they were incubated 60 min at 42°C followed by heat activation at 70°C for 5

minutes.

3.3.8 Quantative RT-PCR for Expression Analysis for Gene Expression

3.3.8.1 Calculation of Efficiency of Primer Efficiency

To find the efficiency of primer, firstly, cDNA pool was prepared and it was diluted by serial
dilution. The dilution factor was 5 and seven serial dilutions were done. After that, these
samples were used for RT-PCR and results were used for calculation. Ct value to log of
dilution factor graphs was drawn and the slope that was used to find our primer efficiency
calculation. The efficiency calculation formula is E = 10" (-1/slope). The primer sequences

that were used in this research and their parameters were indicated on the table on below:

The name of | Forward Reverse T The Reference Article | The primer
Primer  (For and Groups efficiencies
mouse)
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hIL1p

CAACCAACAAGTGA

TATTCTCCATG

GATCCACAC

TCTCCAGCTG

CA

55,3-

57,3

Lee YM, Fujikado N,
Manaka H, Yasuda H,
Ilwakura Y. IL-1 plays an
important role in the bone
metabolism under
physiological conditions. Int
Immunol. 2010 Oct;

22(10):805-16.

1,88

hIL18

CAAGGAATTGTCTCC

CAGTGC

CAGCCGCTTT

AGCAGCCA

58-64

Ear, T., McDonald, P.

P. Autocrine role of
endogenous interleukin-18
on inflammatory cytokine
generation by human
neutrophils. FASEB J. 23,

194-203 (2009).

1,88

hBeta-Actin

GATGAGATTGGCAT

GGCTTT

CACCTTCACC

GTTCCAGTTT

55,3-

57,3

Susztak K, Ciccone E,
McCue P, Sharma K,
Bottinger EP. Multiple
metabolic hits converge on
CD36 as novel mediator of
tubular epithelial apoptosis in
diabetic nephropathy. PLoS

Med 2005; 2: e45.

1,83

miL1p

CAACCAACAAGTGA

TATTCTCCATG

GATCCACAC

TCTCCAGCTG

CA

59,7-

61,4

Cao, S.S., Song, B. &
Kaufman, R.J. PKR protects
colonic epithelium against
colitis through the unfolded
protein response and
prosurvival signaling.

Inflamm Bowel Dis

191

miL18

TCTGACATGGCAGC

CATTGT

CAGGCCTGA

CATCTTCTGC

57,3-

59,8

Kawase Y, Hoshino T,
Yokota K, Kuzuhara A,

Nakamura M, Maeda Y,

1,91
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AA

Nishiwaki E, Zenmyo M,
Hiraoka K, Aizawa H. Bone

malformations in

interleukin-18 transgenic
mice. J Bone Miner Res

2003;18:975-83.

mTNFalpha

CATCTTCTCAAAAT

TCGAGTGACAA

TGGGAGTAG

ACAAGGTAC

AACCC

58-62

Stig S. Jakobsen, A. Larsen2,
M. Stoltenberg, J.M. Bruun3,
K. Soballe (2007). Effects of
As-Cast and Wrought
Cobalt-Chrome-
Molybdenum and Titanium-
Aluminium-Vanadium
Alloys on Cytokine Gene
Expression And Proten
Secretion In J774a.1
Macrophages.European Cells
and Materials Vol. 14.pages

45-55.

2,06

MGAPDH

GTGAAGGTCGGTGT

GAACG

GGTCGTTGA

TGGCAACAA

TCTC

60-66

Motohara T, Masuko S,
Ishimoto T, Yae T, Onishi N,
Muraguchi T, Hirao A,
Matsuzaki Y, Tashiro H,
Katabuchi H, Saya H,
Nagano O. (2011) Transient
depletion of p53 followed by
transduction of c-Myc and K-
Ras converts ovarian stem-
like cells into tumor-
initiating cells.
Carcinogenesis. 32:1597-

606, 2011.

2,0

hTNFalpha

AGCTGCCCCTCAGC

TTGAA

CCCAGGGAC

CTCTCTAATC

A

61-

62.1

Chiu Sc, Yang NS. (2007).
Inhibition or Tumor Necrosis
factor-athrough Selective
Blockade of Pre-mRNA

Splicing by Shikonin.

