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Due to the increasing prevalence of obesity anthedéss among children and
adults worldwide, it is imperative to identify daey strategies that promote weight
control. One potential anti-obesity compound is jegated linoleic acid (CLA), sold

worldwide for weight loss. However, the safety aificacy of this supplement remains

guestionable.

Current research shows that, in addition to redudat mass, trans-10,cis-12
(10,12) CLA supplementation in animals and some dnsrleads to insulin resistance,
hyperlipidemia, or fatty liver.In vitro studies suggest that 10,12 CLA causes
inflammation in primary cultures of human adiposytey increasing mitogen activated
extracellular kinase/extracellular signal-relatadake (MEK/ERK) and nuclear factor
kappa B (NKkB) signaling, which impairs glucose and fatty agmtake and utilization.
However, the link between inflammatory signaling pmimary cultures of human
adipocytes and CLA-mediated delipidation has notenbefully characterized.
Additionally, the particular cell type (i.e., prepdyctes vs. adipocytes) responsible for
10,12 CLA-mediated inflammation and insulin regsis& in white adipose tissue is
unknown. Therefore, the objective of this work wasletermine the cell type responsible
for 10,12 CLA-mediated inflammation and insulin is¢@nce in cultures of newly

differentiated human adipocytes (Aim 1), and tanidfg the specific upstream



mechanisms involved (Aim 2). To examine Aim 1, amiimatory gene expression and
protein secretion, prostaglandin secretion, or gateactivated protein kinase (MAPK)
and cJun phosphorylation was measured in adiposygepreadipocytes in four distinct
cell culture models. To examine Aim 2, chemicalilomors were employed to determine
the role of protein kinases, including the MAPK rJN-terminal kinase (JNK) and
diacylglycerol kinases (DGKs) in 10,12 CLA-mediatedlammatory signaling and
insulin resistance in newly differentiated primémyman adipocytes. Collectively, results
from this project reveal that 10,12 CLA instigatetease of inflammatory signals from
adipocytes that subsequently activate adjacentjpeeytes. Mechanisms of 10,12 CLA-
mediated inflammatory signaling and insulin resis&involve activation of the protein
kinases JNK and DGKs. These findings are expectedmntribute critical insights for the

development of safe and effective therapeuticegias for weight control.
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CHAPTER |

INTRODUCTION

Overview

Obesity is one of the most prevalent nutritiontetadiseases worldwide and in
the U.S. Recently, it has been reported that waddwl..5 billion are overweight and 500
million are obese (1). In the U.S., 68% are ovegivebr obese and 34% of adults are
obese (2). This level of prevalence results inagreconomic burden, as the total
economic cost of overweight and obesity was ~30ibbiin the U.S. and Canada in
2009 (3). Despite efforts to reduce the prevalesfcebesity, this epidemic continues to
rise, as the percent of obese adults has risen 4% percent in 1980 to 34% percent
in 2008 (2,4)Obesity, characterized by an expansion of whitpask tissue (WAT), is
linked to chronic diseases such as type 2 diabéigsertension, and cardiovascular
disease. Thus, maintaining ideal body weight wWécrease the incidence of obesity-
related disorders and health care costs associdtiedbesity.

One method to decrease body weight and fat massomsumption of the
commercially-available weight loss supplement cgajad linoleic acid (CLA). CLA,
found naturally in ruminant meats and dairy producefers to a group of conjugated
octadecadienoic acid isomers that contain two dobbhds separated by a single bond.

Many isomers of CLA exist, but the two main isom&rsnd to have biological activity



include the cis-9, trans-11 (9,11) isomer and ttens-10, cis-12 (10,12) isomer.
Consuming a mixture of these isomers has been showecrease adiposity in animals
and some humans. Our lab group and others havensti@aw of the two major isomers,
the 10,12 isomer is responsible for CLA’s anti-otyegroperties. For example, we have
demonstrated that 10,12 CLA, but not 9,11 CLA, dases fatty acid and glucose uptake
and triglyceride (TG) content of newly differengdt primary human adipocytes (5,6).
However, 10,12 CLA increases inflammatory cytokamel prostaglandin secretion from
adipocytes, resulting in adverse metabolic conssmpse such as insulin resistance
(7,8,9).

Results from our lab suggest that 10,12 CLA-m&di delipidation is linked to
inflammatory signaling and insulin resistance. Egample, we have demonstrated that
10,12 CLA induces inflammation and insulin resisgrvia elevation of intracellular
calcium levels (8), activation of extracellular rsadrregulated kinase (ERK) (7), and
nuclear factor kappa B (MB) (9), which upregulate inflammatory proteins suah
tumor necrosis factor alpha (TMFand interleukin (IL)-6. Secretion of these cytwds
attenuates the activation of transcription factsach as peroxisome proliferator-
activated receptor (PPARRENd sterol regulated enhancer binding protein ERELc,
that promote glucose and fatty acid uptake, fattid asynthesis, and TG storage in
adipocytes. However, the cell type in our cultusésewly differentiated primary human
adipocytes responsible for initiating inflammataignaling is unknown. Furthermore,
the upstream signaling mechanisms activated by21QUA that trigger intracellular

calcium accumulation, inflammatory protein actieati(i.e., ERK and N&B), and result



in insulin resistance and delipidation are unkno®lucidating the signaling pathways
activated by 10,12 CLA will provide valuable infoation on the efficacy, specificity,
and potential side effects of CLA consumption feewas a weight loss agent. Lack of
such knowledge is an important problem, becausé mrbecomes available, CLA’s
potential use as a safe weight loss supplementotdrenevaluated. Therefore, the focus
of this dissertation was to determine the cell type., preadipocyte or the adipocyte)

responsible for 10,12 CLA-mediated inflammation #melmechanisms involved.

Central Hypothesis and Specific Objectives

Thecentral hypothesi$or the proposed research is that adipocyteshareniajor
mediators of 10,12 CLA-induced inflammation, whigh turn stimulate neighboring
preadipocytes to produce inflammatory cytokinessehinflammatory agents antagonize
PPARy, leading to decreased lipogenesis and increagelydis in adipocytes.

In order to test this hypothesis, two specifrnawere investigated using primary
cultures of newly differentiated human adipocyté&ém 1) Determine whether the
preadipocyte or the adipocyte is responsible follA0CLA—mediated inflammation,
insulin resistance, and delipidation, ahich 2) Identify the mechanism by which 10,12

CLA induces inflammation, insulin resistance, aetigidation.



CHAPTER Il

REVIEW OF LITERATURE

Background and Significance

Obesity and White Adipose Tissue Inflammation

The incidence of obesity and diabetes has risestantially over the past thirty
years. Since 1976, the number of obese adults ieri&a has approximately doubled
(10). This modern rise in obesity often resultsnfroncreased energy intake and
decreased energy expenditure, leading to the starhigxcess energy as triglycerides in
white adipose tissue (WAT). Thus, obesity is chamazed by the expansion of WAT
which acts as an endocrine organ, secreting ag afradipokines that regulate a number
of physiological processes including immunologicasponses, glucose homeostasis,
appetite regulation, angiogenesis, and growth. Blafprisingly, over-expansion and
dysregulation of WAT results in the development sdrious metabolic disorders
including hypertension, atherosclerosis, insulisisiance and type 2 diabetes. Notably,
80% of diabetic adults are also overweight or ob&s$es relationship between obesity
and insulin resistance has been attributed tormfiation largely from WAT, but also

from other tissues such as the liver and muscle.



One of the first reports of adipose-derived inflaation was in 1993, when
Hotamisligil and Spiegelman reported that obeseenueerexpressed tumor necrosis
factora (TNF-o) in WAT (11). Based on these results, Kern et(ad2) showed that
elevated TNk gene and protein expression in WAT of obese hunsagsificantly
decreased after weight loss. Later in 1997, Uysahle(13) demonstrated that mice
lacking TNFe were protected from insulin resistance, providiaglink between
inflammation in WAT and metabolic disease. Sincesth findings, a multitude of
adipokines have been identified such as leptirgrieakin (IL)-8, IL-6, IL-13, and
monocyte chemoattractant protein (MCP)-1, all ofiahhhave been linked to insulin
resistance (14). Thus, WAT, through secreting mfifzatory adipokines, orchestrates a
state of chronic, low-grade inflammation leadinghe development of insulin resistance
and diabetes.

One potential obesity treatment is conjugated diwohcid (CLA), which has been
shown to decrease body fat mass in animals and soamans. Initially identified as a
potential anti-carcinogen, CLA has been reportedptevent obesity, diabetes, or
atherosclerosis in different animal and cell modeéépending on the doses, isomers, and
models used. Potential mechanisms for preventiegetidiseases include inducing cancer
cell apoptosis, increasing energy expenditure aelipidating adipocytes, increasing
insulin sensitivity, or reducing aortic lesions,spectively. Ironically, potential side
effects of CLA supplementation include chronic amiimation, particularly in adipose
tissue, insulin resistance, and lipodystrophy (33 53, 71, 93, 94, 95, 98). Results from

our lab implicate a relationship between inflammatsignaling and delipidation in



cultures of newly differentiated primary human axtipies. However, the exact
mechanisms underlying this relationship have nenlfelly elucidated. Additionally, the

cell type in cultures of newly differentiated adgytes responsible for initiating the
inflammatory response to CLA is unknown. Furtherepanore mechanistic studies are
needed to better understand the true potentiatthbahefits vs. risks of consuming CLA

isomers, and their mechanisms of action.

Chemistry and synthesis of CLA
Natural Synthesis of CLA Isomers

CLA isomers are produced naturally in the rumdnrwminant animals by
fermentative bacteri8utyrovibrio fibrisolvenswhich isomerize linoleic acid into CLA
isomers Fig. 2.1). A second pathway of CLA synthesis in ruminaats the mammary
gland via delta 9-desaturation of trans-11, octadeic acid (15). Thus, natural food
sources of CLA are dairy products including milkeese, butter, yogurt, and ice cream
and ruminant meats such as beef, veal, lamb, aadngeat Table 2.1). The cis-9, trans-
10 (9,11) isomer (i.e., rumenic acid) is the pret@e CLA isomer in these products
(~80%), whereas the trans-10, cis-12 (10,12) isorapresents about 10%. Although
several other isoforms of CLA have been identifibe, 9,11 and 10,12 isomers appear to
be the most biologically active (16). Levels of £lsomers in ruminant meats or milk
can be augmented by dietary manipulation, includesgling cattle on fresh pasture (17)
or by adding oils rich in linoleic acid (e.g., daffler oil) or ingredients that alter

biohydrogenation of linoleic acid (e.g., ionophQrestheir diet (18).



