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ABSTRACT

EPA AND DHA MODULATE MACROPHAGE -DERIVED INFLAMMATION AND
SUBSEQUENT SKELETAL MUSCLE INFLAMMATION
Diane Mieko SepaKishi Advisor:
University of Guelph, 2013 Dr. Lindsay E. Robinson
Macrophagederived inflammation contributes to chronic inflammation in adipose tissue

in obesityand is also linked to the development of skeletal mySH insulin resistancelhe
long-chain r3 PUFAhave been shown toodulate cytokine secretion from macrophages,
though subsequent effects 8M inflammation and function are unknown. A model of
macrophage conditioned media (MCM) was used to examine effect3 BfUFA on
macrophagénflammation and consequent effects@M cells. Treatment of RAW 264.7
macrophages with loaghain r3 PUFA decreased LP8duced MCP1 and I-6 gene
expression and MGR secreted protein. In turn, MCM from3PUFAtreated macrophages
decreased TNE) chlln-6 gene expression in LPSimulated L6SM cells, but did not affect
insulin-stimulatedpAkt content. Lonechain r3 PUFA did not affect gene expression of
inflammatorysignalingintermediatesNfe B and TLR4. Overall-this t]
chan n-3 PUFA are importamutritional strategietor reducingmacrophagelerived

inflammation, with ensuing benefits 8M inflammation.
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Chapter 1: Review of Literature

1.1: Introduction

Obesity, a condition characterized by an excess accumulation of fat, has become a global
epidemic. In Canada, 23% of the population is obese, accounting for an estimated $1.6 billion in
direct health care cos{$). Of particular concern is the strorgationshipbetween obesity and
associated pathologissich as insulin resistance and type 2 diab@td3. Theae are a number of
factors that may contribute to the development of insulin resistance in a state of obesity. The
following section will focus oradipose tissuderived inflammation anthe roles ofdipokines

as communication signals with other cells éissuesas these are most pertinent to this thesis.

1.2: Adipose TissueDerived Inflammation

Chronicinflammationpresent iradipose tissu@n obesitymaybe involved in the
development of insulin resistance in skeletal mugi). Adipose tissue is an active endocrine
organ known to secrete a variety of soluble prasggnalingmolecules collectively called
adipokineq2), which are involved in a number of physiological processes, including metabolism
and energy homeostag®). In the lean state, such adipokines are secreted in appropriate
amounts in responge various signal§7). In obesity, there is an increase igregion of pre
inflammatory adipkines including tumor necrosis factaipha (TNFU) , i n-6@L6) eu ki n
and monocyte chemoattractant prot&i(MCP-1) (8), contributing to a state of chrormw-
grade inflammationCells of the innate and adaptive immune systeainfiltrate the adipose
tissue in obesitplso contribute to thistate of chronic inflammatigmncreasing secretion of pro
inflammatory factors, and decreasing secretion ofiafflimmatory factors such ak-110 (9,

10). Adipokines derived from intrenuscular adipose tissue may interact in @@@ne fashion

with surrounding skeletal muscle, while adipokines secreted from other depots, such as the



visceral fat depot, may act in an endocrine fashion, traveling through the circulation to exert
effects on peripheral skeletal mus(2e 11) Further details regarding the association between
thelL-6, TNFU, M@l IL-10 andobesityassociated insulin resistance can be found in the

following section.

1.2.1:Interleukin -6
Protein Structure and Evidence of Association with Obesity

Murine IL-6 is a 21710 Da protein formed of a sequence of 18i@aatids that is
similar in biological activity and structure to human@l(12). Approximately one third of
circulating human IL6 originates from adipose tissue, the majority from the stroasdular
fraction, wth very little originating from adipocyt€$, 13) Circulating levels are correlated
with adiposity, insulin resistance, and type 2 diab@e$3, 14) Macrophage infiltration into
the adipose tissue occurs in the obese state, anbphages isolated from the adipose tissue of
ob/obmice express #6 mMRNA (4). Furtherexpresion of IL-6 is higher in macrophages that
are recruited to the adipose tissue following a high fat diet, compared to the resident, non
inflammatory macrophag€45). Treating 3T3L1 adipocytes withmacrophage conddned
media(MCM, the media collected followintheincubation of RAW 264.7 macrophaged3o
increased expression of-Bin theadipocyteg3). IL-6 can be synthesized frorkedetal muscle
that has been stimulatavith inflammatory agents such as lipopolysaccharide (LPS), reactive
oxygen speciesr theinflammatorycytokinesTNF-U  alln-1d i{16).
Signaling, Functional Roles and Association with Insulin Resistance

IL-6 acts by binding to a Class | cytokine receptor, a complex consisting of two

membrane glycoproteins, which directlytilL-6, and two signalransducing glycoproteins

(gp130), required for high affinity bindin@7). IL-6 is involved in the regulation of a number of



biological processes including haematopoiesis, immune responsksesdrtitfence mechanisms
(12, 13) and inflammatior{12, 18) Important to the study of obesity and related diseases, IL
also plas a role in lipid and carbohydrate metabol{@@). In humans and rodent4,-6 was
negatively associated with insulin sensitivity, and was shown to -dlegulateipoprotein lipase
activity, and increaskpolysis (4, 6, 13) In rodents]L-6 wasalsoshown to increasgerum TAG
levels, specifically by increasing hepatic TAEcretion19). Cdl culture studies have identified
thesuppressor of cytokine secretion (SOGB3is a protein target of 46, the activation of which
inhibits insulinsignaling(14). Interestingly, research involving kneokt mouse models has
yielded conflicting results. Wallenius et al (2002) found tha6fLmice developed matuenset
obesity while being fed a standard diet, while Di Gregorio et al (2004) found t6atice fed
a high fat diet were in fact protectadd gained less weight than their wild tyqoatrols This
discrepancy may be a result of the differing roles e lin the central nervous system and
peripheral tissue0).

There is also evidence that-6 may be antiinflammatory andnsulin sensitizinglL-6 is
synthesized and released from contracting musdien insulin responsiveness is enhanead,
IL-6 has been shown to stimulate the release df ieceptor antagonist (4Lra) and IL-10, two
antiinflammatory cytokine§21). It has also been shown to inhibit the production of XNF
vitro (16). IL-6 has been shown to increase fatty acid oxidation aratate treatnme of L6
myotubes with IL6 has also been shown to increase basal and irgirnlated glucose uptake
and GLUTA4 translocatio(®2). All of these effects were abolished in cells infected with an
AMPK dominantnegative adenovirug2?2), indicating that AMPK is involved in the signaling

mechanism. fiisinconsistency with regards to-# and insulin resistance may indicate different



effects of this cytokindepending on whether it synthesized and released from skeletal muscle
following a bout of exercise, or from adipose tissue in a state of chronic inflamr{igion
Modulation

Secretion of IL6 is modulated by a number of factors imthg hormones, hypoxia,
oxidative stress, inflammation, and diet and exer 8¢ 18) Activation of nuclear factor (NF)
8 B  a-jurdN-terminal kinase (JNKJ, both involved in the Tolike receptor (TLR)
inflammatorysignalingpathway, increase the expression of thé& Iyeng(13, 23, 24) The state
of chronic inflammation associated with obesity also increases secretioi® oAlcomponent of
Gramnegative bacterid,PS, is often used to mimic the inflammatory response and has been
shown to act through TLRs and NB to increase adipose tissue levels of huma it vivo
(13). Cell lines, which were established from the mesenteric fat of wild tggeéhy andob/ob
mice, and cultured with LPS, also showed increased production®fas). TNFU a n@ | L
both elevated in obesity, can increase amounts of secretenh Nitro (13). Dietinduced weight
loss in obese humans has been shown to reduce adipose tissue gene expressi(26datid
serum IL-6 concentratiorf27). IL-6 is also modulated by fatty acids. This will be discussed in a

subsequent section.

1.2.2: Tumour Necrosis FactorU

Protein Structure and Evidencef Association to Obesity

Mouse cachectin is a 17 kDa protein that is homologous to humafUTNF wi t h s i mi |
biological functiong28,29) TNFU has been shown t o bisevohed mul t i f
in the induction of insulin resistance, anorexia, and weight(@sad in the development of
inflammation and obesit§80). In humans, TNFJ e x pr e s s i o rith body adipesétyo c i at e ¢

(6, 14) and fasting insulin and TAG concentratigds TNFU i s primarily secr et



macrophageg, 4, 26, 31and, in humans, it acts locally in the adipose tig26e31) It is
involved in incrasing expression of piiaflammatory cytokinessuch as plasminogen activator
inhibitor (PAI)-1, MCP-1 (30), IL-6 (3), andleptin (32).
Signaling

TNFFU exerts its effects through two recepto
and TNFR2 (p75 in rodents, p80 in humans), both of which are glycoproteins with a single
transmembrane domafB3, 34) It binds with equal affinity to both receptd®3-35), however
TNFR1 is thought to be the receptor most involved in-l&® TNFU- induced toxicityand
development of insulin resistance, while TNFR2 is thought to be involved in the suppression of
TNF-induced inflammatory actions and disruption of the insulin signaling pat{8@ay36)
TNF-U atimedevelopment of Insulin Resistance