2,0
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Molecular Pahrmacology

Vol. 71 no 6, 1640-1645.

hGAPDH

CAATGACCCCTTCA

TT

TTGATTTTGG

AGGGATCTC

G

45.6-

52.2

Lamont KR, Hasham MG,
Dongia NM, Branca J,
Chauaree M, Chase B,
Breggia A, Hedlung J, Emery
1, Cauallo F, Jasin M, Riter J
and Mills KD. (2013).
Attenuating Homologous
recombination stimulates and
AID-induced antileukemic
effect. The Journal of
Experimental Medicine.Vol

210 NO.5 1021-1033.

1,98

Table 3.3) The list of gRT-PCR primers with their efficiency values and conditions

3.3.8.2 Quantification of Gene Expression Level by RT-PCR

For quantitative PCR analysis 6 plSyber Green mix from Roche (Basel, Switzerland), 1ul
forward primer, 1plreverse primer were used. The volume as completed to 12ulby adding

enough amount of cDNA and nuclease free water. The RT-PCR reaction that was used
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contained initial denaturation step at 95°C for10 minutes, 45 cycles of amplification reaction
was done at 95° 30 seconds, at 60°C 30 seconds, at 72°C 30 seconds with final extension at
72°C 5 minutes. Finally, melting temperature step was followed at 95°C 20 seconds ended
with one more step for annealing and extension time. To calculation of expression level of the
gene, Ct values of the target gene and reference gene such as GAPDH or B-actin were used.

AACt where AACt means

The formula that was used for calculation was (Primer efficiency)
ACt (target gene) - ACt (reference gene) and Ct means (threshold cycle).For statistical reason,

all samples were analyzed as duplicate.

3.3.9 Enzyme-Linked Immunosorbent Assay

For quantitive analysis of amount of secreted IL-1B,Enzyme-Linked Immunosorbent Assay
(ELISA) kit from Abcam(Cambridge, United Kingdom) was used. All reagents that were used
were supplied with the kit. Before the starting experiment, cell supernatants were diluted as
2X or 3X. From 2000 pg/ml to O pg/ml concentration 1:3 ratio diluted 8 standards were
prepared. Before the experiment, all materials and reagents were equilibrated to room
temperature. Then 100 pl of samples and standards were applied to wells. For statistical
reason, all sample applied as twice. Then they were incubated for 2,5 hours at room
temperature by gently shaking. Then they were removed and wells were washed four times
with 1X Wash solutions. All wash solution was removed and 100 ul 1X Biotinylated IL-1
beta detection antibody was applied to wells and incubated for 1 hour by gently shaking. Then
all solutions were removed and wells were washed four times with 1X Wash solutions.
Afterwards, 100 pl 1X HRP-Streptavidin solution was applied to wells and incubated for 45
minutes by gently shaking. Then again repeat washing step and then 100 pl TMB one-step
substrate reagent was added to well and incubate 30 minutes in the dark by gently shaking.

Finally 50ul stop solution was added and immediately read at 450 nm. All steps were done at
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room temperature. The calculation was done after forming standard curve by using standard

concentration and their absorbance.
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4. RESULTS

4.1 The effect of palmitoleate on palmitate-induced inflammasome activation in human

monocytic cell line, THP-1

The in vitro activation of NLRP3 inflammasome requires two separate signals. The first
signal is mediated throught the TLR receptors upon engaging lipopolysaccaride (LPS) and
leads to mMRNA expression oflL-1p and IL-18. The second signal is needed to activate
caspase-1 and the assembly of NLRP3 inflammasome complex®. In this study, | first,
analyzed the effect of palmitate-induced IL-1p and IL-18 mRNA expression and how this is
modified by palmitoleate pre-treatmentin human THP-1 monocytic cell line. The results
demonstrated that palmitate (together with LPS) leads to an increase in the mRNA level of IL-
1pand this increase could beblocked by palmitoleate pre-treatment (Figure 4.1 A). On the
other hand, only LPS or palmitate together with LPS treatment did not increase pro-1L-18
MRNA level.(Figure 4.1 B). We did not detect changes in the mature form of IL-18 as this is
constitutively production of IL-18 in monocytes and macrophages™'. Therefore, 1L-18
analysis must be done in protein level. These results indicate that palmitoleate prevents

palmitate-induced priming of the inflammasome activity.
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B IL-18 mRNA Expression
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Figure 4.1: The effect of palmitoleate on palmitate-induced IL-1p and IL-18 mRNA
expression levels in the human monoytic cell line, THP-1.

THP-1 monocytes (2x10°) were treated with 50 ng/ml LPS for 3 hours, 1000 uM/ml palmitoleate for 2
hours and finally 1000 uM/ml palmitate for 9 hours. Total RNA was isolated from cells and mRNA
level of IL-1B (A) and IL-18 (B)were analyzed by qRT-PCR. (n=3 Student’s t-test was performed:
*=p<0.05 and **=p<0.01). (Control= 1% BSA+ ethanol, LPS=Lipopolysaccaride, PA=Palmitate,
PAO= Palmitoleate).