Chemical Synthesis of CLA Isomers

Because of the relatively low levels of CLA isasé naturally occurring foods
that are high in fat content, the chemical synthedi CLA has been developed for
making supplements and for fortifying foods. CicAn be synthesized from linoleic
acid found in safflower or sunflower oils under alke conditions, yielding a CLA
mixture containing approximately 40% of the 9,1dner and 44% of the 10,12 isomer
(Reviewed in 19). Commercial preparations alsaaiarapproximately 4 - 10% trans-9,

trans-11 CLA and trans-10, trans-12 CLA, as wellrase amounts of other isomers.

Pharmacokinetics and Efficacy of CLA

Human and Animal Studies

As with other long chain unsaturated fatty a¢ki&)s, CLA is absorbed primarily
in the small intestine, packaged into chylomicrarg] distributed to extra-hepatic tissues
having lipoprotein lipase (LPL) activity or retuhéo the liver via chylomicron remnants
or other lipoproteins. The average daily intak€CaA is approximately 152 - 212 mg for
non-vegetarian women and men, respectively (2@),rarman serum levels range from
10-70 pmol/L (21, 22).

One major discrepancy between animal and humadiestus the dose of CLA
administered (i.e., equal levels of 9,11 and 1@sbfhers- referred to as a CLA mixture),
when expressed per unit body weight. For examnmpest adult human studies provide 3-
6 g/day of a CLA mixture, whereas rodent studiesvigle 0.5-1.5% of a CLA mixture

(w/w) in the diet. When expressed per unit of bodgight, humans receive



approximately 0.05 g CLA/kg body weight, whereaseanieceived 1.07 g CLA/kg body
weight, which is 20 times the human dose based aaly bveight. Thus, part of the
discrepancy in results obtained from human and ahstudies is likely due to this large
difference in the dose of CLA administered. Supmating humans with higher, or
animals with lower, doses of CLA would address tissue. Other discrepancies in
experimental designs include using CLA isomer nmesws. single isomers, duration of
CLA supplementation, and the age, weight, gendst,raetabolic status of the subjects

or animals.

Cell Studies

In vitro studies have been conducted in a variety of tghes, primarily using an
equal mixture of 9,11 and 10,12 CLA, or each isomdividually. Doses used in cell
studies generally range between 1-100 uM, reflgdiie concentration found in human
subjects following supplementation. Results fromsthstudies suggest that these isomers
are readily taken up by the cultures. For exampke found that 10,12 CLA is readily
incorporated into neutral- and phospholipids fi@tsi of the primary human adipocyte
cultures, and reduced lipid and glucose metabo(®mSimilar toin vivo studies, 9,11

CLA acted more like the linoleic acid controls.

Anti-Obesity Actions of CLA

Due to the substantial rise in obesity over thst 30 years, there is a great deal of

interest in CLA as a weight loss treatment, asag heen shown to decrease body weight



and body fat mass (BFM). For example, supplemeantatith a CLA mixture (i.e., 10,12
+ 9,11 isomers in equal concentrations) or the Z0sbmer alone decreases BFM in
many animal and some human studies (Reviewed imarZB 24). Of the two major
isomers of CLA, the 10,12 isomer is responsibletleranti-obesity properties (5, 25, 26,

27, 28).

CLA Decreases Body Weight and BFM

Park et al. (29) were one of the first groupsi¢monstrate that CLA modulated
body composition. Compared to controls, male amdate mice supplemented with a
0.5% (w/w) CLA mixture had 57 and 60% less BFM pexgtively. Since these findings,
researchers have demonstrated that CLA supplenmntadnsistently reduces BFM in
mice, rats, and pigs (30, 31, 32, 33). For examgietary supplementation with 1%
(w/w) CLA mixture for 28 days decreased body weight peri-uteral WAT mass in
C57BL/6J mice (33).

In humans, some studies show that CLA decreab&s @&d increases lean body
mass (LBM), whereas others show no such effectsekample, supplementation of 3- 4
g/day of a CLA mixture for 24 weeks decreased B encreased LBM in overweight
and obese people (34). On the other hand, supptatrean of 3.76 g/day of a CLA
mixture in yogurt for 14 weeks in healthy adultslmo effect on body composition (35).
Supplementation with 3.2 g/day of a CLA mixture m&sed total BFM and trunk fat
compared to placebo in overweight subjects, but olmése subjects (36). These

contradictory findings among human studies may e to the following differences in



experimental design 1) mixed vs. individual CLAnsers, 2) CLA dose and duration of
treatment, and 3) gender, weight, age and metasialias of the subjects.

These anti-obesity effects of CLA do not appedbé solely due to reductions in
food intake in animals (37, 38, 39) or humans @D, Several mechanisms by which

CLA decreases BFM will now be examined.

CLA Increases LBM

A recent meta-analysis of 18 human, placebo-otlatt CLA studies found that
consuming the CLA mixture increased fat-free m&¥s\V) by 0.3 kg, regardless of the
duration or dose (42). When these same 18 studies @xamined for reductions in BFM,
it was shown that CLA supplementation decreased BiN.05 kg/week for up to 1 year
(23). The average CLA mixture dose for these swidias 3.2 g/day. Collectively, these
meta-analyses studies suggest that CLA supplenmtat humans results in a rather
small but rapid increase in FFM or LBM, and a mimtger decrease in BFM over an
extended period of time. The effects of CLA on FIBMLBM in humans may vary
depending on baseline body mass index, genderaadeexercise status of the subjects.

Two proposed mechanisms by which CLA increasel laBe via increasing bone
or muscle mass. 10,12 CLA supplementation for 1@ksewith a 0.5% (w/w) CLA
mixture increased bone mineral density (BMD) andsa mass in C57BL/6 female
mice (43). CLA supplementation has been proposethdrease BMD via increasing
osteogenic gene expression and decreasing osteackagty (43, 44). Furthermore,

CLA supplementation alone or with exercise incrdaB®D compared to control mice
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(45). An alternative mechanism could be that CLArdases adipogenesis of pluripotent
mesenchymal stem cells (MSC) in bone marrow, astkéad promotes their commitment
to become bone cells. Indeed, 10,12 CLA has bkewrs to decrease the differentiation
of MSC into adipocytes and increase calcium dejposdnd markers of osteoblasts (46).
In contrast, 9,11 CLA increased adipocyte diffeimn and decreased osteoblast
differentiation. Consistent with thege vitro data, CLA mixture supplementation of rats
treated with corticosteroids prevented reductiomsLBM, BMD, and bone mineral
content (47). Increasing LBM is directly linked &m increase in basal metabolic rate
(BMR).

In addition to its effects on BMD, recent evidensupports a role of CLA in
increasing endurance and muscle strength. For deamaximum swimming time until
fatigue was higher in CLA fed vs. control mice (48ping mice supplemented with a
CLA mixture and 10,12 CLA had higher muscle weigbmpared to 9,11 CLA and corn
oil controls (49). In addition, CLA isomers incredslevels of antioxidant enzyme
activity, ATP, and enhanced mitochondrial potenti@idicating a protective effect
against age-associated muscle loss (49). In hun@ns,increased bench press strength
in males supplemented with 5 g/day for 7 weeks whderwent resistance training 3
days per week (50). Furthermore, supplementatich @LA combined with creatine
monohydrate (C) and whey protein (P) led to greatereases in bench-press and leg-
press strength than supplementation with C+P ofoRea(51). Although preliminary,
these data suggest that CLA may enhance exeraseed muscle strength or prevent

sarcopenia or age-related muscle loss.
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CLA Increases Energy Expenditure

CLA has been proposed to reduce adiposity by aleyanergy expenditure via
increasing BMR, thermogenesis, or lipid oxidationanimals (25, 39, 52). In BALB/c
male mice fed mixed isomers of CLA for 6 weeks, Yotat was decreased by 50% and
was accompanied by increased BMR compared to der{88). Enhanced thermogenesis
may be associated with increased uncoupling of achdadria via uncoupling protein
(UCP)s, which facilitate proton transport over theer mitochondrial membrane thereby
leading to dissipation of energy as heat insteadA®P synthesis. UCP1 is highly
expressed in brown adipose tissue (BAT), and intavadipose tissue (WAT) at lower
levels. UCP3 is expressed in muscle and a numbethef tissues, whereas UCP2 is the
form expressed at the highest level across mastidss Supplementation with a CLA
mixture or 10,12 CLA in rodents induced UCP2 mRN¥pression in WAT (26, 53).
Recently it was demonstrated that CLA increased WRid protein expression of
UCP1 in WAT (54). Similarly, CLA supplementationdinced UCP gene expression and

elevated beta oxidation in muscle and liver (55,54 58, 59).

CLA Increases Fat Oxidation

CLA has been shown to regulate the gene expressioactivity of proteins
associated with FA oxidation in adipose tissue, al@jsaand the liver. For example, CLA
induced the expression of carnitine palmitoyl tfarese 1 (CPT1) in WAT of obese
Zucker fa/fa rats (60). Additionally, 10,12 CLA mased the expression of peroxisome

proliferator-activated receptor (PPARgoactivator-&t (PGC-Tn) in WAT of mice (54).

12



Consistent with thesia vivofindings, 10,12 CLA increasditoxidation in differentiating
3T3-L1 preadipocytes (61). Furthermore, 10,12 Ckéatment increased AMP kinase
(AMPK) activity and increased phospho- acetylCoAboxylase (ACC) levels in 3T3-L1
adipocytes, suggesting an increase in FA oxidaimha decrease in FA esterification to
triglyceride (TG) (62).