TNFFU has been shown t o(37) etchwecoesly treatingirhalen s en s i
fa/fa rats with TNFRgG @TNFU neutral i zer) increasg@d the gl t
hyperinsulinemiesuglycemic clamps (indicating improved insulin sensitivi8/). More recent
in vitro models have also provided evidence for the involvementof@NFi n t he devel op
insulin resistancé38,39) TNF-U i s able to activate S6 Kinase
from Akt and mammalian target of rapamycin (nT@83). S6K1 phosphorylates IRBat 4
different serine residues, inactivatimgulin receptor substratéRS)-1 and preventing the
insulin signaling cascad@8). Inhibitor kappa B kinasdKK )2 was found to be an integral
component of the signalingifhway(38). A separate study has also shown fidF-U act i vat es
| KKb and JNK, ad deotphosphaylating Senre 80# $RS T, martavdting
it (40). The abilityof TNFU t o di sr upt i nlshaslalsorbees shoumtobe ng at

mediated througphosphoinoside 3 kinas@I3K), Akt andmTOR (41) and p38mitogen



activated protein kinas®/APK) (39). In addition, SOCS3, a protein generally known to
suppress cytokine signatinshows increasadRNA expression in the adipose tissue of obese
animals within one hour of a TNB i n j (42F Thoughrthis study only looked at mRNA
expression of SOGS, thisincreased expression was associated with a reduced tyrosine
phosphorylation of IR, thus preventig the interaction of IR with the insulin receptor and
PI3K (42). Lastly, TNFU i s capabl e of r edimpoirtanginlipihe act i vi t
metabolismas demonstratday reduced levels of phosphorylated & in mice treated for 24
hourswith TNFU, resulting in a reduction in fatty act
lipids in peripheral tissugg3). Further discussion of the impact of fatty acid accutman
ectopic tissues can be found in a subsequent section.
Modulation

TNF-Ugene expressiois modulated by a number of factpiscluding stimulation by
LPS, virusesand TNFU i t s e | fregulaion loy drdgs such as phosphodiesterase
inhibitors, glucocorticoids, and thiazolidinesdiond@Z Ds) (44). Important to the study of
obesity and insulin resistance are the-digbetic TZDs, namely troglitazone, pioglitazone, and
rosiglitazong(2, 11) Treatment of human skeletal muscle cells with 5 mimalroglitazone
reversed the impairments in insulin signaling induced by 2.5 hrodTNF-U(11). Similarly,
treating 24 subjects with impaired glucose tolerance for 10 weeks with pioglitazone reduced
plasma TNFU | ¢2). BdthsTZDs and the longhain 3 PUFA fatty acids are ligands for
peroxisome proliferateactivated receptoPPAR? (45), suggesting a similar mechanism of
action. Discussion of fatty acidduced modulation of TNE  wi | | be couedr ed i n

section.



1.2.3:Monocyte Chemoattractant Proteinl

Protein Structure

Chemokines control chemotaxis, the movement of basophils, neutrophils and monocytes
from the circulation to cell§6). Smooth muscle cell chaotactic factor (SMECF) and
monocyte chemotactic and activating factor (MCAF), isolated from animal and human cells
respectively, were both identified as chemokines that specifically attracted mon(d@ys€s.
Both SMGCF and MCAF were later seamed monocyte chemoattractant protein (MCPR3
protein characterized as a@chemokine with its first two of four cysteine residues located
adjacento one anothef49, 5153). It is thought to be the human homologue to the product of
the murine JE gen@9, 52) Rat MCR1 has also been sequenced and found to be 148 amino
acids in length, and similar to mouse MCIB4). MCP-1 is produced by macrophages and
endothelial cell§55), as well as human adipocytes, usually in response-19 IL.-4 or TNFU
(56).
Evidence of Association with Obesiand Insulin Resistance

Studies have shown that M&Pexpression is increased in adipose tissue &f genetic
and dietinduced obese mig®5-58) and that mice@verexpressinICP-1 have an even greater
concentration of plasma MCPthan dietinduced obese mig®5). As mentioned previously,
macrophages infiltrate the adipose tissue in obesity, and such infiltration has beeinghativn
genetic and dieinduced obese mig®5-57). Further, studies have shown the genetic deletion of
MCP-1 in mice results in a reduction in macrophage infiltration and a protection from the
development of insulin resistan(®). MCP-1 mayalso contribute to the development of
obesity by disrupting lipid metabolism. ME€Phas been shown to dowegulatethe lipoprotein
lipase(LPL) genein 3T3-L1 adipocyteg56). Supporting this data, knoabut mice thatid not

express MCHL but who consumed a high fat diet had reduced adipose tissue fat pads, reduced
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increases in adipocyte size, and reduced macrophage infiltration into adiposét3dLRL is
also present in skekd muscle, howevehe effects of MCFL on LPL gene expression in this
tissueare currently not knowrConcerning the association between MCBnd insulin
resistance, werexpression of MCR in mice was found to induce insulin resistance, specifically
by increasing the expression of hepatic gluconeogenic enz{gbed reatment of 3T3.1
adipocytes or human skeletal muscle cells with MPAIsoreduced insulirstimulated Akt
phosphorylatio{60, 61)and nsulin-stimulated glucose uptaké1). MCP-1 was shown to
induce effects by activation ektracellular signategulated kinase€£RK)1/2 (61).
Signaling

All chemokines act by binding to similastfansmembrane spanning TMS), G protein
coupled receptorand analysis of the signal transduction pathways has shown involvement of
PI3K and MAPK(62). MCP-1 binds specifically taC-C chemokine recepto€CCR)2, of which
two isoforms exist: CCR2A and CCRZB2, 63) The CCR2 receptor has been shown to
modulate inflammatiorAdipose tissue macrophage canteasreduced in CCR2 obese mice,
as wasxpression of TNFJ(64). Further,CCR2" obese mice had lower fasting blood glucose
and insulin concentrations, and were more insulin sensitive than obese wild ¢g{é4i
Tamura et al (2010) also found improvements in insulin sensitivity in mice fed a high fat, high
sugar diet supplemented with a CCR2 inhibitor compared tofedcan ursupplementediet.
Mice fed the suppmented diet also had reducatipose tissumacrophage infiltratiomand
adipose tissubICP-1 and TNFUexpressiorn(5).
Modulation

Gene expression of MGPis influenced by a number of factors, including L(B&) and

free fatty acids (FFA967). TLR4andNFe B have been shown to be



cascade, both in the FHAduced increase in MCP gene expression and the l-ih8uced
increase in MCHL secretior(57, 65) linking the chronic inflammation in obesity to the
regulation of MCP1 expression and secretigimti-diabeticTZD drugshave also been shown to
affectMCP-1, decreasings expression in 3T-21 adipocytes and in the adipose tissuelwbb
mice (57). MCP-1 is also modulated by fatty acids and this will be discussed in a subsequent

section.

1.2.4: Interleukin-10

Protein Structure

IL-10 was first characterized as a cytokine released by muwinedp€r2 (Th2) cells that
inhibited the mMRNA expression and synthesis e2land interferon (IFND f r om mur i ne T
cells(66). Human and murine HLO are similar in structure, composed of 160 and 157 amino
acids respectivel{67). IL-10 is also similar in structure to IFN(67). IL-10 is now known to be
synthesizedrom a variety of immune cells including Th2 cells, leukocytes, monocytes,
macrophages, dentc cells, B cells, cytotoxic T cells, natural killer cells, mast cells and

neutrophilic and eosinophilic granulocy{&s).

Signaling

The IL-10 receptor isomposed of two chains of traneembrane glycoproteins, {110R1
and IL-10R2, and is part of the Class Il cytokine receptor faf@8). IL-10 first bindsto IL-
10R1, forming an IL10 receptor complex that then binds telllR2(69). Binding of IL-10
leads to the downstream activatiors@jnaling proteingdanusactivated kinase (associated

with IL-10R1) andyrosine kinas@ (associated with HLOR2), which in turn phosphorylates



and activatesignal transducer and activation of transtoip (STAT)3, the activation of which

is required to produce the amiflammatory actions of 1£10 (68, 70)

Anti-Inflammatory Role of IL-10 andAssociation with Obesity and Insulin Resistance

IL-10 is involved in regulating a number of immunological processes, most importantly
inflammation(68) and this has been shown to positively affect insulin sensitivity
macrophages, H10 has been shown to inhibit theRNA expression and production of LPS
induced TNFU a n@l(71).TLr eat i ng RAW 264.7 macrophages
the presence of HLO also reduced the palmitic agittluced increase in secreted TNIF72).
IL-10 has been sk to increase production of {Lra which binds to the receptors for the pro
inflammatorycytokinelL -1, preventing any inflammatory respor{g8, 74) Treatment of 3T3
L1 adipocytes with IE10 resulted in reduced MCPsecretior(59). Further to this|L-10
prevented TNFRJinduced reductions in GLUT4 and insulin receptor protein, asasell
prevented TNFJinduced tyrosine phosphorylatiof IRS-1 in these cell§59). Mice treated
with a combination of IL6 and IL-10 were protected from whole body insulin resistance induced
by treatment with IE6 alane (75). Including IL-10 in a triglyceride emulsion given to mice also
preventedipid-induced skeletal muscle insulin resistai¢®). To further investigate the role of
macrophagespecific IL-10 in obesity, mice with 110 deletion in haematopoietic cells were
developed72). Contrary to previous data indicating a modulatory role fet@Ln
macrophages, there were no differences in gluandansulin intolerance between control mice
and mice with 110 deletion in haematopoietic cells, nor were there any differences in gene
expression of inflammatory signaling intermedigf&2). The authors did fid an increased

expression and secretion of10 from the adipose tissue of the mice with the.@Ldeletion,
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and they hypothesized that this may be compensating for th@ ¢leletion in the

haematopoietic cellg2).