4.2 The effect of palmitoleate on palmitate-induced inflammasome activationin primary
Bone Marrow Derived Mouse Macrophages

After observing an in the mRNA expression of IL-1B by palmitate and prevention by
palmitoleate in human monocytes, a similar was done in primary bone marrow derived mouse
macrophages (BMDM). BMDM cells were isolated from 8 week old C57BL/6 mice and after
seven day differentiation protocol; they percent differentiation into macrophages was
determined by immunostaining with a macrophage-specific antibody, anti-
mouse+macrophage antibody (anti-MOMAZ2). As seen in Figure 4.2, the differentiation
protocol led to more than 90% differentiated macrophages, implying this protocol provides an

appropriate number of macrophages suitable for downstream experiments.
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DAPI MOMA-2

Merge

Figure 4.2: The Investigation of the efficiency of BMDM differentiation protocol.

Bone marrow-derived and differentiatedcells were stained with MOMA-2 antibody and then anti-
rabbit Alexa-488 secondary antibody to observe the differentiated macrophages under
immunofluorescent microscope. Then differentiated cells (green signal) were counted and the number
was divided to total cell number (DAPI nuclear staining, blue signal) to determine the efficiency of

differentiation (percent differentiation was more than 90%).

As seen in Figure 4.3Apalmitate with LPS treatment further raised the mRNA levels of IL-
1PBand this increase wassignificantly blocked with palmitoleate treatment in primary BMDM.
However, neither LPS treatment nor palmitate with LPS treatment increased themRNA level
of IL-18 in BMDM (Figure 4.3 B). Once again this is due tothe fact that a constitutive

production of IL-18 is reported for monocytes and macrophages.
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Figure 4.3:The effect of palmitoleate on palmitate-induced mRNA expression of IL-1p
and IL-18 in primarybone marrow derived mouse macrophages.

Primary BMDM (1,5x10°) were treated with 200 ng/ml LPS for 3 hours, 1000 uM/ml palmitoleate for
2 hours and finally 1000 uM/ml palmitate for 9 hours. Total RNA was isolated from cells and mRNA

levels of IL-1p (A) and IL-18 (B) were analyzed by qRT-PCR (n=3; Statistic: Student’s t-test:
*=p<0.05).(Control=1% BSA+ ethanol, LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).
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Moreover, a study by Wen et al demonstrated that palmitate is a secondary signal for NLRP3
inflammasome and it resulted in activation of caspase-1 and secretion of IL-1p and IL-18 in
murine macrophages™. So I next investigated how palmitoleic acid modifies the second signal
mediated by palmitate. To analyze caspase-1 activity, the cell supernatant and the cell lysate
were collected and cleaved caspase-1 levels were analyzed by Western blot. Figure 4.4 shows
that palmitoleate decreased the level of active caspase-1 form that is induced by palmitate and
LPS together. As seen in the same figure, only LPS or only palmitate are not sufficient to

activate caspase-1 in BMDM.
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Figure 4.4:Palmitoleate prevents caspase-1 activation by palmitate in primarybone

marrow derived mouse macrophages.

Primary BMDM were treated with 200 ng/ml LPS for 3 hours followed by 1000 pM/ml palmitoleate
or with 1000 pM/ml palmitate and palmitoleate together for 2 hours. After this, the cells were placed
in a medium without serum and incubated for 22 hours. Cell lysates and cell supernatant were
collected for Western Blot analysis of caspase-1 species.(Control=1% BSA+ ethanol,

LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).
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Furthermore, since active caspase-1 leads to maturation and secretion of IL-1B, the
supernatants were analyzed forlL-1p by the enzyme-linked immunosorbent assay (ELISA)As
seen in Figure 4.5 indeed, palmitoleate treatment lead to significantly reduction in palmitate-
induced IL-1B in secretion in primary BMDM. Collectively, these results confirm the
observations initially made in human THP1 monocytic cell line regarding to prevention of

inflammasome activation by palmitoleic acid in primary macrophages.
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Figure 4.5:Palmitoleate prevents palmitate-induced maturation and secretion ofIL-1p in
primary bone marrow derived mouse macrophages.

Primary BMDM were primed with 200 ng/ml LPS for 3 hours and then treated with 1000 pM/ml
palmitoleate or 1000 pM/ml palmitate and palmitoleate together for 2 hours. After this, the cells were
changed into serum free medium and incubated an additional 22 hours. Then, cell supernatants were
collected for ELISA analyses for IL-1f (n=4; Student’s t-test was performed: *=p<0.001).
(Control=1% BSA+ ethanol, LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).