In muscle, 10,12 CLA increased CPTL1 expressioramgiers fed an atherogenic
diet (57). Supplementation of a CLA mixture in hifft fed hamsters led to increased
CPT1 activity in muscle (63). A CLA mixture increms CPT1b, UCP3, acetyl CoA
oxidase (ACO) 2, and PPARMRNA levels in skeletal muscle of Zucker rats (64)
Consistent with these data, 10,12 CLA increased mRiNels (60) and activity (65) of
CPT1 in the liver. Additionally, 10,12 CLA increasé&epatic peroxisomal fatty ACO
activity (65), suggesting increased peroxisomal abetxidation in addition to
mitochondrial oxidation. These findings suggest Chay reduce adiposity through
increased energy expenditure via increased mitaliedruncoupling and FA oxidation
in WAT, muscle, and liver.

At least one report demonstrates that CLA increds&soxidation in human
subjects (66). In this study, overweight adultppemented with 4 g/day of a CLA
mixture for 6 months had a lower respiratory quutigRQ), indicating an increase in FA
oxidation compared to placebo controls. Howevdnerst have shown no effect of CLA
on energy expenditure or fat oxidation in humang @). These discrepancies may be
due to the length of treatment, time period of meawent, and time at which

measurements are taken. For instance, CLA treatfoert-8 weeks had no effect on

13



energy expenditure or FA oxidation, based on a #ut@ measurement during resting
and walking (67). In contrast, the study by Closale(66) gave CLA for 6 months and

measured FA oxidation over a 24 hour period. Thlis;repancies in this area may be
due to insufficient duration of CLA treatment or asarements of energy expenditure or

FA oxidation.

CLA Decreases Adipocyte Size

Lipolysis is the process by which stored TG isbihped, releasing free FAs and
glycerol for use by metabolically-active tissue€57BL/6J mice fed 10,12 CLA for 3
days had increased mRNA levels of hormone sesslifpase (HSL), a key enzyme for
TG hydrolysis (53). Consistent with these datait@adreatment with CLA mixture or
10,12 CLA alone increased lipolysis in 3T3-L1 (89) and newly differentiated human
adipocytes (9).In vitro, a CLA mixture and to a greater extent 10,12 Clegrdased TG
content, adipocyte size, and lipid locule size dipacytes (70). Similarly, mice fed 1%
CLA displayed increased numbers of small adipocwiiéis a reduction in the number of
large adipocytes (71). Furthermore, a CLA mixtueduced adipocyte size rather than
cell number in Sprague Dawley (37) and fa/fa Zuaiegs (72). Thus, CLA may reduce

adipocyte size by increasing lipolysis.

CLA Decreases Adipocyte Number
Apoptosis is another mechanism by which CLA nmeguce BFM. Apoptosis can

occur through activation of the death receptor wath endoplasmic reticulum (ER)
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stress, or the mitochondrial pathway. A numberrofvivo and in vitro studies have
reported apoptosis in adipocytes supplemented avith A mixture or 10,12 CLA alone
(53, 61, 73, 74). For example, supplementatio@®fBL/6J mice with 1% (w/w) CLA
mixture reduced BFM and increased apoptosis in WAT). Mice fed a high-fat diet
containing 1.5% (w/w) CLA mixture had an increasadio of BAX, an inducer of
apoptosis relative to Bcl2, a suppressor of apap(@®). Reported mechanisms by which

CLA reduces adiposity are shownkhig. 2.2.

CLA Decreases Adipocyte Differentiation

The conversion of preadipocytes to adipocytelires the activation of key
transcription factors such as PPABRNd CAAT/ enhancer binding proteins (C/EBPS).
There is much evidence showing that CLA suppregseadipocyte differentiation in
animal (76, 77, 78) and human (6, 7) preadipocytsted with a CLA mixture or 10,12
CLA alone. 10,12 CLA treatment has been reportetetoease the expression of PRAR
C/EBB3, sterol regulatory element binding protein 1c (8RELc), liver X receptor
(LXRa), and adipocyte fatty acid binding protein (aRBgreby reducing adipogenesis
and lipogenesis (6, 26, 78).

In rodents, supplementation of 10,12 CLA decréabe expression of PPAR
and its target genes (47, 78, 79). In contrast,dnsrsupplemented with a CLA mixture
had higher mRNA levels of PPARn WAT, but no difference in body weight or BFM
(35). In maturejn vitro-differentiated primary human adipocytes or in mat@T3-L1

adipocytes, 10,12 CLA treatment leads to a substatcrease in the expression and
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activity of PPAR (80, 81), and a decrease in PRARrget genes and lipid content (7).
This shows that 10,12 is not only able to inhilbitit also to reverse the adipogenic
process and indicates that this may be mediatesuppression of PPARactivity. In
addition to its effect on PPAR10,12 CLA may also directly impact the activitiyather
transcription factors involved in adipogenesis dipgenesis (i.e., LXR, C/EBPs,

SREBP-1c), which could contribute to CLA’s anti-glig actions.

CLA Decreases Glucose and FA Uptake and TG Synthssi

Conversion of glucose and FAs to TG is a majoicfion of adipocytes. Genes
involved in lipogenesis, such as a lipoprotein dgpgLPL), ACC, fatty acid synthase
(FAS), and stearoyl-CoA desaturase (SCD), wereedsed following supplementation
with mixed isomers of CLA or 10,12 CLA alone (6,,59, 7). PPAR is a major
activator of many lipogenic genes including glyde&ghosphate dehydrogenase
(GPDH), LPL, and lipin as well as many genes enmugdipid droplet associated proteins
such as perilipin, adipocyte differentiation-rethtprotein (ADRP), and cell death-
inducing DFFA-like effector ¢ (CIDEC) (82). Thug)et anti-lipogenic action of 10,12
CLA may be explained by inhibition of PPARctivity. In addition, CLA repression of
expression of SREBP-1 and its target genes may gilaynportant role in delipidation.
Finally, CLA suppression of insulin signaling mdgaimpair insulin’s ability to activate
or increase the abundance of a number of lipogemteins including LPL, ACC, FAS,

SCD-1, and the insulin-dependent glucose transp(aieUT4).
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CLA Increases Markers of Inflammation
Adverse side effects have been reported for CLApkupentation such as

elevated levels of inflammatory markers, lipodyptrg, steatosis, and insulin resistance.
Most adverse side effects are due to the 10,12 {SbAwer. Treatment with 10,12 CLA
increases the expression or secretion of inflammatarkers such as TNEinterleukin
(IL)-1p, IL-6, and IL-8 from adipocyte cultures (53, 9, 7R, 81). Secretion of these
inflammatory factors further exacerbates inflammatsignaling in WAT via paracrine
and autocrine signaling (7). For example, TiNfEimulates lipolysis, inhibits lipogenesis,
and thus promotes delipidation in adipoyctes (88, ®ur lab has linked 10,12 CLA-
mediated inflammation to an increase in intracalutalcium accumulation (85), and
MEK/ERK and NKB activation (7, 9). Activated NdB can transrepress PPxRia
direct binding to PPARor its co-activators, thereby preventing bindifgP®ARy to
target genes (86, reviewed in 87). Moreover, CLAr@ases the phosphorylation of
phospholipase (PLA)2 (85) and the expression ofooygenase (COX)-2, an enzyme
involved in the synthesis of PGs, and the secraifd?GR, (78, 88). These inflammatory
pathways are known to antagonize PRARLivity and insulin sensitivity (75, 88, 89, 90).

Consistent with thesm vitro data, 10,12 CLA supplementation increases thddeve
of inflammatory cytokines and PGs in humans (91). 92For example, women
supplemented with 5.5 g/day of a CLA mixture for @6eks had higher levels of C-
reactive protein in serum and 8-iso-PgH urine (41). 10,12 CLA supplementation in
mice resulted in macrophage recruitment in WAT (78) contrast, 9,11 CLA appears to

have anti-inflammatory actions (17).
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CLA Causes Insulin Resistance

Insulin resistance has been reportedsivo (53, 93, 94, 95) andh vitro (6, 9, 78, 88)
following supplementation with a CLA mixture or 1@,CLA alone. For example, 10,12
CLA supplementation of 3.4 g/day for 12 weeks ies#d men with metabolic syndrome
increased serum glucose and insulin levels andedsed insulin sensitivity (93).
Supplementation with a CLA mixture in type 2 diabgtincreased fasting plasma
glucose levels and reduced insulin sensitivity (M)ce fed 1% (w/w) 10,12 CLA
displayed elevated fasted and feeding plasma mdalrels and had reduced insulin
sensitivity (71). Consistent with these data, thBRNA levels of adiponectin, a key
adipokine associated with insulin sensitivity, éd&ses following supplementation with
10,12 CLAIn vivo (33, 79, 90) andh vitro (78, 80, 96, 97). Additionally, our lab group
has shown that 10,12 CLA decreases fatty acid ep#aid insulin-stimulated glucose
uptake in primary cultures of newly differentiatedman adipocytes (7). The reduction
of fatty acid and glucose uptake is likely due &zmases in PPARactivity and protein
levels, and thus the suppression of genes invalveglucose and fatty acid uptake and

storage, such as aP2, and GLUTA4.

CLA Causes Lipodystrophy

The combination of inflammation and insulin resist@ results in reduced FA and
glucose uptake in WAT, leading to lipid accumulatim the blood (hyperlipidemia),
liver (steatosis), or muscle. CLA-mediated hypedgmia and steatosis has been reported

in several animal studies (33, 71, 98). For examp¥ (w/w) CLA time-dependently
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increased insulin levels and led to increased Wweight and liver lipid accumulation in
C57BL/6J mice (33). Aging C57BL/6J mice fed 0.5% 110 CLA displayed increased

insulin resistance and liver hypertrophy (98).