Modulation

Macrophage secretionof{L 0O i s i n d u c eadrenérgic agoRisE68)aN+a B b
was found to be an important inflammatory signaling intermediate involved in thendB&:d
increase in IE10 gere expressioii76). IL-6 has also been shown to increasd 0Lexpression in
T cells, and STAT3 was found to be an important transcription factor involved in-the up
regulation(76). Re@ntly, a micro RNA (miRNA) known as hasiR-106a was found to be
involved in regulation of IE10 expression in Raji and Jurkat human lymphocyte €&Ms
Immune celderived IL-10 is also regulated by fatty acids,ialnis discussed in a subsequent
section.

1.3: Saturated Fatty Acids and the Development of Skeletal Muscle Insulin Resistance

In addition to the increased secretion of-pritammatory adipokines from the adipose
tissue in obesity, there is alsoianrease in circulating free fatty acids. Excess fatty acid
spillover from the expanding adipose tissue mass into the blood results in subsequent storage of
these fatty acids in ectopic tissues, suchkatetal muscl¢78). Dietary fatty acids, in particular
saturated fatty acids, are able to disrupt the insulin signaling pathway through inflammatory
pathwaysSaturated fatty acids are thought to activate inflammatory pathways by binding to
TLR4 and its cereceptors MDZand CD14(24) which, in turn,activates the signal sequence of
TI RAP, My D8 8, | RAK, TRAFG6, TAK1 and | KKb, ul t
degradation oinhibitor kappa B 8)®andremoving the inhibition on N® Ballowing NF
9B t o ent e24) Tthdend resultol thesisequence of events is incrgased

inflammatory ger expression, the consequences of which have been previously mentioned.
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Activation of TLR4 also activates the signal sequence of MAPKSs, and subsequently JKK/ER
(24). Kinases involved in thELR4/NF-e B and MAPK i nfl ammatory path
IKK-b  aJNK] are able to phosphorylate the serine 307 residue o JASrupting the insulin
signalingpathway(79).

Multiple studies have provided evidencesafuated fatty acidnducedactivation of
inflammatorypathways and of increased expression ofmflammatory cytokines in skeletal
muscle For example, C212 myot uvibaeid(16t0)foeldtoard wi t h !
hadincreased expression pfo-inflammatoryTNF-U, and both th&€RK/MAPK and NFs B
inflammatory pathwayswere involved in the responég0). Treatment of primary human
myotubes wit icad®oOup o 88 hpuasicreasddL -6 mMRNA and prote
production(81). Similaty, palmiicacidwas found to acti v&t eithe ndeg
one hour, liberatingN® B and all owing it to bi r8d)Stecaic DNA i 1
acid( 18: 0) has also been shown -Woamdhctrkeaseg65 heul
NF-eB i n L6 sk elB)Stehc asidwasshoan to iectedass-hand MCPL
MRNA, andthe effects were abolished if the cells weretpeated with & LR4 inhibitor (82). In
separate experiments, inhibitionTdtR4, NF-a E83), or IKK (84) prevented palmit acid
induced insulin resistancproviding further strong evidence for thirolvement of this
inflammatorypathway insaturated fatty actthduced insulin resistance. Green et al (2011) also
found that a dose of palnatacidinduced NFe B i n L6 r at s Kdoseofr5a | mus c |
€ Mhoweverfor 16 hours was required to elicit the re¢88). ERK was found to be the most
involved MAPK in the pathway, and the results were bluritead AMP-activated protein kinase
(AMPK) activator was included in the treatmé®5). Treating C2C12 myotubes with 0-15

mM of palmiic acidfor 16 hours was also shown to induce the expressiopatiioxygenase
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(COX)-2, an enzyme responsible for the formation ofipftammatory prostaglandin86). N~
aB and p38 MAPK wer (86) inaaased exdressiobwas abalished withetite
inclusion of a monounsaturated fatty acid in the incubd86) emphasizing iferential effects

of dietary fatty acids in skeletal muscle inflammatory responses.

1.4: Long-chain n-3 Fatty Acids as a Therapeutic for Inflammation in Obesity

Contrary to the effects of saturated fatty acids, {ohgin i3 or omege3
polyunsaturate fatty acids (PUFA) are generally thought to be-aritammatory and have the
potential to reduce adipose tissagsociated inflammation and development of subsequent

pathologies.

1.4.1:Health Effects and Metabolismof Long-Chain n-3 PUFA

Long-chain r3 or omegeB polyunsaturated fatty acids, specificallycosahexaenoic
acid (DHA, 22:6n3) andeicosapentaenoic aci#lPA, 20:5n3), are antiarrhythmi¢87) and
antrinflammatory in nature, and have been showmteel plasma triacylglycerol (TAG) levels
and increase plasma HBdholesterol level§88). In order to increase blood levels of EPAlan
D H A /linolgnic acid (ALA), or EPA and DHA must be consumed, either from food sources or
supplement$89). ALA is converted to EPA and DHA through a series of elongation and
desaturation reactior{88). Competition exists for the enzym@sg.qp6 d e s)anvolved ans e
this conversion pathwagslong chain r6 fatty acids, derived from linoleic acid (LA), are
synthesized through the same path\{&8). In addition,assynthesis of EPA and DHA from
ALA is an inefficient proces8) directconsumption of EPA and DHAemainsthe best method
to increase longhain r3 PUFAIn vivo, in order to take advaage of the numerous health

benefitsdiscussedn this thesis.
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1.4.2:Regulation of Metabolic Dysfunction inAdipose Tissue inObesity

In addition to maintaining a healthy blood lipid profile, EPA and DHA can also modulate
metabolic dysfunction iadipose tissuén a state of obesit{43, 8391). In C57BL/J6 mice, a
high fat diet supplemented with EPA and DHA was shown to reduce daglipiseily as a result
of theincreased-oxidationseenin the epididymal faf92). EPA and DHA also increased
expression of peroxisome proliferatctivated reeptor gamma coactivator (PGC)U a n d
nuclear respiratory factor (NRH, two regulatory factorsf mitochondrial biogenesi®2),
which may also have contributed to the increase in fat oxidation. EPA and DHA have also been
s hown t o-oxidation teraughdMRPK88). AMPK acts as a metabolic sengbat, when
activated, phosphorylates and deactivates a€& carboxylase (ACC), leading to a decrease
in malonytCoA content(93). MalonylCoA is involved in lipogenesis and also inhgbdarnitine
palmitoyltransferasé (CPT-1), the main transporter of fat into the mitochondria for oxidation
(93). Thus, activation of AMPKredue s | i p 0 g e n e soxidatiom.mtérestinglg, r eas es |
mice fed a high fat diet substituted with EPA and DHA had increased levels of total and
phosphorylated AMPK, as well as an increased ratio of phosphorylated to total ACC in their
epididymal fat, inetating a state favoured towards oxidat{88). Macrophage infiltration into
the epididymal adipose tissue was also redibbgelPA and DHA(88) and will be further

discussed in aubsequent section.

1.4.3: Modulation of Obesity-Associated Inflammation

EPA and DHA also modulate the expression and secretion of cytokines in obesity. Male
Wistar rats fed a high fat, cafeteria style diet supplemented with 1 g/kg of body weight with EPA
in ethyl ester form had reduced adipose tissue expression otJT. A slightly lower dose of

0.5 g/kg of EPA fed to Got&akizaki rats (spontaneously develiype 2diabetes) reduced
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adipose tissue gene ergsion of 1-:6, and reduced skeletal muscle gene expression®fihd

TNF-U(95). Similarly, db/dbmice fed a high fat diet supplemented with EPA and DHA had a
significantly reduced adipose tissue gene express$iMtCé-1 and near significant reduction in

TNFFU compared to ani mal s @[©6. YMacephage igfitratibreirtto s at ur a
the adipose tissue was also reduced by {BdPJFA supplemented di€26). Further discussion

of the modulatory effects ofF8 PUFA on macrophaggerived inflammation can be found

below.

In addition to prevention, supplementation witB PUFA can also act to reverseisting
inflammation C57BL/6J mice fed a high fat diet for 6 weeks, followed by a high fat diet
supplemented with EPA for a further 5 weeks had significantly lower levels®friltheir
epididymal fat than high fat fed contrd®7). In overweight humans, serum TNF a n@l | L
levels were reduced compared to control following consumption of 1.25 or 2.5 g of EPA and
DHA per day for 4 month8), while plasma levels of 6 werealsodecrease in individuals
consuming3.36 g of EPA and DHA per day for 8 wedk9). Gene expression of MCE, IL-6

and CD40 (an M1 macrophage marker) was also reduced in the subcutaneous adipose tissue of

n-3 PUFA supplementkpatientg99).