4.3 The Effect of palmitoleate on palmitate-induced mRNA expression of Tumor

Necrosis Factor -ain human monocytic cell line, THP-1

With the activation of the inflammasome, mature forms of IL-1p and IL-18 are secreted from

macrophages. These pro-inflammatory factors are recognized by their respective receptors
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and inducethe production of secondary pro-inflammatory factors such as Tumor
NecrosisFactor -o. (TNF-a)®L. In this part of the study, the effect of palmitoleate on palmitate-
induced mMRNA expression of TNF-a was investigated. The treatment conditions were same
withIL-1B andIn this part of the study, the effect of palmitoleate on palmitate-induced mRNA
expression of TNF-o was investigated. The treatment conditions were same withlL-1f and IL-
18 expression analysis experiments. As seen in figure 4.6 palmitoleate also significantly
decreased palmitate-induced TNF-a expression in human monocytes. These findings are in

consistency with the palmitoleate’s ability to block inflammasome activation by palmitate.
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Figure 4.6: The effect of palmitoleate on palmitate-induced mRNA expression of TNF-
ain human monocytic cell line, THP-1.

THP-1 monocytes (2x10°) were treated with 50 ng/ml LPS for 3 hours, 1000 pm/ml palmitoleate for 2
hours and finally followed by 1000 pm/ml palmitate for 9 hours. Total RNA was isolated from cells

and mRNA levels of IL-1B and IL-18 were analyzed by gRT-PCR (n=3; Student’s t-test:
*=p<0.05).(Control=1% BSA+ ethanol, LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).

4.4 The effect of palmitoleate on palmitate-induced mRNA expression of TNF-ain

primarybone marrow derived mouse macrophages
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After observing that palmitoleate modulates palmitate-induced TNF-o expression in human
monocytes, its effect on palmitate-induced TNF-o expression was also examined in primary
BMDM. Palmitoleate significantly eliminated palmitate-induced TNF-a expression in
primary bone marrow derivedmacrophages (Fig.4.7). These findings are consistent with

observations made in the human monocytic cell line, THP1.
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Figure 4.7:The effect of palmitoleate on palmitate-induced mRNA Expression of TNF-
ain primarybone marrow derived mouse macrophages.

Primary BMDM (1,5x10°) were treated with 200 ng/ml LPS for 3 hours, 1000 um/ml palmitoleate for
2 hours and finally 1000 um/ml palmitate for 9 hours. Total RNA was isolated from cells and mRNA

level of TNF-a was analyzed by qRT-PCR (n=3, Student’s t-test: *=p<0.05). (Control=1% BSA+
ethanol, LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).

45 The effect of palmitoleate on palmitate-induced mitochondrial reactive oxygen
species by palmitoleate in human macrophage cell line, THP-1.

The second hit for NLRP3 inflammasome is mainly provided by reactive oxygen species
(ROS), ion flux and lysosomal destabilization®. An earlier study showed that palmitate causes
inflammasome activation by increasing the production of mitochondrial reactive oxygen

species (MtROS)'. Mitochondria are the main source of ROS production and studies in
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skeletal muscle cells indicated that exposure to high level of palmitate results in damage of
the mitochondria and modification of its structure’®. Since earlier data in my thesis study
indicated that palmitoleate blocks palmitate-induced activation of inflammasome, I sought to
investigate the mechanism by which palmitoleate acts. Hence, | investigated the effect of
palmitoleate on palmitate stimulated production ofmtROS. For this purpose, ROS were
analyzed by immunohistochemistry using a kit specific for mtROS from Invitrogen, the
MitoSOX assay. Using this form of analysis the percent ratio of the cells that produced
mtROS to total cells was calculated. As seen in figure 4.8, palmitoleate lead to marked
reduction in mtROS induced by palmitate, indicating prevention of mitochondrial damage and

ROS production by palmitate is the mechanism of action employed by palmitolate in cells.
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Figure 4.8: The elimination of palmitate-induced mtROS production by palmitoleate in
THP1 macrophages.

THP1 monocytes were differentiated with 100 ng/ml PMA for 1 day and they remained in 10% RPMI
medium for 2 more days. Differentiated THP1 macrophages were primed with 50 ng/ml LPS for 3
hours and then they were pre-treated 1000 uM/ml palmitoleate for 2 hours followed with 1000 pM/ml
palmitate treatement or no treatment for an additionall6 hours. To analyze mtROS, MitoSox
immunofluorescent staining assay was applied to living cells. Cells were fixed with cold acetone and
counterstained with DAPI for nucleus. The immunofluorescent image analysis was done by using
ImagelJ program. (n=3; Student’s t-test *=p<0.01). (Control=1% BSA+ethanol,

LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).