Cell Types Responsible for CLA-Mediated Inflammatia in WAT
The primary cell types in adipose tissue respoadsibt mediating inflammation

and insulin resistance are under debate. Adult huWiAT has been reported to contain
~ 50-70% adipocytes, ~ 20-40% preadipocytes, and 6% i8&filtrated macrophages (14,
99). These percentages also depend on body comopogibr example, Tchoukalova et
al. (100) found that WAT of lean women contain apgmately 30% preadipocytes,
whereas WAT of obese women contain only 17% presgigs. However, the
localization and secretory pattern of cytokineSNAT are unknown. Some researchers
suggest that non-fat cells are the key playeryiokine release from adipose tissue (101,
102). Fain et al. (101) has shown that non-fatscate responsible for up to 90% of
adipokine release from adipose tissue comparedaiumn adipocytes. These samples,
obtained from obese women directly after undergdiagatric surgery, were analyzed
for basal levels of inflammatory markers. Our lalroup has shown that
lipopolysaccharide (LPS)-stimulated preadipocytespldy a greater extent of
inflammatory signaling than adipocytes (103). Oe tither hand, LaRosa et al. (53)
showed that 10,12 CLA-induced inflammatory genesewegher in murine adipocytes
compared to preadipocytes. In addition, Ajuwonle(i®4) demonstrated that a saturated

fatty acid, palmitate, induces IL-6 and T&llexpression in 3T3-L1 mature adipocytes.
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Skurk et al. (105) proposes that adipocyte sizanismportant determinant of adipokine
secretion, where proinflammatory cytokine secrefian, IL-6, IL-8, MCP-1, and TN&)
was significantly higher from large adipocytes camgal to smaller adipocytes.
Interestingly, Suganami et al. (106, 107) repotted activated hypertrophied adipocytes
release saturated free fatty acids (FFA) that sybes@ly promote TNé& secretion from
macrophages, leading to an inflammatory cycle iip@sk tissue. Taken together, these
conflicting results suggest that differences initffammatory capacity of preadipocytes
vs. adipocytes, may be due to 1) inflammatory sliin2) adipocyte size, and 3) crosstalk

with other cell types.

Conclusions

There is an abundance of evidence in animals stiggethat CLA consumption may
reduce the incidence or risk of developing obedégending on the type and abundance
of CLA isomer consumed and the physiological statiuhe animal model. Data on the
anti-obesity properties of 10,12 CLA in animals,p@&sally mice, are the most
reproducible. However, these potential benefigsrent without risks, as the 10,12 isomer
is associated with increased levels of inflammatogrkers, lypodystrophy, and insulin
resistance. More clinical studies are needed teraéne the efficacy of CLA isomers in
humans, and more mechanistic animal and cell sudre needed to determine the
precise, isomer-specific mechanisms of action oAQbotential side effects, and the cell

types responsible for these adverse effects.
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Chapter 11l will address the hypothesis that 10(I2A initiates inflammatory
signaling from adipocytes vs. preadipocytes. Chaptewill address the hypothesis that
10,12 CLA mediates inflammatory signaling via aation of the MAPK, JNK, using the
chemical JNK inhibitor SP00125. Chapter V will aglss the hypothesis that
diacylglycerol kinases play a role in 10,12 CLA-na#dd inflammation, insulin

resistance, and delipidation using the DGK inhibR&9022.
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Table 2.1 CLA content of various foods.

Food mg/g fat Food mg/g fat
Meats/Fish Dairy

Corned beef 6.6 Condensed milk 7
Lamb 5.8 Colby cheese

Fresh ground beef 43 Butter fat 6.1
Salami 42 Ricotta 5.6
Beef smoked sausage 3.8 Homogenized milk 5.5
Knackwurst 3.7 Cultured buttermilk

Smoked ham 29 American processed cheese 5
Veal 2.7 Mozarella 49
Smoked turkey 24 Plain yogurt 48
Fresh ground turkey 2.6 Butter 4.7
Chicken 0.9 Sour cream 4.6
Pork 0.6 Cottage cheese 45
Egg yolk 0.6 Low fat yogurt 44
Salmon 0.3 2% milk 4.1
Vegetable oils Medium cheddar 4.1
Safflower oil 0.7 Ice cream 3.6
Sunflower oil 0.4 Parmesan 3
Peanut 0.2 Frozen yogurt 28

Sources: Based on values reported in Lin, H. et.dairy Scil995,78 (11), 2358-2365;
Chin, S. et al. J. Food Comp. And892 5, 185-197; Fritsche, J.; Steinhardt, H. Food
Res. Tech1998 206, 77-82; and the University of Wisconsin Food Resednstitute
(Dr. Pariza, Director)
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CHAPTER Ill
TRANS10, CIS12 CONJUGATED LINOLEIC ACID INSTIGATES
INFLAMMATION IN HUMAN ADIPOCYTES COMPARED TO PREADPOCYTES

Abstract

We previously showed in primary human (pre)adipesythat lipopolysaccharide
(LPS) andrans-10, cis-12 (10,12) conjugated linoleic acid (CLA) activandlammatory
signaling that promotes insulin resistance. Becausepublished data demonstrated that
preadipocytes were the primary instigators of mftaatory signaling in LPS-treated
cultures, we hypothesized that they played the saote in 10,12 CLA-mediated
inflammation. To test this hypothesis, we emplojaar distinct models. In Model 1, a
Differentiation Model, CLA activation of mitogen tacted protein kinases (MAPK) and
induction of interleukin (IL)-8, IL-6, IL-B, and cyclo-oxygenase (COX)-2 were greatest
in differentiated compared to undifferentiated crds. In Model 2, a Cell Separation
Model, the mRNA levels of these inflammatory progeivere increased by 10,12 CLA
compared to BSA vehicle in the adipocyte fracti&iDF) and the preadipocyte fraction
(PDF). In Model 3, a Co-Culture Insert Model, irtsecontaining ~50% adipocytes
(AD50) or ~100% preadipocytes (ADO) were suspendeadt wells containing AD50 or
ADO cultures. 10,12 CLA-induced IL-8, IL-6, ILBl and COX-2 mRNA levels were
highest in AD50 cultures when co-cultured with ADBerts. In Model 4, a Conditioned
Media (CM) Model, CM collected from CLA-treated AD5but not ADO cultures,

induced IL-8 and IL-6 mMRNA levels and activated gpioorylation of MAPK in naive
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ADO and ADS50 cultures. Consistent with these da€a12 CLA-mediated secretions of
IL-8 and IL-6 from AD50 cultures were higher tharorh ADO cultures. Notably,

blocking adipocytokine secretion prevented theamiinatory capacity of CM from 10,12
CLA-treated cultures. These data suggest that @isfigates release of inflammatory

signals from adipocytes that subsequently actiadjacent preadipocytes.

Introduction

Obesity is the most prevalent nutrition-relategedse in the U.S., where 66% of the
adult population is classified as overweight or s#b€l). Obesity is linked to chronic
diseases, such as type 2 diabetes, hypertensidncandiovascular disease. Annual
health care costs for treating the overweight abéese population are ~ $100 billion.
Thus, maintaining ideal body weight will decrease incidence of and health care costs
associated with obesity.However, current strategies that promote effecawne safe

weight loss or maintenance are lacking.

Notably, a commercially-available weight loss depgent containing two equal
levels of conjugated linoleic acid (CLA) isomer][j cis-9, trans-11 (9,11) and trans-10,
cis-12 (10,12)] decreases adiposity or increasas ldy mass in animals (2-6) and
some humans (7-10). It appears that 10,12 CLAerathan 9,11 CLA, is the anti-
obesity isomer in this supplement (reviewed in 1Potential mechanisms responsible
for these anti-obesity properties of 10,12 CLA ua# 1) decreasing energy intake or

increasing energy expenditure (12-16), 2) decrgal§togenesis or increasing lipolysis
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(17-20), 3) decreasing adipogenesis or increaseligidation (21-25), or 4) increasing

adipocyte apoptosis (26-28).

There is, however, concern about potential advessd#e effects of CLA
supplementation, including lipodystrophy (28), sts& (29), macrophage infiltration to
white adipose tissue (WAT; 5), and insulin resis&a(®, 30-32). For example, the 10,12
isomer of CLA caused increased insulin resistar®®) @nd increased markers of
oxidative stress [e.g., iso-prostaglandin (PG)) end atherosclerosis [e.g., C-reactive
protein (CRP); 34] in obese men with Metabolic Symde. Consistent with these data,
CLA supplementation (i.e., equal levels of 9,11 d@d12 isomers) adversely affected
insulin and glucose metabolism in patients withetypdiabetes (35). More recently, it
was reported that supplementing postmenopausal wavite an equal mixture of 10,12
and 9,11 CLA increased serum triglyceride (TG) Isv€ERP, and plasminogen activator
inhibitor (PAI)-1, and urinary levels of iso-PgFcompared to the 9,11 isomer alone
(32). Furthermore, insulin and tumor necrosisda¢TNF). levels were elevated in the
serum and WAT, respectively, in women consumingGhé& mixture compared to the

olive oil controls (9).

Similarly, we have demonstrated that 10,12 CLA; ot 9,11 CLA, decreased the
TG content of primary cultures of newly differenéid human adipocytes (18, 19, 23,
25). However, 10,12 CLA increased the expressonls of genes and proteins linked to
chronic inflammation in these cultures, resultingudverse metabolic consequences, such
as insulin resistance (23, 25, 36, 37). Indeedpreb inflammation driven by nuclear
factor kappa B (NReB) and specific mitogen activated protein kinasé$ARK)
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antagonize peroxisome proliferator activated remeptPPARYy activity, thereby
suppressing the transcriptional activation of genesded for glucose and fatty acid
uptake and conversion to lipids. Consistent withsthdata, we have demonstrated that
10,12 CLA-mediated suppression of PPA&ttivity and target gene expression is linked
to the activation of extracellular signal-relatethdse (ERK)1/2 (23, 37) and N&B
(36). Therefore, 1) the effective and safe use bA Gor weight loss or maintenance
remains unclear, 2) the precise mechanism by whigh2 CLA promotes inflammation
and delipidation is unknown, and 3) the cell typeour primary cultures of human
adipocytes responsible for mediating the inflammatffects of CLA is unknown. To
better understand the connection between inflanemathd delipidation induced by CLA
in our cultures, it is important to first identifthe cell type in our cultures that is
responsible for initiating the inflammatory effeas CLA. Thus, the objective of this
research was to identify the role that preadipacyts. adipocytes play in mediating
10,12 CLA-mediated inflammation in primary cultures newly differentiated human

adipocytes.