1.4.4 Prevention of Insulin Resistance

As previously mentioned, inflammation may be involved in the development of insulin
resistance, suggesting a potential therapeutic role for thenflathmabry -3 PUFA(2-5).
EPAand DHA have been shown to reduce insulin resistaiteugh conflicting data exists
(100). One of the first studies to demonstrate bieneficial effects of-8 PUFAwas Storlien et
al (1987). In this study, rats fed a high fat safflowe(mdh in 6 PUFA)diet had a

significantly reduced glucose infusion rate and decreagedf glucose disposal during a
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hyperinsulinemic euglycemic clanff01) These effects were eliminated in rats fed a high fat
diet supplemented with tuna dilch in 3 PUFA)(101). Similar results were seen more
recently in male C57BL/6 mice fed a high fat diet supplemented with EPA and(D®2A n-3
PUFA have also been shown to reverse previous impairments in insulin sengiovegyxample,
rats fed a high fat saturated fat diet for 4 weeks had reduced levels of-stsulihated glucose
transport, while rats fed the same high fat saturated fat diet for 4 weeks, followed by a high fat
saturated fat diet supplemented witB%long-chain 3 PUFA(4.1% EPA, 0.8%
docosapentaenoic acid and 3.0% DHdy)an additional 4 weeks showed similar responses to
insulin stimulation compared to contff@d animalg103) Transgenic restoration of1PUFA
has also provided evidence of the effectiveness2PJFA on prevention of the detrimental
effects of a high fat diet. The fatmouse expresses the-fah-3 fatty acid desaturase enzyme
and is capable of convertinggifatty acids into 8 fatty adds, such that feeding these mice a
diet rich in nr6 fatty acids results in a tissuésm-3 ratio of 1:1(104) Feeding wild type mice a
high fat diet (55% kcal from fat, with an6n-3 ratio of 18:1)jncreasedasing insulin levels

and decreased glucosiearanceand such negative consequences were eliminated in the fat
mouse(104) suggesting a role for-8 fatty acids.

While the benefits of 48 PUFA in the prevention afsulin resistance have been shown
in the above rodent studies, conflicting results exist for studies involving humans. For example,
Crochemore et al (2012) found that insulin resistance, as evaluated by HRO&ually
increased with daily intake of 2ahd 1.5 g of fish oil per day for 30 daysseparate study
examining the effects of 2 g of fish oil per day for 2 months did not find any differences in

insulin sensitivity as measure by HOMR (105) Thus, although+43 PUFA have been shown
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to favourably alter the inflammatory secretory profile of adipose tissue and macrophages, their

subsequent effects on skeletal muscle inflammation and function remain unresolved.

1.4.5. Mechanisms of Action
Numerous mechanisms hawveen proposed for the action of ledgain 3 PUFA. Most
relevant tahis thesis isthe TLR4/NF-a Bsignalingpathway
TLR4/NF-a BSignaling Pathway
EPA and DHA have been shown to modulate inflammation throughlLiRd signaling
pathway(24). TLR4 is primarily responsible for recognizing LPS in the cell wall of gram
negative bacteria and initiating an innate immune resp@4sel06, 107)As mentimed earlier,
evidence has shown that saturated fatty acids such as palmitic and lauric acid are also capable of
binding toTLR4 and initiating a respong&08). Once a ligand binds fBLR4 and its associated
proteins C[14 and MD2, myeloid differentiation factor 88 (MyD88) is recruited to the TIR
domain ofTLR4 (109). MyD88 then interacts with IRAK and TRA®, leading to the activation
ofIkKK-b, which phosphor yfradngSFe8ndndegt Adows ngo Bt
translocate to the nucleus to increase the gene expressio6ofTNFU, an-d(MMCP
Recruitment of MyD88 also activates MAPKs such as JNK and EREOR). Lauric acid has
been shownto activate \&B t hr ough t hi s p at(109y &ffectswere RAW 26 4
inhibited by a mutantLR4 (109) Pretreatment of cells witDbHA for 2 hours inhibited Nf® B
activity and this inhibition was shown to be mediated bir4, not MyD88, indicating that
DHA modulatesTLR4 and its associated proteins and not the downstream signaling pathway
(109) In a separate study by the same research group, DHA was shown to inhioidLie&d
increases in CO®, iINOS,andIk1 U in RAW 264.7 cel-isdasdwel bBa

degradatior{108). In 3T3L1 adipocytes, t&et ment wi th 200 €M of EPA al
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significantlyreduced N B acti vati on compared t ostinuatedh cont
cells(97). Most recently, it has been suggested thRatHUFA reduce expssion of pre
inflammatory genes by deacetylatingddM B, t hr ough a pat hwidwn i nvol vi

(SIRT)1 (110)

1.4: Macrophage Classification

A variety of cell types infiltrate the adipose tissue in obesity, diotycells of the innate
and adaptive immune system such as macrophages, CD+ T cells, @izpeFl and-2 cells,
regulatory T cells, B cells, mast cells, neutrophils and eosing@il§hese cells are capable of
secreting cytokines and other grdlammatory factors and contribute to the development of
insulin resistanc€9). Though nacrophagesay be involved in the development of obesity
associated insulin resistance, tlagalsoinvolved ina number of important processes, such as
removal of apoptotic cells and tissue remodelling and répair, 112) The environment
surrounding the macrophage is involved in dataing its particular phenotypnd function
Following exposure to certain cytokines and inflammatory agents, macrophages are generally
characterized as one of two phenoty(e3) (59, 114§59, 114Yhe M1 phenotype or
Acl assically activatedod macrophagesanar earienduc
generally considered piiaflammatory as they secrete TNF, -6 larid 1-:12 (59, 113, 114)In
contrasth e M2 phenotype or fAal t earginducadbyelidpndd-ct i vat
13 and are considered airiflammatorydue to lowerexpreseon of pro-inflammatory cytokine
and higher levels dt.-10, anantrinflammatorycytokine(59, 114) M2 macrophages also
produce higher levels of arginase, an enzyme responsible for inhibiting INOS gé&®jitllost
recently, a third subpopulation of infiltrating macrophages has been ide(titis}l These

macrophages are recruited to the adipose tissue following a high fat diet, but expresssthe gene
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for arginasel and YM1, suggesting that these macrophages promote tissue repair and the
resolution of inflammation in obesi{{15)

Different macrophage phenotypes are associated with lean andiotgseresistat
statesM2 macrophages are predominantly present in the adipose tissue of lean andraic&2
(59)and are found interspersed in the space around adip@69)e3he maoophages recruited
to adipose tissue following a high fat diet express higher levels-6f iINOS and CCR2
compared to resident macropha@kst)and are located in clusters known as crdike
structures (CLS) arouhdead adipocytg®9). Overall, existing evidencguggest that high fat
feeding results in a higher proportion of M1 ndlammatory macrophages in adipose tissue,
potentially contributing to the increased seaef preinflammatory cytokinesn obesity(59,

116) Similarly, M1 macrophage marker genes in skeletal muscle biopsy samples were found to
be positively associated with fasting plasma glu@seHbALc levels in lean and obese normal
glucose tolerant and type 2 diabetic individuals7). Further, M2 macrophage marker genes in
skeletal muscle biopsy samples were correlated with increased rates of glsposaldie.

improved insulin sensitivity) in patients who had undergone one year of a prescribed exercise
program(117), providing further evidence of a difference in macrophage phenotype in

individuals with differinginsulin sensitivity.

1.5: Macrophage Infiltration in Obesity and the Development of Insulin Resistance

In addition to infiltrating the adipose tissueacnophages also infiltrate skeletal muscle in
obesity, making up 40% of total ce(#). Pro-inflammatory secretions froncavated
macrophagesontribue to thestate of inflammation withiskeletal muscle, and reduskeletal

muscle response to insulihl18, 119)
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Macrophage infiltration has also been proposed to contribute to the development of
insulin resistancéhrough the activation of inflammatory pathways in the macroph@dgdSs
122) A number of studies using genetically modified macrophages have supported this
hypothesis. Arkan et al (2005) first demonstrated this relationship ustegwith specific IKk
b knock out (IKKEb™H angd myeloidcglli€ksb®9). IKK -6 mice had
improved insulin sensitivitgompared to controlss measured by glucose tolerance tests
following 20 weeks of a high fat diét21). IKK -6*™*micealso showed an increaspéripheral
glucose disposal ratellowing a euglycemienyperinsulinemic clamgl21)indicating specific
effects of myeloid cell inflammation on skl muscle functiorilThe presence dheprotein
kinase JNK1 in macrophages was also shown to contribute to the development of insulin
resistance. Wild type mice reconstituted with JN'Kfiouse bone marrow had reduced
expression opro-inflammatory cytoknesin the liver, and improved insulin sensitivi}/23)
Most recently, expression 8 OCS1 in macrophages was found to be an important regulator of
insulin sensitivity and macrophage activat{@24). Mice with a macrophaggpecific deletion of
SOCS1 developed hepatic insulin resistayeed stimulation of the macrophages in the
genetically altered mice with LPS palmitic acidresulted in significantly greater in@ses in
macrophagdNF-U a n-@lgerie expressiqi24) Thus, there is growing evidence of the

effects of macrophaggpecific inflammation in the development of insulin resistance.

In addition to the above research examirpngrinflammatory factors, studies have also
examined the effects ahi-inflammatory proteins and transcription factors in macrophagds
their subsequerdffects onthe development of insulin resistanEer example, nee with a
specific macrophage déleon of PPAROD became significantly n

controls following 18 weeks of a high fat d{@22). In addition, though these mice had reduced
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macrophage infiltration into the adipose tissuacrophage gene expression of Nos2 ané IL

was elevated, indicating the increased presence of classically activated macr¢p22ges

Induction of Arginase I, a gene associated with alternatively activated macegplag also

reduced followinglk4 st i mul ati on i n t hdl23) StiRlRAsRch askhi@ ma c r «
provide further evidence of the specific effects of macrophages in the development of insulin

resistance.