4.6 The effect of palmitoleate on palmitate-induced mitochondrial reactive oxygen

species in primary bone marrow derived mouse macrophages

Next the effect of palmitoleate on palmitate stimulated mtROS production was analyzed in
primary BMDM. As seen in Fig. 4.9, palmitoleate also reduced palmitate-induced mtROS
production in the MitoSox assay in primary BMDM. These results confirm the observations
regardingpalmitoleate’s inhibitory effect on palmitate-induced mtROS production also occurs

in primary macrophages.
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Figure 4.9:Palmitoleate preventspalmitate-induced mtROS production in primary bone

marrow derived mouse macrophages.

BMDM were primed with 200 ng/ml LPS for 3 hours and they were treated 1000 pM/ml palmitoleate
for 2 hours and then followed with 1000 uM/ml palmitate and palmitoleate together for 24 hours. To

analyze mtROS, MitoSox immunofluorescent staining assay was applied to living cells. Cells were
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fixed in cold acetone and the nucleus was counterstained with DAPI. The analysis of the
immunofluorescent images was done using Image] program (n=3; Student’s t-test:

*=p<0.01).(Control=1% BSA+ethanol, LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).

4.7 The effect of palmitoleate on palmitate-induced Inactivation of 5* AMP-activated

protein kinase

It is known that palmitate induces inflammasome activation through increasing the production
of reactive oxygen species mitochondria. In an earlier study it was also shown that palmitate
leads to a reduction in 5" AMP-activated protein kinasephosphorylation, inactivating AMPK
and reducting mitophagy, thereby leading to enhanced mtROS levels in the cells’®. AMPK
can be activated upon phosphorylation at Thr172 site*®. In order to understand further how
palmitoleate reduces mtROS production induced by palmitated, | next investigated
palmitoleate's effect on AMPK phosphorylation in primary BMDM. As seen in Fig.
4.10palmitate indeed decreased the phosporylation of AMPK in LPS-primed primary BMDM
while palmitoleate treatment prevented this. In other words, palmitoleate treatment regained
the phosphorylation of AMPK. These results indicate that palmitoleate by preserving AMPK
phosphorylation can reduce mtROS levels in cells. Further studides are needed to confirm
whether PAO preserves mitophagy in palmitate-treated cells. Also, it needs to be investigated
whether this is a direct effect of palmitoleate on AMPK phosphorylation or whether AMPK
phosphorylation is modulated indirectly palmitoleates’ effect on the UPR branches.
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Fig.4.10:The effect of palmitoleate on palmitate-induced reduction in the
phosphorylation of AMPK.

Primary BMDM were treated with 200 ng/ml LPS for 3 hours and 1000 pM/ml palmitoleate for 2
hours. After that, they were treated with 1000 pM/ml palmitate and palmitoleate together for 2 hours.
Then cells were changed into medium without serum and incubated for 22 hours. Cell lysates were
collected and analyzed by Western Blot using anti- p-AMPKor anti-B-tubulin antibodies.(Control=1%
BSA+ethanol, LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).

4.8 The effect of PERK and IRE1 branches of the Unfolded Protein Response on
palmitate-induced mitochondrial reactive oxygen species production in mouse

embryonic fibroblasts

Recent studies showed that palmitate is an inducer of UPR activation in different cell lines
such as pancreatic B cells, hepatocytes and macrophages*>***®. Moreover, studies show that
activation of UPR pathways has role in regulation of ROS production®™® .To illustrate that, it
was indicated that in PERK lack cells show more ROS production when comparing wild type
cells after they are stimulated with tunicamycin, a well known ER stress inducer®. However,
another study suggested that the lack of PERK causes rearrangement of ER-mitochondria and
change calcium signaling®®".It is known that at sites of ER-mitochondrial contact, excess ER
calcium release causes sustained excessive amount of calcium influx to mitochondria and
causes mitochondrial damage such as mtROS production™*®**. Furthermore, it is known that
palmitate causes calcium depletion in ER and distrupt ER homeostasis'*°. Recent study shows
that palmitate associated distruption of calcium caused redistribution of calcium from ER to

mitochondria and causes mtROS production in hepatic cells'*

.| hypothesized that
palmitoleate’s ability to prevent mtROS may be an indirect effect mediated by an
endoplasmic reticulum — mitochondria cross talk. In my experiments | asked whetherUPR, in
particular, the PERK and IRE1 arms, have an impact on palmitate-induced mtROS. For this
investigation, 1 used wild type (WT), PERK-deficient (PERK™) or IRE1-deficient (IRE1™)
mouse embryonic fibroblasts(MEFs) treated with palmitate. Using the MitoSOX assay
mtROS production was detected with immunofluorescent microscopy. The percentage of the
ratio of cells that produced mtROS to total cells was calculated. | observed that after palmitate
treatment, PERK-deficient MEFs indicated more mtROS production while IRE1-deficient
MEFs indicated less mtROS production when comparing WT MEFs. For looking PERK-