Experimental Procedures

Materials and Models

Materials- All cell culture-ware and Hyclone fetal bovine seru(FBS) were
purchased from Fisher Scientific (Norcross, GA).ipadyte media (AM-1) was

purchased from Zen-Bio. Isomers of CLA (+98% purere purchased from Matreya
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(Pleasant Gap, PA). Lightning ChemiluminescencesBate was purchased from Perkin
Elmer Life Science (Boston, MA). Immunoblotting Bars and precast gels were
purchased from Invitrogen (Carlsbad, CA). Primantileodies for rabbit polyclonal
phospho-p44/42 (Thr202/Tyr204, Cat # 9101), pd44/g€at # 9102), phospho-
SAPK/INK (c-Jun-NHterminal kinase; Thr183/Tyrl185, Cat # 9251), SAMK (Cat #
9252), phospho-c-Jun (Ser63 Cat # 9261S), phospid-$ (Tyr705, 3E2, Cat # 9138),
STAT3 (Cat # 9139), c-Jun (60AB, Cat # 9165), aB8 Cat # 9217) were purchased
from Cell Signaling Technologies (Beverly, MA). Mgl monoclonal phospho-p38
(pT180/pY182, Cat # 612280) was purchased from B&n3duction Laboratories (San
Jose, CA). The primary antibodies for activatirenscription factor (ATF) 3 (C-19, Cat
# sc-188) and glyceraldehyde-3-phosphate dehydesgel(lGAPDH) (sc20357) were
purchased from Santa Cruz Biotechnology (Santa,&243. Gene expression assays for
IL-1B, interleukin (IL)-8, IL-6, cyclooxygenase (COX)-adiponectin (apm1l), adipocyte-
specific fatty acid binding protein (aP2), adipagnhancer binding protein (AEBP)-1,
and monocyte chemoattractant protein (MCP)-1 werechmased from Applied
Biosystems Inc. (Foster City, CA). PicoGreen reageas purchased from Molecular
Probes (Eugene, OR). BioPlex singleplex assayh t6rand IL-18 were purchased from
Bio-Rad (Hercules, CA). Recombinant human IL-6 wagchased from Fitzgerald
Industries International (Concord, MA). Monoclometlti-human IL-6 antibody (ab) was
purchased from R&D Systems (Minneapolis, MN). Pagkindin k, (PGF,) and AL-

8810 were purchased from Cayman Chemical (Ann Arkid). All other chemicals and
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reagents were purchased from Sigma Chemical Co.L{®tis, MO) unless otherwise

stated.

Cell Culture Models Abdominal WAT was obtained from non-diabetic Caisas
and African American females with a body mass ind@2.0 and between the ages of 20
and 50 years old who had undergone elective sugepreviously described (23). These
selection criteria allow for reduced variation irengler, age, and obesity status.
Institutional Review Board approval was grantedotigh the University of North
Carolina at Greensboro and the Moses H. Cone Mamblospital. Stromal vascular
(SV) cells from human WAT were isolated via collagee digestion and subsequently
grown as previously described (23). CLA was adneénes] at a physiological level of 50
UM. Each experiment was repeated at least twiaegusimixture of cells from at least

three different subjects unless otherwise indicated

Because our previous CLA studies had been condlurctprimary cultures of human
adipocytes containing ~50% preadipocytes and 50%ooagtes (see 36 for marker
analyses of these cells), we did not know whiclscekre instigating inflammation or
insulin resistance in response to CLA treatmerd.b@&tter understand the extent to which
preadipocytes and adipocytes initiated inflammatrothese cultures, we developed four

distinct cell models described below.

Model 1- Differentiation ModeFour human (pre)adipocyte cell models containing ~
0, 10, 30, and 50% adipocytes (i.e., ADO, AD10, AD&nd AD50) were established by
modulating exposure to differentiation media (DM-1gontaining 250 pM

isobuthylmethylxanthine (IBMX) and 1 uM Rosiglitam (BRL, a PPAR agonist
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generously provided by Dr. Per Sauerberg at Novalisk A/S, Copenhagen, Denmark).
SV cells were seeded into 35 mm dishes at 4’xcgls/cnf. ADO cultures received no

DM-1 for 8 d (NT). AD10, AD30, and AD50 cultures meesupplemented with DM-1 for

5 h, 3 d, or 6 d, respectivelfig. 3.1A). Cells were treated with 50 uM 10,12 CLA for
12 h and harvested on d 8. For MAPK and AP-1 attimashown inFig. 3.3 cells were

treated for 6, 12, and 24 h.

Model 2- Cell Separation ModedV cells were grown in 100 mm dishes containing ~
3 million cells and were differentiated to ~ 30%pamtiytes (AD30). On day 8, cells were
treated with 50 uM 10,12 CLA or BSA vehicle for b2Fig. 3.4). Cells were washed
with Hanks Balanced Salt Solution (HBSS) containthy mM EDTA and trypsinized
with trypsin-like enzyme at 37°C for 10 min. Cellere layered on 6% iodixanol
(Optiprep;Axis-Shield, Oslo, Norway; ~1.03 g/ml) HBSS containing 0.5% BSA in a
15 ml centrifuge tube and centrifuged at 650 x g 20 min at 4°C. The floating
adipocytes were collected from the top of the tabe placed in a 1.5 ml microcentrifuge
tube and resuspended in HBSS and recentrifuge8 fom at 5000 x g to remove any
cell debris. The remaining supernatant was remaweldthe SV cells were collected from
the pellet and transferred to a microcentrifugeetutriReagent was added to each tube

for RNA extraction.

Model 3- Co-Culture Insert ModehV cells were seeded in cell culture inserts sgede
with 0.2 million cells per insert or in 6-well Mikell™ plates seeded at 4 x “10
cells/cnf. Inserts and wells received either AM-1 until do8achieve ADO cultures or

DM-1 for 6 d to achieve AD50 cultures. At d 8 offdrentiation, inserts were transferred
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over underlying wells and a recovery period of ~Mds allotted to allow for a decrease
in potential stress due to the transféig( 3.5. Next, both wells and inserts were
supplemented with 50M 10,12 CLA or BSA vehicle control for 12 h andlarhmatory

gene expression was measured via gPCR in cultaressted from the underlying wells.

Model 4- Conditioned Media (CM) Mod@&V cells were seeded in 60 mm dishes at 4
x 10" cells/cni. Cultures received either AM-1 for 8 d or DM-1 #rd to achieve ADO
and AD50 cultures, respectivellfig. 3.6. On d 8, cells were treated with 50 uM 10,12
CLA or BSA control for 24 h after which CM was amtted and stored at -80°C for
subsequent experiments. Naive ADO and AD50 cultwe® treated with a 1:1 ratio of

thawed CM and fresh AM-1 at d 8 of differentiation.

Methods

Lipid and Nuclear Staining and TG Conteritracellular lipid and nuclei were
visualized by staining cultures with ORO and MageHematoxylin, respectively, as
previously described (18). For establishing thefdd@ntiation Model, photomicrographs
were taken using an Olympus Microscope Digital Qamilodel DP71 to provide
micrographs of the degree of lipid accumulatiorrétation to nuclei in the cultures. In
Fig. 3.1B three fields were captured per well with threglicates per treatment group
(i.e., ADO, AD10, AD30, and AD50). Therefore, aabbf nine pictures were taken per
treatment group. Data were expressed as the pageef ORO-stained adipocytes to

total cell number. TG levels were determined véatimodified commercially-available
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TG assay as previously described (19). To normaheelTG content, DNA was isolated
using a DNeasy® Blood & Tissue Kit (QIAGEN, ValeaciCA) and then quantified
using Quant-iT™ PicoGreen® dsDNA Assay Kit (Invigem; Molecular Probes,

Carlsbad, CA).

RNA Isolation and gPCRRNA was isolated from cell cultures using TriReatge
(Molecular Research Center; Cincinnati, OH) follogithe manufacturer’s protocol for
RT-PCR. For real-time quantitative (q) PCR, 2 pu@ltRNA was used to generate first-
strand cDNA using Applied Biosystems High CapaciBNA Archive Kit (Foster City,
CA). gPCR was performed using a 7500 Fast Real-TP@R system (Applied
Biosystems) using TagMan® Universal PCR Master ltd Tagman Gene Expression
Assays. To account for possible variation related@NA input amounts or the presence
of PCR inhibitors, the endogenous reference geneP@A was simultaneously

guantified for each sample in separate wells oktmae 96-well plate.

Immunobloting- Immunoblotting was conducted as previously desdrilsing

NuPage precast gels from Invitrogen (23).

Secretion of IL-6 and IL-8 via Multiplex CytokiAssay-The concentrations of IL-6
and IL-8 were determined using the BioPlex® Susjppenérray System from Bio-Rad

(Hercules, CA) following the manufacturer’s protbco

Quantification of PGE and PGkL- PGk and PGE were measured with a stable
isotope dilution gas chromatographic/negative iorhengical ionization-mass

spectrometric (GC/NICI/MS) assay (38). Briefly, B&l, (2.12 ng) and PGk, (0.84
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ng) internal standards were added to the medialeamphe sample was then acidified to
pH 3.0 with 1 N HCI and extracted on a C18 Sep-P4kE, and PGE were eluted with
ethyl acetate:heptane and evaporated under a steaitnogen (N). PGE and PGEin
methoxylamine solution were extracted with ethy¢tate and evaporated with,.NThe
pentafluorobenzyl esters were purified by thin fagfjgomatography (TLC; PGRand PGk
methyl esters were used as TLC standards), conviert®-methyloxime pentafluorobenzyl
ester trimethylsilyl derivatives, and P&&nd PGEwere dissolved in undecane that was
dried over a bed of calcium hydride. GC/NICI/MS lgses was performed as described
previously with the ions for PGEm/z 526) and theé'H,]-PGE; as internal standard (m/z

528) and the ions for PGEn/z 569) and the'H,]-PGF as internal standard (m/z 573).