1.6: Modulation of Macrophage-Derived Inflammation by n-3 PUFA

Similarly to adipose tissuéerived inflammation, mcrophagealerived inflammation can
bemodulated by 8 PUFA. Pretreating RAW 264.7 macrophages with 1M EPA, followed
by LPS, significantly rduced the LP$hduced TNFU gene expression and se
cells as well asNF-a B a c (L25)vin atsybsequent study, EPA was found to inhibit p44/p42
(ERK1/2) activation andctivating proteinAP)-1 activity (126). A number of studies have also
examined the use of a commercial emulsion of DHA and EPA on macrophage inflammation.
Novak et al (2003) found that pteeatment of 264.7 macrophages resulted in reduced LPS
inducedTNF-U expression and s ec (127) Mostmecently,cdreattndgp e mac r
RAW 264.7 macrophages with 16 n-3 PUFA and LPS resulted in reduced expression of
TNF-U, -6JI:1 b, an(@l0i NOS

With regards to the antinflammatory IL-10, treating obese patients with dyslipidemia
with 1.8 g of EPA daily resulted in reduced serurillLand reduced monocyte-ll0 gene
expressior{128). Further work in THPL cells found that treatment with EPA resulted in a
reduced expression and secretion efLl.that was PPARdependen(128)

There have also been reports of differential effects of EPA and DHA. Oliver et al (2012)

pretreated J774.2 murine macrophages with eitherM3@EPA or 50nM DHA prior to an LPS
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stimulus andound that only préreatment with DHA was able to decrease secretion of-UNF
and increase secretion of-ll0 from LPSstimulated cells. In another study from the same
research group)HA was also shown to have more potent effects than, Etucing 11-6 and

IL-1 b s ecr et i-lchamah macraphafjds B a greater extent than reductions seen with

EPA (129)

1.7: Models to Study the Effect of Fatty Acids on Macrophagéluscle Communication

1.7.1: Macrophage Conditioned Media (MCM)

Various research groups have used a model@¥/ to investigate the relationship
between macrophaggerived inflammation, fatty acids and muscle function. Samokhvalov et al
(2009) incubated L6 skeletal muscle cells for 24 hours in BR8 @lmitic acidactivatedViCM
and foundhatthe muscle cells responded differently to each.-MR&M resulted in reduced
expressionof TNFRJ, i ncr e as e d-6 and MQPE and iicreased inulistinwulated
glucose uptake and GLUT4 translocat{@d8) These apparent beneficial effects of EHEM
wereattributed to an increase in secretion of the-enfitammatory IL-10 from the macrophages
(118). Palmiic aciccMCM increased expression of TNF a n d-1 iMtBePL6 skeletal muscle
cells, as well asincreasedpre i n | ewWelasndofp hlosBhoryl ated JNK a
(118) Palmitic acidMCM also decreased insulgstiimulated glucose uptake and GLUT4
translocation (though the decrease wassignificant)(118) IL-10 added to the palnttacic
MCM prevented this decreaEL8) Most recently, the same research group has used this model
to demonstrate the involvement of two nopsdteinkinase G s of or ms, t heta (d)
in palmitic acidMCM-derived impairments in insulin signaling and instgtimulated glucose
uptake(130) Other research groups have used this model to show the effadisation of

various inflammatory pathways and kinadd€M from fatty acidactivated murine bone
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marrowderived dendridic cells reduced the net increase in instihmulated glucose uptake in

L6 cellsand thiswas prevented if the cells were harvestedhfiLR2/4 knockout micé¢131),
implicating the TLR2/4 signaling pathway in the immune-esBociated insulin resistance
Similarly, L6 skeletal muscle cells incubatedMi€M from palmiic acid and LPSactivated

wild type peritoneamacrophages exhibited reductions in insliimulated glucose uptakand

this was abolishef the cells were incubated MCM from JnkI" macrophagegl23) Although
previous research has showatthPSactivated macrophages increase insatimulated glucose
uptake, the origin of the macrophages (cell line compared to primary cells) may account for the
differences in result&Vhile the effects of macrophagkerived inflammation on skeletal muscle
inflammation and function have been examined in a number of studies using a model of MCM,

the role of the longhain r3 PUFA in this model has not been well studied.

1.7.2: Model of Induced Inflammation Using LPS

Elevated levels of LPS have beerphthesized to contribute to inflammation and insulin
resistance as obese patients with type 2 diabetes and geneticallynatebave elevated
circulating levels of LP$132-134), a condition known aetabolic endotoxemi@ 35) Given
this, LPS has frequently been used to study metabolic endotoxenuhesititassociatetbw-
grade inflammatiori82, 136, 137)For examplein L6 skeletal muscle cellsctivation of the
MAPKandNFea B i nf |l ammat or y p adtidnwasassociatedtwitmpdirétlS st i mu
glucose uptake into the cells and disrupted insulin signéi)y while pre-treating the cells
with aTLR4 inhibitor blocked he effects of LP$82). LPSinduced inflammation has further
been used to test the amtflammatory properties of certadtietaryrelatedcompounds.
Flavonoids were shown in one study to decrease the productiofFeT a n-@lfrorh ILPS

treated L6 skeletal muscle ce(ls36). Tributyrin (a triacylglycerol composed of three butyrate
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fatty acids) was also shown to be @nflammatory, reducing the increase in serum TMIF
following aLPS injection(138) Contrary to these dietary compounds, lamgin r3 PUFA

have not been well studied in this model, particularly in skeletal muscle cells.

1.8 Conclusion

Both pre and antiinflammatory cytoknesare secreted by a variety of celghin
adipose tissum the obese statenost notably by infiltrating macrophagesntributing to an
inflammatory environment that has been subsequénkigd to the development of insulin
resistancén skeletal macle given that cytokines can act as communication signals between such
tissues.Long chain A3 PUFA have been shown to counteract macrophage inflamniation
adipose tissum obesitythrough modulation of cytokine production, howesabsequent effects
on skeletal muscle function are currently unknovmvestigation into the modulatory effects of
n-3 PUFA on macrophage inflammation and subsequent effects on skeletal imilescimation
andinsulin responswiill increase our knowledge of the therapeptitentialof such dietaryatty

acidsto mitigate the negative effects abesity andbesityrelated pathologies.
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Chapter 2: Aims of the Thesis

Immune cells, including macrophages, infiltrate adipose tissue in ob&ksity
Interestingly, numerous studies have also shown significant differences in the number of
infiltrated macrophages in skeletal muscle in obese compared to lear{4tate?) Infiltrating
macrophages are capable of secretingipitemmatory cytokines such as-B.and TNFU ,
contributing to a chran inflammatoy state in adipose tissue and skeletal musciestate of
obesity(118). Importanly, macrophagalerived cytokinessuchas TNF have been show
contribute to the development of insulin resistance in skeletal m@gle

Recent work has examined the specific effects of macropthege=dinflammation on
skeletal muscle inflammation and function using a model of macrophage conditioned media
(MCM) (118, 130, 139)Treatment of skeletal muscle cellghvMCM from fatty acid and LPS
activated macrophages resultedimcreased gene expression of FNF -6 larld MCP1 (118)
and decreased insustimulated glucose uptak&18, 130, 139)In contrasto saturated fatty
acids, such as palmitic acid, which have been shown to activaieflirmmatory pathways in
macrophagegl18, 131)long-chain r3 PUFA, such as EPA and DHAave been shown to
attenuate the LR#Biducedincreases imnflammatorycytokine gene expressiosasponse in
macrophagethrough modulation ofignalingintermediates such as NFHR110)and TLR4
(109)

Currently, the ability of EPA and DHA to attenuate the liRicedTLR4/NF-2 B
inflammatory pathway in macrophages, and subsequitt®bn skeletal muscieflammation
andfunction is not known. Additionally, it is not known if skeletal muscle will respond
differently to varying levels of macrophagerived inflammatory cytokines that represent an

obese compared to a lean state.ertunderlying mechanisms, such as the rold4. B4, N~
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9B and their respective signaling pathways, h
macrophagelerived inflammation andubsequent effects aieletal musclenflammation and

function. Thus, he overall objective of this thesis was to exathe effects of longhain r3

PUFA on macrophagderived inflammation, and consequent rat skeletal muscle inflammation

and functionjn vitro.

The specific objectivesf the thesisvere:

1. To canfirm the effect of various fatty acids, including leolgan n-3 PUFA, on
inflammatory mediatogene expressioandsecreted inflammatory proteim RAW
264.7 macrophages stimulated, or not, with LPS.

2. To compare the effects of variofadty acidmodulated MCMat various ratios to
represent a leaversusobesestate) on skeletal muscle cell inflammation amsiilin-
stimulated pAkt

3. To investigatehe involvement of the TLR4/NB B i nf | a mmaihtheabovep at hway
relationships by measuring mRNARNF-a B a n din RAWR84.7 macrophages and

L6 skeletal muscleddls.

The overall hypotheses of the thesis were:

1. Treatmenbf RAW 264.7 macrophagesith long-chain r3 PUFA would attenuate the
inflammatory response and cytokine secretion from-bEt8/ated macrophages
specifically through th&LR4/NF-e B pat hway.