deficient MEFs , they indicated 30% higher mtROS production than WT MEFs while IRE-
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deficient MEFs indicated 10% lower mtROS than WT MEFs (Fig. 4.11). These data
suggested that PERK can have protective role for inflammasome activation due to deficiency
of PERK enhanced mtROS production which is second hit for inflammasome activation. On
the other hand, IRE1 can be contributor effect for inflammasome activation because its

deficiency decreased mtROS production.
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Figure 4.11:ThePERK and IRE1 arms modulate palmitate-induced mtROS production
in mouse embryonic fibroblasts
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WT, PERK”, IRE”"" MEFs were treated with 200 pm/ml palmitate for 72 hours. To analyze mtROS,
immunofluoresecent staining with MitoSox assay was applied to living cells. Then cells were fixed in
cold acetone and nucleuses were counterstained with DAPI. The immunofluorescent image analysis
was done by using ImageJ program. (n=3, Student’s t-test: *=p<0.01).(Control=1% BSA+ethanol,
LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).

The impact of palmitoleate on palmitate-induced activation of the two UPR arms was
analyzed. As seen in Fig. 4.12palmitoleate treatment caused a marked decrease in
phosphorylation level of IRE1 while it did not affect PERK phosphorylation. These results
indicate that under conditions that induced the inflammasome with palmitate and LPS
treatement, palmitoleate prevents activation of only the IRE1 branch of the UPR. These
results suggest that palmitoleate may indirectly act on mitochondrial ROS production and
inflammasome activation indirectly by modifying IRE1 activation. Further studies are needed
to define the detailed mechanism of these lipids on IRE1 regulation.
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Fig. 4.12:Themodulatory effect of palmitoleate on palmitate-induced activation of the

Unfolded Protein Response arms regulated by PERK and IREL1.

Primary BMDM were treated with 200 ng/ml LPS for 3 hours, 1000 um/ml palmitoleate for 2 hours
and finally 1000 pm/ml palmitate and palmitoleate together for 2 hours. Then cells were changed into

meduium without serum and incubated for 22 hours. Cell lysates were collected and analyzed by
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Western Blot using anti-p-PERK, anti-p-IRE1 andanti-B-tubulin.(Control=1% BSA+ethanol,
LPS=Lipopolysaccaride, PA=Palmitate, PAO= Palmitoleate).

5. DISCUSSION AND CONCLUSION

Previous studies indicated that saturated free fatty acids such as palmitate can cause
cardiovascular disease and metabolic disease by inducing endoplasmic reticulum stress,

chronic inflammation and lipid accumulation 23

. One of the main consequences of
palmitate-induced stress is the activation of NLRP3 inflammasome. Palmitate’s effect on
inflammasome is due to its ability to reduce autophagy and increase mitochondrial reactive

oxygen species in murine macrophages'®.

The major focus of my thesis study is on the modulation of saturated fatty acid-induced
inflammasome activation by a bioactive lipokine, palmitoleate. The effect of palmitoleate on
palmitate-induced inflammasome activation was investigated at both the priming step and
inflammasome complex formation stage. The results of my studies showed that palmitoleate
can suppress palmitate-induced IL-13 expression in human monocytes and primary BMDM.
These results suggest that palmitolate can modulate palmitate-stimulated priming step of

inflammasome activation.
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Following the stimulation of IL-1p and IL-18 expression, these factors can be processed into
mature forms by the inflammasome and secreted from cells. These mature and secreted pro-
inflammatory factors cause further stimulation of cells through recognition by their respective
receptors. This leads to the production of secondary pro-inflammatory factors such asTNF-
oL, In this study, the effect of palmitoleate on palmitate induced mMRNA expression of TNF-o
was investigated. The outcome of these experiments showed that palmitolate leads to
areduction in palmitate-stimulated TNF-o. Hence, the decrease in IL-1p can be related to the

decrease in this secondary factor.

From the previos studies it is known that palmitoleate prevents saturated free fatty acid-

induced ER stress*?*

. Moreover it also regulates metabolic homeostasis by enhancing insulin
sensitivity and suppressinghepatostetosis*?**?. On the other hand, it is known that the
inflammasome is activated when it meets with danger signals such as metabolic overload of
saturated free fatty acids or cholesterol. Activated inflammasome complex causes maturation
and secretion of proinflammatory factors such as IL-13 and IL-18 by converting pro-caspase-
1 to active form°. Here, | observed that palmitoleate treatment reduced palmitate-induced
caspase-1 cleavage in LPS-primed primary BMDMs. PAO also significantly decreased
palmitate-stimulated increase in IL-1[3 secretion in LPS-primed primary BMDMs. All of these
results suggest that palmitoleate is a potential inhibitor for palmitate-induced inflammasome

activation via decreasing caspase-1 activation and IL-13 secretion.