Quantification of Isoprostanes (IsoP)3otal F-IsoPs were measured by GC/MS
with selective ion monitoring (39, 40). Briefly, Itse were resuspended in 0.5 ml of
methanol containing 0.005% butylated hydroxytolyesanicated, and then subjected to
chemical saponification with 15% KOH to hydrolyzeund F-IsoPs. The cell lysates
were adjusted to a pH of 3.0, followed by the dddibf 0.1 ng of'H,-labeled 15-F -
IsoP internal standard.,fisoPs were subsequently purified bys@nd silica Sep-Pak
extraction and by TLC. They were subsequently a®alywith pentafluorobenzyl ester, a

trimethylsilyl ether derivative, via GC/NICI/MS ass

Lipolysis Assay}'“C]-oleic acid release into CM was measured afted, 3r 24 h
treatment of (pre)adipocyte cultures with 10,12 CbA BSA vehicle as previously

described (20).
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Statistical Analysis-Statistical analyses were performed for daté&igs. 3.1B C,
and 9B using one-way ANOVA. Analyses were performed fatadinFigs. 3.2, 3.4B-C,
3.5B, 3.6B, 3.7, 3.8Aand3.9A using two-way ANOVA with interaction (JMP version
6.03, SAS Institute). Data iRigs. 3.8Bwere analyzed by a multifactor ANOVA with
interaction. Student’s t tests were used to compde/idual pairwise comparisons of
least square means (P < 0.05). Data are expresséldeameans + SE. Number of

replicates and independent experiments variesesitih outcome.

Results

Differentiation Model

Cell Types in Our CulturesWe previously identified the predominate typeells in
our primary cultures of newly differentiated humedipocytes based on marker analysis
(41). Undifferentiated cultures lacking DM-1 supplentation consisted of preadipocytes
(i.e., + for Pref-1 and - for aP2 and PPAR Differentiated cultures supplemented with
DM-1 media consisted of preadipocytes and adipac{ite., + for Pref-1 or aP2 and
PPARy, respectively). None of the cells were positive foarkers of myocytes (e.g.,
MyoD) or macrophages (e.g., CD-68, MAC-1). Basedhmse findings, undifferentiated
cells (i.e., lacking aP2 or PPARexpression, TG content, or visible lipid droplets)

discussed in this article will be referred to asgalipocytes.

The Percentage of Lipid-filled Adipocytes Incresaae the Duration of Rosiglitazone
(BRL) Treatment IncreaseswWe previously demonstrated in primary cultures efvly
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differentiated human adipocytes that 10,12 CLA potes inflammatory signaling,
insulin resistance, and delipidation (23, 25, 3&7). We have also shown that
preadipocytes are the primary instigators of infl@ation and insulin resistance induced
by lipopolysaccharide (LPS) in our cultures (41pasBd on these data, we originally
hypothesized that preadipocytes would be the iatirg of the inflammatory response to
10,12 CLA. In order to determine whether the prpadytes or the adipocytes were
responsible for 10,12 CLA-mediated inflammatory nsiing, we developed a
Differentiation Model in which various levels of fidirentiation were achieved as
described in the Materials and Models section. Asa inFig. 3.1A the percentage of
adipocytes stained with ORO relative to total celmber increased as the duration of 1
uM BRL treatment increased from no treatment (NT® td of treatment. BRL untreated
cultures showed no ORO-stained adipocytes, whereltisres that received IM BRL

for 5 h, 3 d, or 6 d yielded ~ 10, 30, or 50% OR@irstd adipocytes, respectivelyid.
3.1B). Furthermore, TG content in AD30 and AD50 culturgas significantly greater
than in ADO or AD10 culturesHg. 3.10). Therefore, by manipulating the duration of
treatment with the PPARagonist BRL, a Differentiation Model was estabéidithat had

four distinct levels of lipid-filled adipocytes the cultures.

Adipocytes Play an Essential Role in 10,12 CLAswedl Inflammatory Gene
Expression and Activation of MAPK and Activatingptein (AP)-1 Subunits-Gene
expression of preadipocyte (i.e., AEBP-1) and acip® [aP2 and adiponectin (apm1)]
markers were analyzed to verify levels of preadypes and adipocytes in each group of

the Differentiation ModelKig. 3.2A). The expression AEBP-1 was highest in the ADO
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cultures and decreased as the level of differeotiahcreased. In contrast, the mRNA
levels of aP2 and apml were lowest in the ADO ce#fpand increased as the level of
differentiation increased. Consistent with previduslings (23), 10,12 CLA attenuated

aP2 and apm1 gene expression compared to BSA ton&k®30 and AD50 cultures.

To determine which experimental group (i.e., ADSD10, AD30, or AD50)
displayed the greatest level of inflammatory sigmalin response to 10,12 CLA
treatment, gene expression of inflammatory cytokiremd COX-2 were analyzed.
Cultures were treated with 50 10,12 CLA, 9,11 CLA, or BSA vehicle for 12 h. e
dose and time points were selected based on psevioe course and dose response
studies conducted in our lab (25, 37). In conttasprevious findings with LPS as an
inflammatory stimulant, 10,12 CLA treatment causth@ greatest increase in the
expression of IL-8, IL-6, IL-f, and COX-2 in AD50 cultures compared to all other
groups Fig. 3.2B. The induction of these genes by 10,12 CLA wasatgr in AD50
compared to AD30 cultures. Furthermore, 10,12 ClidAribt induce inflammatory genes
in ADO or AD10 cultures compared to BSA. Consisterth our previous findings (19,
23, 37), the inflammatory effect of CLA was specifo the 10,12 isomer, where 9,11

CLA did not induce inflammatory gene expression pared to BSA vehicle.

Given the role of MAPK and AP-1 in activating isfhmatory gene expression during
cellular stress, their activation by 10,12 CLA 30 vs. ADO cultures was examined.
10,12 CLA robustly increased the phosphorylatiofeBK, JNK, and p38 at 12 and 24 h
in AD50 vs. ADO cultures compared to BSA contrdtgy( 3.3A). Similarly, 10,12 CLA
increased the levels of ATF3 and P-c-Jun at 122l in the AD50 cultures, but not in
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the ADO cultures, compared to BSA contrdfg( 3.3B). Collectively, these data suggest
that adipocytes are essential for 10,12 CLA-mediasetivation of MAPK and

transcription factors and induction of genes asdediwith inflammation.

Cell Separation Model

10,12 CLA Induces Inflammatory Gene ExpressioAdipocytes and Preadipocytes
from Mixed CulturesThe Cell Separation Model, as described in the blthsection
and shown irFig. 3.4A was used to demonstrate that adipocytes arensiype for the
inflammatory response induced by 10,12 CLA in mixedtures of preadipocytes and
adipocytes. On d 8, cells were treated withy®0 10,12 CLA or BSA vehicle for 12 h
and fractionated to yield a floating ADF and a e&ltl PDF. The preadipocyte marker
AEBP-1 was expressed at higher levels in the PDRpeved to the ADFHig. 3.4B).
Adipocyte-specific genes, aP2 and apm1, were egpdeat higher levels in the ADF
compared to the PDIFig. 3.4B). As expected, 10,12 CLA decreased aP2 and apnel ge

expression in the ADF.

Surprisingly, the expression of IL-8, IL-6, and BQ induced by 10,12 CLA was
greater than BSA vehicle controls in the PDF anel ADF (Fig. 3.4Q. Thus, we
hypothesized that the inflammatory response to2LGILA in the PDF may be due to
cross-talk between adipocytes and preadipocytes farifractionation, as there is cell-to-
cell contact in these mixed cultures (AD30) durthg 12 h treatment with 10,12 CLA.

Alternatively, it is possible that immature adiptey contaminated the PDF. However,
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adipogenic gene expression was much greater il\Bfe compared to the PDF, so the
possibility that a significant number of adipocyt@sntaminated the PDF is unlikely.
Thus, a third model was utilized to better underdta0,12 CLA-induced inflammatory

gene expression and potential cross-talk betwepoeytes and preadipocytes.

Co-Culture Insert Model

Preadipocytes Enhance the Inflammatory Respond®,t® CLA in AdipocytesTo
determine the extent to which adipocytes commueigath preadipocytes during 10,12
CLA treatment, ADO and AD50 cultures were grownimserts and suspended over
underlying wells containing ADO or AD50 culturesrohg treatment with 50 uM 10,12
CLA or BSA vehicle for 12 hKig. 3.5A). Gene expression was measured only in cells

grown in underlying wells.

Consistent with the Differentiation Model, 10,12ACdid not induce inflammatory
gene expression in preadipocytes (ADQ), regardtésehether preadipocyte (ADO +
ADO insert) or adipocyte (ADO + AD50 insert) insewere suspended above thdfig(
3.5B). Also consistent with the Differentiation Modé&l,12 CLA-induced inflammatory
gene expression was greater in AD50 vs. ADO cudturowever, the mRNA levels of
genes induced by 10,12 CLA were greatest in AD5SIues when ADO-containing
inserts were suspended above them (AD50 + ADO thsempared to when AD50
cultures were suspended above them (AD50 + AD5€rtisis These data suggest that the

presence of preadipocytes enhanced the increag®lainmatory gene expression in
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AD50 cultures by 10,12 CLA treatment, once agaiggesting cross-talk between
preadipocytes and adipocytes. Therefore, a foubkat the Conditioned Media (CM)
Model, was implemented to clarify which culturedD?20 or ADO, are responsible for

10,12 CLA-mediated inflammation.

Conditioned Media (CM) Model

Adipocytes Secrete Inflammatory Signals that AtivPreadipocytes-This fourth
model, as described in the Methods section and showig. 3.6A was developed to
better understand the inflammatory capacity of acypesvs. preadipocytes as well as
crosstalk between both cell-types. It can be ieférirom the Co-Culture Insert Model
that cross-talk occurs between adipocytes and reeyies, as evidenced by the increase
in inflammatory gene expression in AD50 culturesewhADO-containing inserts are
suspended above them. Data from the Cell Separitantel also suggest that cross-talk
occurs between adipocytes and preadipocytes. Tdrerefie hypothesized that CM from
10,12 CLA-treated AD50, but not ADO cultures, wouydcbmote inflammatory protein

activation and gene expression in naive ADO and ®\B\8tures.