2. Treament ofL6 skeletal muscle cells wittlCM derived from lonechain rn3 PUFA
treated macrophages would result in reduced inflammation and incteasisdof

insulin-stimulated pAkt in skeletal muscle cells.
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3. Higher ratios oMCM, used to represent an obasate, would result in @ore
pronouncednflammatory response amdducednsulinresponsiveness skeletal muscle

cells compared to lower ratios KFCM, used to represent a lean state.
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Chapter 3: Investigation into the Effects ¢ Fatty Acid -Treated MacrophageConditioned
Media on Skeletal Muscle Gene Expression and Function

3.1 Introduction

In obesity, macrophages infiltrate the adipose tissue and skeletal npusaoteting a
chronicinflammatory staté4). Research has shownd@®% (of total cells)infiltration of
macrophages into the intrauscular adipose tissurethe obese stateompared to a 10%
infiltration in theleanstate(4). Macrophages are capable of seagtrarious cytokines, such as
TNF-U a n@i(118) lcontributing to the inflammatory signals sent to surrounding tissues. In
addition, genetic deletion of macrophegpecific IKK-b  a n d1 hdshkvided evidender a
relationship between macrophage inflammation and the development of insulin resistance in
skeletal muscl€121, 123)

Macrophages are responsive to fatty aguieviding a possible dietasgrategy to
modulate obesitassociated inflammation and ensuing effects on skeletal muscle function. For
example, treatment of RAW 264.7 macrophages el t ur ed wi th adi pocytes
for 12 hours decreased expression of TNF  a e dg149)Fconfirming antiinflammatory
action of this longchain r3 PUFA. Further to this,cetreating RAW 264.7 macrophages with
LPS andl00e Mof long-chainn-3 PUFA resulted in reducedRNA expression of TNFJ , -6 L
IL-1 band INOS110) possibly due taleacetylation and deactivation of MFB b y-3t he n
PUFA, through a pathway involving AMPK and SIR{[11L0). Contrary to i3 PUFA, saturated
fatty acidshave been shown to increase the macrophage inflammatory response. For example,
incubating RAW 264.7 macrophages with 800/palmitic acidfor 6 hours increased secretion

of TNF-U a n@lfrorh the cell§118) Nguyen et al (2007) also found that incubating RAW

264.7 macrophages in a 560M satetl and unsaturated fatty aonkture (including palmitc
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acid) activated the JNK and IK# signalingpathwaysandincreased secretion of{L b ,-6, | L
MCP-1 and TNFU, possibly through mechanisms involvifig_R-2 andTLRA4.

Therelationship betweemmune cellderived inflammation, fatty acidandmuscle

functionhas been further investigated usingdab of macrophageonditioned mediaM{CM).

For examplelL6 skeletal mude cellsincubatedor 24 hours in LP&ctivatedMCM had

reduced expression of TNE increased expression of-B.and MCP1, as well asncreased
insulin-stimulated glucose uptake and GLUT4 translocafidi8) In the same studygimitic
acidMCM increased TNRJ  a n 8-1 eMplessiornn L6 skeletal muscle cells, as well as
increased pr ol eamd |pehveed psh oorfy |l sotBelf) Palmiikacidnd p 3 8
MCM also decreased insulstimulated glucose uptake and GLUT4 siacation whileIL-10, a
classic antinflammatory cytokineadded to the palmd acidMCM prevented this decrease

L6 muscle cell§118) In addition to demonstrating the effective use of MCM as a model to
study the ability of macrophaggerived inflammation to modulate skeletal muscle inflammation
and function, this work also showed that inclusion of aniaffimmatory cytokine was able to
modify responses to the MCM, suggesting that inclusion of otherdilatmmatory factors may
also modulate this relationship.

While recent research has examined the modulatory effects of fatty acids on macrophage
derived inflammation, the role of loaghain ”r3 PUFA in this response, as well as subsequent
effects on ske&ltal muscle inflammation and function, have not been well studied. Taus, t
overall objective of this work was tarther understand the modulat@fyects oflong-chainn-3
PUFA on macrophagderivedinflammatorycytokine secretion, the inflammatory patiys
involved, and the consequent effects on skeletal muscle inflammation and insulin

responsiveness. It was hypothesi#tettreatmenbf skeletal muscle cells witklCM derived
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from longchain r3 PUFAtreated macrophages witsult in reducedkeletalmuscle cell

inflammation and increased insulin responsiveness.

3.2 Materials and Methods

3.2.1:Cell culture and differentiation

L6 myoblasts and RAW 264.7 macrophages were purchased from the American Type
Culture CollectionManassas, VA) and cultureatcording to directions. Both cell types were
maintained in high glucodeulbecco's Modified Eagle Medium (DMEM) with sodium pyruvate
(HyClone, Logan, UT), supplemented with 10% (\Vfatpl bovine seruniFBS, low endotoxin,
Sigma, St. Louis, MO) and 1%/ penicillin-streptomycin (HyClone, Logan, UT), in 5% €O
at 37°C. L6 myoblasts were seeded iwdl and 24well plates at 15,000 celksi?. At 70-80%
confluencethe cells were incubated BMEM supplemented with 2% (v/v) FBS and 1% (v/v)
penicillin-streptomycinin order to facilitate differentiatio(iL41) Myotubes were fully
differentiatedafter 5 days (identified by a striated and multinucleated appearance under
microscope), anderesubsequentlgerum depriveavith medium containing 0.25% FBS prior
to experimental treatment. RAW 264.7 macrophages were seeded in Tgafldskrum

deprived overnight with medium containing 0.25% FBS prior to fatty acid treatment.

3.2.2:Fatty acids and LPS treatment of macrophges: collection of macrophage
conditioned media (MCM)

Macrophages were piteeated with fatty acids for 24 h, followed by treatment with fatty
acids without or with LPS for a subsequent &dr. all fatty acid treatments, fatty acid stock

solutions of EPADHA, and palmitc acid(Cayman Chemical, Ann Arbor, MI)ave complexed

with bovine serum al bumin (BSA, O0.005% fatty
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reduced DMEM to a final concentration of 100
was based on previous waik10)that showed reduced LRSduced gene expression of TNF,

IL-6,IL-1 b, and i NOS-tfrelalt onwinn g v3aPURASdriOnbeduced n
medium(without BSA)andBSA plusethanol served as contsoFor the combined treatment of

fatty acids andLPS, 10 ng/mL LPS (Sigma, Oakville, Ontario, Canada) was added to the serum
reduced medium containing 10 OedanMflairaatotyy aci d.
response in L6 myotubes and RAW 264.7 macrophages without toxic effataspt shown

LPSand serunreduced mediugrand LPS and@BSA plusethanol served as contsoFollowing

treatment, MCMwere collected, filtered, and used fresh on the L6 myotubes.

3.2.3:L6 treatment with MCM

Myotubes were treated for 24 h with undilutd€€M or MCM diluted b the appropriate
amount to reflect cytokine secretion from macrophages infiltrated in skeletal muscle in obese or
lean individuals (4% and 10% infiltration, respectivelylndiluted MCM was considered a
100% solution, and was diluted to a 40% or 10%tamwiuto reflect the percent of macrophage
infiltration and their respective concentration of secreted cytokines (assuming that 40% of the
macrophages infiltrating the tissue would secrete 40% of the total secrefimmeMCM
contained LPS, FA and BS#jediluent for the40% and 1091CM treatmers wasserum
reducedmediaenriched with LPS, FA, and BSA so that all muscle cells were treated with the
same amounts of all three components, such that only the amadd@i\dfdiffered between
groups A subset ofnuscle cells was also treated witiedia (subsequently referred to as-nhon
MCM) containingLPS, FA and BSA alone as control. Previous gas chromatography pilot work
demonstrated that both the3rPUFA and palmitic acid were taken up into the L6 skeletal

musde cells, increasing the cellular levels of these fatty acids (data not shdiMngatments
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were performed in triplicate (3 wells) and all experiments repeated 3 times. Separate experiments
were conducted in a similar manner in order to evaluate teet&fMCM on gene expression

of inflammatory cytokines ansignalingintermediates anpghosphorylatedhkt (Ser 473).

3.2.4:Cytokines secreted from RAW 264.7 macrophages

Media was collected prior to and following fatty acid-meatment and fatty acahd
LPScotreatment. Secreted MEL, TNFU JL-6 and IL-10 were analyzed by Luminex XMAP
technology (Bioplex200 system; Mouse Cytokine/Chemokine Biex kit, BioRad
Laboratories, Mississauga, ON, Canald-dawasaccor d
undetectable in theediaand only data for secreted MAPTNFU  a n1D is presented in the

results section.

3.2.5:RNA isolation and quantitative PCR

Following treatments, RAW 264.7 macrophages and L6 myotubes were rinsed with 1x
PBS (Sigma, St. Louis, MO) and RNA wasliated using an RNeasy kit (Qiagen, Toronto, ON),
as per manufacturerodés instructions. Compl i men
extracted RNA using a high capacity cDNA reverse transcription kit according to the
manufactur er 06s | iosygstems) Fotest Oity, €A, USAD. Plimers b6, Bcp
1, ThR48 n d ,MWeéredesigned using the Universal Probe Library Assay Design Center
(Roche Applied Sciences, Penzberg, Germany) and their efficiencies were validated to confirm
90-105% primer efficiency. mRNA expression of all genes arzayzed in both skeletal muscle
cells and macrophages. Samples were run in duplicateweB®lates, and each 20 pL reaction
contained 5 pL cDNA, 0.4 uL of primer solution, 10 uL Power Sybr green 2x master mix
(Applied Biosystems, Forest City, CA), aAd pL of RNase free water. Reaahe PCR

analysis was performed using a 7900HT Fast Real Time PCR system (Applied Biosystems,
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Forest City, CA) using the default protoc2imin at 56C, 10min at 95C, 15sat 95C, 60°C

for 1 min, 15sat 95C and 15 at 60°C for a total of 40 cycles. All results were normalized to
RpIpOMRNA expression, and the relative differences in gene expression between treatment
groups were det er mi n$@pdcifically, statgtical dnaysisywpEperformed h o d .
on theqp Cvalues (values normalized RplpQ. Graphical representation of the results was

presented as fold change relative to time zero.