The inflammasome activation by palmitate is known to be mediated by the generation of
mtROS™. mtROS is one of the main activators of inflammasome®. Here, | observed that
palmitoleate decreased palmitate-stimulated mtROS production significantly. This suggests
that palmitoleate’s protective effect on palmitate-induced inflammasome activation could be

related to the reduction in mtROS production.

AMPK is an important enzyme for cellular energy metabolism regulation that is activated via

a phosphorylation at threonine-172 part**?

. It is known that palmitate causes decreased
phosphorylation of AMPK and this results in a decrease in autophagy. As a result the
elimination of dysfunctional mitochondria is compromised, leading to increased levels of

mtROS™. The results of the study showed that palmitoleate can block palmitate-induced
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reduction in the phosphorylation level of AMPK. This result indicates that the inhibitory
effect of palmitoleate on palmitate-induced mtROS production is related to palmitoleate’s
ability to reactivate AMPK.In addition to them, it is known that liver kinase B1 (LKB1) is
upstream part of AMPK activation. LKB1 phosphorylates and activates AMPK™®. Therefore,
to understand the possible role of AMPK activity regulation by palmitoleate, the effect of
PAO on LKB1 regulation should be investigated.

The outcome of our studies indicate that palmitate, which at high exposure to the cells is a
well known activator of UPR pathway,increasemtROS production in macrophages'***%. It is
shown that palmitate caused calcium release from ER and excess amount calcium influx to
mitochondriaand causes mitochondrial damage such as mtROS production™***%°. In addition
to them, recent studies give clues about possible role of UPR on mtROS production®>*°. To
illustrate for PERK branch of UPR, two studies suggested controversial results about the role
of PERK on production of mtROS. One study suggests that PERK deficiency cause more
ROS production when cells are stimulated with tunicamycin when comparing wild type cells
while other study indicates that in PERK deficient cells , the contaction of ER-mitochondira
and calcium signal between them are rearranged and ROS production increase in wild type
when comparing PERK deficient cells. These controversial results can be related with
different treatment conditions in studies and also the role of UPR in prosurvival and
proapoptotic pathways®***" These findings lead to question whether there is a role for any of
the UPR arms on the regulation of mitochondrial ROS generation. In this thesis, | was able to
analyze the impact of PERK and IRE1 on formation of mtROS under lipotoxicity. Future
studies should also include an investigation of the ATF6 branch in relation to mtROS
generation. Here, | examined the role of PERK and IRE1 on mtROS production by using
WT, PERK™, or IRE"MEF cells. Upon treatment with palmitate the release of mtROS was
investigated by immunoflurorescent staining specific for mtROS (MitoSox assay from
Invitrogen). | observed that while PERK had a suppressive role in palmitate-induced mtROS
production, IRE1 promoted it. These data suggested that PERK and IRE1 have important but
opposite rolesin the regulation of mtROS in lipotoxicity. In addition, mtROS is a main
contributor for the second signal in inflammasome activation, so PERK and IRE1 can
possibly have a modulatory effect on inflammasome activation via altering mtROS
generation.Furthermore, palmitoleate’s impact on inflammasome inhibition may be related to

its ability to first block UPR activation and subsequent mtROS generation, the second hit for
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inflammasome activation. However, palmitate’s impact on UPR was studied in conditions that
are not appropriate for inflammasome activation. Therefore, | analyzed the effect of
palmitoleate on palmitate-stimulated activation of IRE1 and PERK under cellular conditions
that also provide the two activating signals required for the inflammasome. | observed that
palmitoleate reduced palmitate-induced phosphroylation of IREL, but did not affect PERK
phosphroylation. These results showed that under the conditions that activate the
inflammasome (LPS and palmitate treatement together) UPR branches are both activated but
palmitoleate only suppresses the IRE1 branch. These findings imply that palmitoleate may
selectively modulate the IRE1 branch to regulate the inflammasome activation under lipotoxic
stress. Future studies are needed to demonstrate whether palmitoleate’s actions on mtROS are
selectively regulated by the IRE1 branch. Futhermore, these findings spark an interest in
identifying the direct target of IREL in regulating mtROS and inflammasome activation.
These may be either protein or non-coding RNA targets. While there is no known protein
target of IREL, earlier studies have shown several miRNAs are regulated by the
endoribonuclease activity of IRE1 in relation to inflammasome activation through

mechanisms involving Thioredoxin-interacting protein (TXNIP)™%.