CM was collected from AD50 and ADO cultures trelaveith 50uM 10,12 CLA or
BSA vehicle for 24 h. A 24 h time point was chodmsed on previous dose data
showing that the secretion of IL-8, IL-6, and BBy 24 h after 10,12 CLA treatment
was greater than earlier time points in mixed ceku(36, 37). As hypothesized, CM

from 10,12 CLA-treated AD50 cultures increased Iaf&l IL-6 gene expression in naive
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AD50 and ADO culturesHig. 3.6B. MCP-1 and ATF3 gene expression were also
increased in naive ADO and AD50 cultures by CM frop12 CLA-treated AD50 (data
not shown). In contrast, CM from CLA-treated ADO Itares did not increase
inflammatory gene expression in naive AD50 or AD@iwres. Notably, CM from 10,12
CLA-treated AD50 cultures caused a greater levahfthmmatory gene expression in

naive ADOvs. AD5O0 cultures.

Consistent with data iRig. 3.6B CM from AD50 cultures treated with 10,12 CLA
vs. BSA vehicle increased P-ERK, P-JNK, and P-38 itvéa\DO and AD50 cultures
(Fig. 3.6C) Next, we wanted to determine the extent to wi@ith from ADO compared
to AD50 cultures treated with 10,12 CLA for 15 mimpacted MAPK phosphorylation.
As hypothesized, CM from AD50 cultures increaseed BRERK, P-JNK, and P-p38,
particularly in naive ADO cultures compared to ma®D50 cultures Kig. 3.6D) In
contrast, CM from ADO cultures did not increase léneels of P-ERK, P-IJNK, or P-p38
in either set of cultures. Collectively, theseadatiggest that 10,12 CLA selectively
activates adipocytes that secrete inflammatory cayifokines, PGs, or free fatty acids
(FFA) that signal to preadipocytes, resulting ioreased inflammatory protein activation

and gene expression in preadipocytes.

Therefore, we wanted to identify inflammatory ciglades in the CM from cultures
treated with 10,12 CLA. IL-6 and IL-8 levelBig. 3.7A) as well as PGFand PGE (Fig.
3.7B) were higher in CM from 10,12 CLA-treated AD50 tcwes, but not in ADO
cultures compared to BSA controls. However, thegase in PGEin AD50 cultures was
not higher than basal levels found in ADO cultut@ensistent with the PGFHlata, iso-

54



prostane F2 levels were higher in AD50 culturested with 10,12 CLA compared to

BSA controls Fig. 3.70.

Due to the role that elevated FFA play in inducimjlammation and insulin
resistance, we suspected that 10,12 CLA-mediafealyBis may also be contributing
inflammatory FFAs to the CM. Surprisingly, 10,12 £lreatment increased’C]-oleic
acid release from ADO cultures at 9Fig. 3.7D) and 24 h (data not shown), but had no
effect on AD50 cultures. These data suggest thd210LA-driven lipolytic activity does

not contribute to the inflammatory capacity of ADGM.

In order to determine if adipocytokines are neagstor the inflammatory capacity of
AD50 CM, AD5SO0 cultures were pretreated with 1 pghnéfeldin A (BA) for 1 h to
prevent cytokine secretion by inhibiting proteirartsport from the ER to the golgi
apparatus. Subsequently, cultures were treated 3GithM CLA or BSA for 24 h, after
which CM was collected and added to naive ADO obB8Rultures (at a 1:1 ratio) for 3 h
and cells were harvested to measure inflammatang g&pression. As hypothesized, BA
pretreatment prevented CLA-mediated adipocytokawetion Fig. 3.8A). Furthermore,
pretreatment with BA prevented AD50 CM-mediated@ases of IL-8 and IL-6 mMRNA
levels in ADO and AD50 culture$ig. 3.8B). Similar effects were found for MCP-1 and

ATF-3 gene expression (data not shown).

In order to more specifically identify inflammayoradipocytokines or PGs
responsible for mediating inflammatory signalingAiDO cultures, IL-8, IL-6, and PGl
were targeted for further investigation. ILeBandp receptors, IL-6 receptor and signal

transducer (ST), and PGHeceptor expression were measured in our primatyres of
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human preadipocytes. Consistent with a previousrtgg?), IL-8a andp receptors were
undetectable in human preadipocytes (data not shdwerestingly, IL-6 receptor and
ST and PG, receptor expression were higher in ADO vs. AD50Qutas Fig. 3.9A).
Consequently, AD50 cultures were pretreated withllaf neutralizing ab or the FP
prostanoid receptor antagonist AL-8810 for 30 nmid gaubsequently treated with 10,12
CLA or BSA vehicle for 24 h. First, AD50 culturesere analyzed for inflammatory
MRNA levels. Whereas there was no effect of 0.0/mlf--6 ab on IL-8 mMRNA levels,
50 uM AL-8810 prevented CLA induction of IL-8 in AD cultures ig. 3.9B). Next,
CM from these AD50 treated cultures was collected added to ADO cultures at a 1:1
ratio, after which IL-8 gene expression was meabate3 h and P-STAT3, P-ERK, and
P-JNK levels were measured at 1 h. IL-6 neutradjzab and AL-8810 attenuated IL-8
gene expressionF{g. 3.9B), but not other inflammatory genes induced by CCM
including IL-6 and MCP-1 (data not shown). Neutraslg IL-6 attenuated P-STAT3
levels in a dose-dependent manné&ig( 3.90. However, only 0.1 pg/ml IL-6
neutralizing ab modestly attenuated P-ERK and P-I#VKIs increased by CLA CM. As
expected, AL-8810 had no effect on P-STATS3 levbls, 10 puM AL-8810 reduced P-
JNK levels, and modestly reduced P-ERK leveéig.(3.90. The specificity of the IL-6
neutralizing ab and AL-8810 was confirmdélg. 3.9D). The IL-6 ab dose-dependently
reduced IL-6-mediated increases in P-STAT3 and R-E#els, and AL-8810 dose-
dependently reduced PgFmediated increases in P-ERK levels. These datgestighat
IL-6 and PG, contribute, in part, to the inflammatory capa@tyCLA CM from AD50

cultures. Taken together, these data imply thgboagtes instigate the inflammatory
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response to 10,12 CLA treatment in newly differatetil cultures of primary human

adipocytes, which in turn activate inflammatoryhvedys in neighboring preadipocytes

(Fig. 3.10.

Discussion

Interpretation of Data from the Four Cell Model8Ve demonstrated using four
experimental models, that adipocytes are the iatirg of 10,12 CLA-induced
inflammation in primary cultures of newly differéstied human adipocytes. Data from
the Differentiation Model showed that 10,12 CLA4rmeéd inflammatory signaling was
greater in differentiated cultures (AD10-50) congahto undifferentiated cultures (ADO)
as evidenced by increased expression of inflammagenes and phosphorylation of
MAPK and AP-1. Results from the Cell Separationdélcsuggest that adipocytes signal
to preadipocytes during treatment with 10,12 CLAmixed cultures (AD30), as there
was an increase in inflammatory gene expressiothé PDF, yet no induction of
inflammatory genes in cultures containing only piipacytes (ADO) as shown in the
Differentiation and Co-Culture Insert Models. Nektwas demonstrated in the Co-
Culture Insert Model that not only are adipocyteguired for an inflammatory response
to CLA, but that preadipocytes also enhance thanmhatory response in differentiated
cultures to 10,12 CLA treatment. Finally, using t@enditioned Media Model, we
demonstrated that CM from differentiated culturéd$0), but not undifferentiated

cultures (ADQ), treated with 10,12 CLA yielded hitgse CM containing inflammatory
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adipocytokines and PGs that promote increased mmflatory signaling in naive
(pre)adipocytes. Notably, CM from the differentiiaultures caused greater increases in
inflammatory gene expression in preadipocytes (AlEadipocytes (AD50). Blocking
adipocytokine release with brefeldin A prevented®QCM induction of IL-6, IL-8, and
MCP-1 Moreover, neutralizing IL-6 and blocking tR&F, receptor attenuated CLA
CM-induced IL-8 gene expression or STAT3 phospladigh in preadipocytes.
However, other genes induced by CLA CM includingglland MCP-1 were not affected.
Therefore, IL-6 and PGE may be key factors in CM contributing to the infl@atory
response in preadipocytes, but likely are not galesponsible. Further investigation is
needed to determine other important inflammatorygliaters in CLA CM and potential
synergism of these bioactive factors. Taken togethese studies show that adipocytes
are the main initiators of 10,12 CLA-mediated inflaatory signaling in primary

cultures of newly differentiated human adipocytes.

Cell Types in WAT and Their Inflammatory Capaci#eult human WAT has been
reported to contain ~50-70% adipocytes, ~ 20-40%dipeaytes, and ~1-30% infiltrated
macrophages (43, 44). These percentages depehddyncomposition and age. For
example, it has been reported that WAT of lean womentain ~30% preadipocytes,
whereas WAT of obese women contain only 17% preagigs (45). However, the
localization and secretory pattern of cytokinedNAT are unknown. Some researchers
suggest that non-fat cells such as macrophagetharkey players in cytokine release
from adipose tissue (46, 47). According to Faiale2004, non-fat cells are responsible

for up to 90% of adipokine release from WAT complate mature adipocytes. These
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samples, obtained from obese women directly afteletgoing bariatric surgery, were
analyzed for basal levels of inflammatory markerSimilarly, results from our lab

suggested that 10,12 CLA-mediated cytokine releese predominately from SV cells
freshly isolated from human subcutaneous WAT asosep to cultured newly

differentiated adipocytes (23, 36). However, theselhogeneous mixture of SV cells had
never been exposed to adipocyte media (AM-1) f@R @& as in the current study. Thus,
we do not know if these SV cultures contained celiser than preadipocytes (i.e.,

macrophages) that may respond differently to CLA.