3.2.6:Insulin-stimulated signaling proteins
Following 24 h treatment with MCM, L6 myotubes were sestarved for &6 h and
treated with a maximal dose of insulin (100 nM) for 10 min i@l plates. Cells were rinsed
in 1x PBS, lysed using a supplied buffer, and analyzed for phosphorplaté8er 473) using
the InstantOneE ELI SA kit r(dkiBi@ stcd etnlcee , maSmawnf aDc

instructions.

3.2.7: Statistical Analysis

For all analysis, data from replicates was averaged and expressed as mean + SEM.
Statistical significance was set at p<0.05 and all statistical analysis was performed using
SigmaPlot ersion 120 (San Jose, CA).
MacrophageSecreted Proteirand Gene ExpressioData

Secreted protein and gene expression datanalyzed using avo-way analysis of
variance (ANOVA) for the effect of LPS stimulation and fatty acid treatment and theiblgossi
interactions. A FisheltSD posthoctest was used to identify all significant pairwise differences.
Data that was not normally distributed wesnsformed prior tetatisticalanalysis Data that was
not normally distributed following transformati¢as determined by the Shapiwilk test)was

analyzed using a ongay ANOVA with Fisher LSDposthoctestor a KruskatWallis oneway
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ANOVA on r an kposthvectastior the effect 6f EPS stimulation and fatty acid
treatment.
L6 Skeletal MuscleCell Gene Expression Data

Gene expression daftor NF-e B, T L R4 -lavasdnaly¢€&iRising awo-way
ANOVA for the effect of LPS stimulation and fatty acid treatment and their possible
interactions. A FisheltSD posthoctest was used to identify all significant pairwise differences.
Gene expressiorath for TNFU  a n-@lwete hnalyzed using a em@&y ANOVA for the effect
of fatty acid treatment. A Fish&SD posthoctest was used to identify all significant pairwise
differencesData that was not normally distributed or data that did not pass\exjiaice was
transformed prior to analysis. Any data that was not normally distributed or data that did not pass
equal variance following transformation was analyzed usitingr a onavay ANOVA with
Fisher LSDposthoctest or a KruskalWallis oneway ANOVA on r anksposthod h Dunn
test for the effect of LPS stimulation and fatty acid treatm@omparisons between dilutions for
all geneswvere analyzed usinganeway ANOVA and a FisheltSD posthoctest was used to
identify all significant pairwise ifferences.
L6 Skeletal Muscle Cell pAkt Data

pAkt proteindata wasnalyzed using aneway ANOVA for the effect of fatty acid
treatment. A Fisher LSIPosthoctest was used to identify all significant pairwise differences.
Comparisons between dilutiofy all treatmentsverealsoanalyzed using aneway ANOVA

and a FisheLSD posthoctest was used to identify all significant pairwise differences.
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4.3 Results

4.3.1Fatty acid- and LPS- induced modulation ofcytokine mRNA expression andsecreted
cytokine proteinsin RAW 264.7 macrophages
a) MCP-1 mRNA Expression andSecreted Potein in RAW 264.7 Macrophages

In the absence of LP®HA significantly reduced MCR. gene expression compared to
SR control Table 1), while DHA and EPA+DHAsignificantly rediced MCP1 gene expression
compared to BSA+ethanadléble 1). LPSstimulationincreasedxpression of MCH in SR
control (p<0.001), DHA (p<0.05), EPA+DHA (p<0.001), and PA (p<0)@@mpared to their
respective noi.PS groups. Further, in the presenc&Bf, macrophages treated with EPA and
DHA exhibited lowemRNA expression of MCH compared t&R control andPA-treated cells
(p<0.05compared to SR control, p<0.001 compared toRgure 1A). Finally, MCP-1 mRNA
expression was higher in Plheated macnohages compared to BSA+ethanol (p<OBg§ure
1A).

In the absence of LPS, DHA significantly reduced MCégecreted protein compared
with SR ontrol (Table 1). LPSstimulation increased MGP protein secretettom SR @ntrol
and macrophages treated wiEPA+DHA (p<0.05 compared with their respective raRS
groups.Interestingly, MCPL1 secreted protein was reduced in tRitnulatedmacrophages
treated with EPADHA, and EPA+DHAcomparedvith SR contromacrophagedgure 1B).

EPA and DHA also reducddCP-1 secreted protein compared to PA (p<ORigure 1B).
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Table 1: MCP-1 mRNA Expression and Secreted Protein in RAW 264atidphages in the

Absenceof LPS

Treatment MRNA Expression (Fold Change)| Secreted Protein (pg/mL)
SR Control 4.85x0.59 1254.45+117.09
BSA+Ethanol 5.60+0.25 1638.94+135.04
EPA 2.61+0.34 489.85+39.06
DHA 1.39+0.15 358.54+35.85
EPA+DHA 1.55+0.03 505.77+42.51
PA 2.88+0.46 1128.59+96.41

* indicates p<0.05, ** indicates p<0.00&lative to seruntedu@d (SR) controlValues are

means + SEMn=3 replicates in duplicate. EPA: eicosapentaenoic acid, DHA: docosahexaenoic

acid, PA: palmitic acid.
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Figure 1: Effect of various fatty acids od) mMRNA expression an8) secretion of MCPL from

RAW 264.7 macrophages in the presence of IGis were treated for2dwi t h 100 e M f a
acid and for a subsagnt 4h with fatty acid with 10 ng/mL LPSSerumreduced SR)

media+LPSandBSA with ethanol+LPS aied as contral In A, letters indicate differences
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between treatments, p<0,@xcept foEPA and DHA compared to PA, p<0.001. In B, letters
indicate differences between treatments, p<0.05, exceptHércompared to SR control,

p<0.001 Treatments shargnletters are not significantly different from each otMalues are

means + SEMn=3 replicates in duplicate. EPA: eicosapentaenoic acid, DHA: docosahexaenoic

acid, PA: palmitic acid.

b) TNF-UmRNA Expression andSecreted Fotein in RAW 264.7 Macrophages
Fatty acids did notaffect TNBT mRNA expression in macrophag
of presence of LPST@ble 2 and Figure 2A). As expected, LPS stimulation increased THIF
MRNA expession in all groups (p<0.001, except for EPA+DHA, p<0.05).
In the absence of LPS, EPA, DHA, and EPA+DHA significaittbreased TNFJ
secreted protein compared with SR contialfle 2). EPA and EPA+DHA also significantly
increased secreted TNF p r compaiedito BSA+ethanol and Reeated macrophages
(Table 2). Incubation with LPS increased secreted TOproteinin the BSA+ethanol group,
compared with its respective S groupIn the presence of LPS, there were no differences

between treatment gups(Figure 2B).
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Table2: TNF-U mRNA E x p r ecetedProteinind&R AW 2647 Macrophages in the

Absenceof LPS

Treatment MRNA Expression (Fold Change)| Secreted Protein (pg/mL)
SR Control 4.45+1.02 52.59+7.08
BSA+Ethanol 4.04+0.87 79.48+11.16
EPA 2.74+0.10 334.78+27.7%
DHA 2.87+0.37 204.26+7.3%
EPA+DHA 3.30+0.65 387.60+£17.57*
PA 3.18+0.29 192.24+33.59

* indicates p<0.05, ** indicates p<0.00&lative to serunteduced (SR) controValues are
means + SEMn=3 repicates in duplicate. EPA: eicosapentaenoic acid, DHA: docosahexaenoic

acid, PA: palmitic acid.
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Figure 2: Effect of various fatty acids o) mRNA expression anB) secretiorof TNF-U  f r o m
RAW 264.7 macrophages the presence afPS. Cells were treatedfor2dvi t h 100 e M f a
acid and for a subsequenh4vith fatty acid with 10 ng/mL LPSSerumreduced SR)
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media+PS andBSA with ethanokLPS acted as cont®lValues areneans + SEMn=3
replicates in duplicate. EPA: eicosapentaenoic acid, DHA: docxsaheic acid, PA: palmitic

acid

c) IL-6 mMRNA Expression

In the absence of LP$&tty acids did not affect H6 gene expression in macrophages
(Table 3). LPS stimulationncreased 1k6 mMRNA expression in the SR control (p<0.001),
BSA+ethanol (p<0.05) and Ptheated (p<0.001) macrophages compared to tkstionulated
condition. In the presence of LPS, EPA, DHA and EPA+DHA decreasédjine expression
compared td’A (p<005 for DHA, p<0.001 for EPA and EPA+DHAjgure 3). The decrease in
IL-6 mMRNA expression following incubation with EPBHA and EPA+DHA was also lower

than the SR control (p<0.0Bigure 3).