In conclusion, the results of my thesis studies clearly demonstrate a role for palmitoleate in
modifying saturated fatty acid-induced mtROS generation and subsequent inflammasome
activation. These studies demonstrate that upstream of mtROS production palmitoleate
modifies both AMPK activity via altering its phosphorylation status and the IRE1 branch of
the UPR under conditions that induce inflammasome activation. These exciting findings
warrant future studies to investigate both the target of IRE1 and the mechanism of AMPK
phosphorylation that is controlled by palmitoleate. One possibility is that AMPK
phosphorylation is regulated by IREL1 itself, a hypothesis worth testing. Other possibilites are
that IRE1 has a novel protein substrate that controls mitochondrial ROS metabolism or
mitophagy. It’s also plausible that similar to earlier mechanisms relating IREIl to
inflammasome activation, the unkown player downstream of IRE1 may be a non-coding RNA
such as miRNA. Understanding the molecular details of lipid-regulation of inflammasome
activity will provide new therapeutic avenues in the treatment of chronic metabolic and

inflammatory diseases such as atherosclerosis, diabetes and obesity.
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6. FUTURE PERSPECTIVE

In this thesis study, | investigated that modulatory effect of palmitoleate, a bioactive lipokine
on saturated fatty acid induced inflammasome activation.l observed that palmitoleate
eliminated saturated fatty acid-induced inflammasome activation by eliminating mtROS
generation. Moreover my results indicated that palmitoleate modifies both AMPK activity
through regaining phosphorylation and activation and IREL activity under inflammasome
conditions. These data suggest that palmitoleate modulatory effect is through AMPK activity.
Furthermore the regulation of IRE1 activity by palmitoleate suggests that IRE1 can be
important upstream part of palmitate-induced inflammasome activation. These results give
clues about modulatory effect of palmitoleate on palmitate-induced inflammasome activation
and its possible mechanism of this modulation but further studies are needed to understand the
mechanism of palmitoleate modification and the possible role of UPR branchs in

inflammasome activation.

To further confirmation of the effect of palmitoleate on palmitate-induced inflammasome
activation, other proinflammatory factor that is IL-18 maturation and secretion should be

investigated. Moreover, to understand the mechanism of how palmitoleate affect on palmitate-
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induced priming, the NF-kB activation should be investigated. In addition to them, to further
investigation of the mechanism of palmitoleate modulation of palmitate-induced decrease in
autophagy and mtROS, the effect of palmitolate on mitochondria structure and mitophagy
formation should be analyzed by using imaging technics such as electron microscope.

My findings in this study cause another important question. It was observed that palmitoleate
results in modulation of both AMPK activity and IRE1 activity under conditions which causes
inflammasome formation. For this reason, firstly, whether palmitoleate effect is directly or
indirectly on AMPK activity should be investigated. To achieve this aim, by using compound
C that is specific AMPK inhibitor can be used. The modulatory effect of palmitoleate on
palmitate-induced inflammasome activation should be analyzed after suppression of AMPK
activity to answer this question.Also, how IRE1 arm of UPR modulates AMPK activity
should be answered to further understand the possible mechanism of palmitoleate modulatory
effect on palmitate-induced inflammasome activation. In addition to them, by using specific
SiRNA and inhibitor against to IRElor IRE1knock out cells, the regulation of palmitate-
induced IL-1B, IL-18 maturation and secretion, caspase-1 activation by IRE1 should be
investigated. Moreover, the possible role of PERK and ATF6 on inflammasome activation
should be analyzed. Also the modification of AMPK activity by these two branches of UPR

should be investigated.

In the long term, as a future experiment, the possible substrate of IRE1 and IRE1 regulated
noncoding RNA should be investigated because the inflmammasome activation also can be
regulated with these downstream of IRE1 branch. For these investigations, to analyzing the
possible substrate of IRE1, immunoprecipitation of IRE1 and then mass spectrometry analysis
should be done while to investigation of possible IRE1 regulated noncoding RNA, RNA
sequencing should be done. Understanding of possible molecular mechanism of lipid-induced
inflammasome activation is important to suggest new target for developing new therapeutic
approach to treatment of inflammasome related disorders such as atherosclerosis, diabetes and

obesity.

Finally, after these in vitro studies, in vivo studies by using model organisms are required to
investigate the possible effect of palmitoleate on inflammasome related metabolic disorders.
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Therefore, the next step can be to identify the therapeutic potential of palmitoleate in vivo for

metabolic disorders.
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