Table 3: IL-6 mMRNA Expressionn RAW 2647 Macrophages in theb&enceof LPS

Treatment MRNA Expression (Fold Change)
SR Control 8.61+3.77
BSA+Ethanol 8.48+3.75
EPA 2.47+1.18
DHA 3.77+1.63
EPA+DHA 1.01+0.45
PA 3.39+1.55

Values are means + SEM;3 replicates in duplicate. EPA: eicosapentzic acid, DHA:

docosahexaenoic acid, PA: palmitic acid.
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Figure 3: Effect of various fatty acids on mRNA expression oflin RAW 264.7 macrophages
in the presence of LP&ells were treated for 24w i t h 1 0 Oacid avid fér a subsgquent 4
h with fatty acid with 10 ng/mL LPSSerumreduced (SRinediarLPS andBSA with

ethanolLPS acted as contslLetters indicate differences between treatments, p<6x@ept

for EPA and EPA+DHA compared to PA, p<0.00ieatmeits sharing letters are not
significantly different from each othévalues are means + SEMz3 replicates in duplicate.

EPA: eicosapentaenoic acid, DHA: docosatenoic acid, PA: palmitic acid.

d) IL-10 Secreted Potein in RAW 264.7 Macrophages

In the alsence of LPS, PA increased 10 secreted proteifrom macrophages compared
to controls and all other fatty acids<0.001,Table 4). Incubation with EPA+DHA also
significantly increased H10 secretedrom macrophages comparedS® control Table 4). LPS

stimulationincreased secreted-L0 proteinin SR ontroktreated macrophages compared with
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their norLPS control(p<0.09. Similarto the norLPS condition incubation with LPS and PA
increasedL-10secreted proteinompared to controls and all othattf acids |§<0.001,Figure
4). In the presence &PS EPA reducedecretedL-10 proteincompared to both controls

(p<0.05,Figure 4).

Table 4: IL-10 Secreted Protein in RAW 264.7aktophags in the Adsenceof LPS

Treatment Secrded Protein (pg/mL)
SR Control 2.55+0.28
BSA+Ethanol 5.92+0.3%
EPA 3.38+0.18
DHA 3.63+0.20
EPA+DHA 4.81+0.22
PA 11.00+£0.4%*

* indicates p<0.05, ** indicates p<0.00&lative to serunteduced (SR) controValues are
means + SEMn=3 replicatesn duplicate. EPA: eicosapentaenoic acid, DHA: docosahexaenoic

acid, PA: palmitic acid.
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Figure 4: Effects of fatty acid treatment @ecretion of IE10 from RAW 264.7 macrophages

the presence of LP&ells wee treated for2wi t h 100 €M fatty aklki d
with fatty acid with 10 ng/mL LPSSerumreduced SR) mediarLPSandBSA with

ethanolHLPS acted as cont®lILetters indicate differences between treatments, p<6x@ept

for PA compared to all other treadmis, p<0.001Treatments sharing letters are not significantly
different from each othe¥alues are means + SEMs3 replicates in duplicate. EPA:

eicosapentaenoic acid, DHA: docoseadenoic acid, PA: palmitic acid.
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4.3.3:Fatty acid- and LPS-induced madulation of mRNA expression of inflammatory

signaling intermediates in RAW 264.7 macrophages

a)NFFe B mRNA E xip RA&S26417 dlacrophages

NF-a BnRNA expressionvas not significantly affected by any fatty axid the

presence or absenceld®S (Table 5 and Figure 5). LPSstimulationdid notincrease NFe B

gene expressioin any treatment ggps

Table 5: NF-a Band TLR4MRNA Expressionn RAW 264.7 Macrophages in thébdenceof

LPS
Treatment NF-e B mMRNA Expg TLR4 mRNA Expression
(Fold Change) (Fold Change)

SR Control 1.46+0.08 2.16+0.41

BSA+Ethanol 1.53+0.06 2.39%0.49

EPA 1.16+0.10 2.70£0.50

DHA 1.16+0.05 3.56+0.75

EPA+DHA 1.12+0.04 3.33+0.69

PA 1.77+£0.17 1.49+0.45

Values are means + SEM;3 replicates in duplicate. EPA: eicosapentaenoic acid, DHA:

docosahexaenoic acid, PA: palmitic acid.
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Figure 5: Effect of various fatty acids on mRNA expressionofdlB i n RAW 264 . 7
macrophagem the presence afPS. Cells were treatedfor®davi t h 100 e M fatty a
subsequent A with fatty acid with 10 ng/mL LPSSerumreduced SR) mediatLPS andBSA

with ethanokLPS acted as contIValues are means + SENE3 replicates in duplicate. EPA:

eicosapentaenoic acid, DHA: docosahexaenoic acid, PA: palmitic acid.

b) TLR4 mRNA Expressionin RAW 264.7 Macrophages

TLR4 mRNA expressionvas not significantlaffected by any fatty acgdn thepresence
or absence dfPS (Table 5 and Figure 6). LPSstimulationdecreasedLR4 mRNA expression

in all groups (p<0.05 for all groups except SR control, p<0.001
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Figure 6: Effect of various fatty acids on mRNA expressionfaR4 in RAW 264.7

macrophages the presence of LP&ells were treated forZdwi t h 100 &M fatty a
subsequent A with fatty acid with 10 ng/mL LPSSerumreduced SR) mediatLPS andBSA

with ethanokLPS acted as contIValues are means + SENE3 replicates in duplicate. EPA:

eicosapentaenoic acid, DHA: docosahexaenoic acid, PA: palmitic acid.
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4.3.4:Macrophage Gonditioned Media (MCM) modulation of L6 skeletal muscle cell
cytokine mRNA expression
a) MCP-1 mRNA Expression Fatty Acid Treatment & LPS Stimulation Effects

In the absence of LP8iluted (40% and 10%) EPA, DHA and EPA+DHA MCM
increased MCH. gene expression compared to PA MCM, BSA+ethanol MCM and SR control
MCM (Table 8 in Appendix). EPAnonMCM and DHAnonMCM also increased MGR gene
expression in skeletal muscle cells compared to contmeMCM (Table 8 in Appendix).

Also, DHA nonMCM induced a greater increaseNICP-1 mRNA expressionompared td?A
nonMCM (Table 8in Appendix).

As expected, LPS stimulation increased MCRRNA expression imosttreatment
groups.This was true of undiluted SR control, BSA+ethanol, DHA and PA MCM (p<0.05), 40%
diluted SR control, BSA+ethanol and PA MCM (p<0.05), all 10% diluted tresitigroups
(p<0.001), and SR control, BSA+ethanol, EPA, and DHA-KI®M (p<0.05).

In thepresencef LPS,differences between MCM treatments were only observed with
the 10% diluted MCNMand withnonrMCM. More specifically, 10% diluted BSA+ethanol, EPA,
DHA, and EPA+DHA MCM increased MCP mRNA expression in skeletal muscle cells
compared to SR control MCM (p<0.001 for EPA and DHA, p<0.05 for BSA+ethanol and
EPA+DHA, Figure 19in Appendix). Also, EPA MCM induced a greater increase in MCP
MRNA expressionampared to PA MCM (p<0.0%igure 19in Appendix). BSA+ethanol,

EPA and DHA norAMCM also increased MCH. gene expression comparedsi@ control and

PA nonMCM (p<0.05,Figure 7B).
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Figure 7: Effectof A) undiluted MCM with LPS an®) nonMCM with LPSon MCP-1 mRNA

expression L6 skeletal muscle cell€ells werdreated for 24 with MCM. Serumreduced
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(SR) mediaLPS andBSA with ethanol-LPS acted as contslin B, letters indicate significant
differences between treatmerniseatments sharing letters are not significantly different from
each otherValues are means + SEMs3 replicates in duplicate. EPA: eicosapentaenoic acid,

DHA: docosahexaenoic acid, PA: palmitic acid.

b) MCP-1 mRNA Expression- MCM Dilution Effects

Overall, undiluted MCM significantly increased M&Rjene expression compared to
nonMCM. More specifically, m the absence of LP8ndiluted SR control MCM increased
MCP-1 gene expression compared to comiat+MCM (p<0.05,Table 9 in Appendix).
Undiluted BSA+ethanol MCM increased M&Pgene expression compared to 40% and 10%
diluted MCM and BSA+ethanalonMCM (p<0.05,Table 9 in Appendix). Undiluted EPA
MCM increased MCHL. gene expression compared to 40% and 10% diluted MCM, and
undiluted PA MCM increased MGP gene expression compared to 4886 10%diluted MCM
and PAnonMCM (p<0.001 Table 9in Appendix).

In the presence of LP#ere were also many differences between MCM dilutions. All
dilutions ofBSA+ethanol andEPA+DHA MCM yielded different MCPL gene expression
levels, with the exception of the 10% diluted MCM anaarMCM (p<0.001 Figure 20 in
Appendix, Figure 8B). Undiluted SR control MCM increased M€&Pgene expression
compared to 10% diluted MCM and nMCM (p<0.05,Figure 20in Appendix). Undiluted
EPA andDHA MCM resulted in higher MCH gene expression in L6 cells compared to all
other dilutions p<0.001 for EPAp<0.05for DHA, Figure 8A). All PA MCM dilutions resulted
in different levels of MCPL gene expressiowith the undiluted PA MCM yielding the highest
level of MCR1 gene expression (p<0.001 for all except 10% companednt®CM, p<0.05,
Figure 8B).
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Figure 8: Effects of various dilutions oA) EPA MCM with LPS and DHA MCM with LPS and

B) EPA+DHA MCM with LPS and PA MCM with LP8n MCP-1 mRNA expressiofn L6

skeletal muscle cellells were treated for 2dwith MCM or nonMCM. Letters indicate
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