In contrast to these studies, our current ressiisw that cultured preadipocytes
grown in adipocyte media do not secrete adipocyexkiin response to 10,12 CLA
treatment, suggesting that the microenvironmentuitured (pre)adipocytes may affect
experimental outcomes. For example, it has beeposexl that adipocyte size is an
important determinant of adipokine secretion, wha@nflammatory cytokine secretion
(i.e., IL-6, IL-8, MCP-1, TNIl) was higher from large adipocytes compared to lemal
adipocytes (48). Interestingly, Suganami et al., (8®) reported that activated
hypertrophied adipocytes release saturated frag &atids that subsequently promote
TNFa secretion from macrophages, leading to an inflatangacycle in adipose tissue.
Taken together, these results suggest that diffesein the inflammatory capacity of
preadipocytes, adipocytes, or other inflammatotis ddke macrophages in WAT may be
due to 1) the type of inflammatory stimuli employe?) the microenvironment of

cultures, 3) adipocyte size, 4) degree of adippsity) crosstalk with other cell types.
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Shortcomings of Cell Modelsbue to our use of primary SV cells, it is difficto
achieve fully-differentiated cultures containing0%0 adipocytes (AD100). Our greatest
level of differentiation was approximately 50% anliptes (AD50) on days 8-12.
Therefore, it is difficult to clearly ascertain thenction of adipocytes alone, being that
preadipocytes are always present in our culturbs. Jell Separation Model provides us
the ability to separately analyze inflammatory gemression from each fraction.
However, these cells have direct cell-to-cell contduring treatment. The Insert Model
provides an environment where these cells are madliiect contact. Yet, the most
differentiated cultures still contain ~50% adiposyt€herefore, future studies are needed
to determine the effect of CLA on pure culturesntdture adipocytes. These could be
achieved by 1) developing a more effective difféisdion cocktail, 2) using freshly
isolated floating adipocytes during the isolatioh ®V cells, or 3) using fully
differentiated cultures of murine 3T3-L1 adipocyte®\nother challenge with using
primary human adipocytes is that the degree ofemdifitiation varies between

experiments.

Although there are some limitations in using pmyneultures, our model of primary
cultures of newly differentiated human adipocytea particular strength due to its direct
application to (pre)adipocytes in human WAT comgatiee using animal (pre)adipocytes
or cell lines of adipocytes. This model also allowsto examine the direct effects of
CLA on cross-talk between preadipocytes and adiigscgs occurén vivo, and their

impact on cell signaling, gene expression, and baoditam.
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Implications and Future Experiment&esults presented in this manuscript clearly
show that adipocytes are essential for the inflatorgaesponse to CLA. On the basis of
these studies, we propose that treating primarjuid of newly differentiated human
adipocytes with 10,12 CLA increases the phosphboylaof MAPK (i.e., ERK 1/2, INK,
and p38) and the activation of the transcriptiactda AP-1 (i.e., c-Jun and ATF3), which
leads to the production of inflammatory adipocyt@s and PGs through upregulating
inflammatory genes (i.e., COX-2, IL-6, ILB1 IL-8, MCP-1, and ATF3). These
inflammatory signals subsequently activate preadifes, leading to inflammatory
cytokine secretion from preadipocytes, thus comigiuthe inflammatory cycle. These
studies are expected to lead to discovering theesamechanism by which 10,12 CLA
causes adipocyte delipidation. As a consequehegll ienable researchers to determine

the potentially-safe and effective use of CLA aliedary strategy to promote weight loss.
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FIGURE 3.1. The percentage of lipid-filled adipocygs increases with the duration of
BRL supplementation. Four human (pre)adipocyte cell models containing 10, 30,
and 50% adipocytes were established by modulatipgpsaire to DM-1. ADO cultures
received no DM-1 for 8 d (NT). AD10, AD30, and AD%Qltures were supplemented
with DM-1 containing IuM BRL and 250uM IBMX for 5 h, 3 d, or 6 d, respectivel})
On d 9-10, cells were fixed with baker’s formalstained with ORO to detect adipocytes,
and counter-stained with Mayer's Hematoxylin toedétnon-differentiated cells. Three
pictures per well were taken, each of a differealdf B) The total number of cells
stained with ORO were counted and expressed ascanage of total cell numbelC)
TG content was determined using a colorimetric \asBata are expressed @g TG/ ug
DNA. Data in panel#\-C are representative of three independent expergnéfgans +
SEM not sharing a common superscript differ sigatfitly (p < 0.05).
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FIGURE 3.2. 10,12 CLA-induction of inflammatory gere expression increases as the
degree of differentiation increasesUsing the Differentiation Model, each experimental
group (i.e., ADO, AD10, AD30, and AD50) was treateith BSA vehicle, 5QuM 10,12
CLA or 50 uM 9,11 CLA as a positive control for 12 h. Cellsrevdnarvested for RNA
extraction and mRNA analyses via gPCR on d 9 ftuseguent analysis &) marker
gene analyses to verify increases in adipocyte mumitth increasing duration of DM-1
treatment and) inflammatory genes increased by 10,12 CLA compdaoefl,11 CLA
and BSA controls. Data were normalized to BSA vehiic ADO cultures. Means + SEM
(n = 3) not sharing a common superscript are saamtly different (p < 0.05). Data in
panelsA andB are representative of three independent expergnent
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FIGURE 3.3. Time-dependent increase in the activain of MAPK and transcription
factors in AD50 vs. ADO cultures treated with 10,1ZLA. ADO and AD50 cultures
were treated with 50M 10,12 CLA (C) or BSA (B) control for 6, 12, or 24 Cells were
harvested and analyzed for protein expressionmraunoblot. Membranes were probed
with antibodies targeting) phospho (P)- and total ERK, JNK, and p38, BjdP-c-Jun,
c-Jun, ATF3, and GAPDH (n = 2). Data in pandlsandB are representative of three
independent experiments.
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FIGURE 3.4. 10,12 CLA induces inflammatory gene expression inhe PDF and
ADF fractions of newly differentiated primary human adipocytes A) Human SV
cells were supplemented withpM BRL for 3 d yielding cultures containing ~ 30%
adipocytes (AD30). Cultures were treated with 50 ud/12 CLA or BSA vehicle for 12
h and next fractionated using 6% iodixanol (1.0&ly/The lipid-laden ADF was floated,
and the PDF was pelleteld) Fractionations were verified by measuring genaesgion
of AEBP-1, aP2, and apml using qPQR.Relative mRNA expression of IL-8, ILB1
COX-2, and ATF3 were investigated using qPCR. DatpanelsB-C were normalized
to BSA vehicle in the PDF. Means =+ SEM (n = 3) sharing a common superscript
differ significantly (p < 0.05). Data in paneB and C are representative of three
independent experiments.
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FIGURE 3.5. 10,12 CLA-induced inflammatory gene exgession is greatest in AD50
cultures in the presence of ADO-containing insertsA) Inserts containing either
preadipocytes (ADO) or preadipocytes and adipoc{#¢350) were suspended over 6-
well plates containing either ADO or AD50 cultur&3.Next, both wells and inserts were
supplemented with 50M 10,12 CLA or BSA vehicle control for 12 h andlarhmatory
gene expression in the cells in the underlying svelere subsequently analyzed via
gPCR. Means £ SEM (n = 3) not sharing a commonrseppt differ significantly (p <
0.05). Data are representative of two independeguergments.
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FIGURE 3.6. CM from 10,12 CLA-treated AD50 culturesinduces inflammatory
genes and activates MAPK in naive ADO and AD50 cuites. A) CM was collected
from ADO and ADS50 cultures that were treated with 8V 10,12 CLA or BSA control
for 24 h. A 1:1 ratio of CM and AM-1 was added t®@and AD50 cultures for 3 IRB)
Next, inflammatory genes were analyzed via gPCRamdet SEM (n = 4) not sharing a
common superscript differ significantly (p < 0.08)) ADO and AD50 cultures were
treated with AD50 CM for 15 min, 1 h, and 3»). ADO cultures were treated with AD50
and ADO CM for 15 min.C-D) Cells were harvested and analyzed for proteimesgion
via immunobloting. Membranes were probed with adibs targeting P- and total ERK,
JNK, and p38 (n = 2). Data in panddsD are representative of three independent
experiments.
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FIGURE 3.7. 10,12 CLA-treated AD50 cultures secretadipocytokines and PGFE.
Cells were treated with 50 uM 10,12 CLA or BSA c¢ohfor 24 h.A) CM was collected
and IL-8 and IL-6 were measured in CM using BioRa@8ioPlex suspension array
system.B) CM was collected and PGRnd PGEwere measured using a stable isotope
dilution GC/NICI/MS assayC) Cells were harvested in PBS and totgll$oProstanes
were measured using GC/MS with selective ion momigp D) ADO and AD50 cultures
were treated with 20 pl HBSS containing 12.5 n¥CJ-oleic acid (0.2 uCi; specific
activity = 40-60 mCi/mmol) for 12 h. Media was reved and cells were washed three
times with HBSS containing 2% BSA. Subsequentlgheaell was treated with 250 pl
DMEM containing 50 uM 10,12 CLA or BSA + phloretia,fatty acid uptake inhibitor,
for 9 h. 200 pl media was collected from each \aatl measured for{C]-oleic acid by
scintillation counting. Means + SEM (n = A4-C; n = 3 D) not sharing a common
superscript differ significantly (p < 0.05). Data panelsA-C and in panelD are
representative of two or three independent experispeespectively.
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FIGURE 3.9. IL-6 neutralizing antibody (IL-6 ab) and PGF,, analog and FP
prostanoid receptor antagonist, AL-8810, attenuateCLA CM-induced IL-8 gene
expression and P-STATS3 levels. AADO and AD50 cultures treated with BSA or CLA
CM at a 1:1 ratio of CM to AM-1 for 3 h were anadyglzfor IL-6 receptor (R), IL-6 signal
transducer (ST), and P@FR expression via gPCH) AD50 cultures were pretreated
with 0.01 ug/ml IL-6 ab or 50 uM AL-8810 for 30 miand subsequently treated with 50
UM 10,12 CLA or BSA vehicle for 24 h, after which-8 mRNA levels were measured.
Next, ADO cultures were treated with AD50 CM forh3and IL-8 mRNA levels were
measuredC) AD50 cultures were pretreated with 0.01, 0.1, andy/ml IL-6 ab or 1 and
10 uM AL-8810 for 30 min. Then cultures were trelatgth 50 uM 10,12 CLA or BSA
vehicle for 24 h, after which CM was collected asdded to ADO cultures for 1 h.
Cultures were treated with 0.1 pg/ml recombinannan (rh) IL-6 and 10 uM PGF
(PG) for 30 min as positive controB) ADO cultures were pretreated with 0.01, 0.1, 1,
or 10 pg/ml IL-6 ab or 0.5, 5, or 50 uM AL-8810 8@ min, and subsequently treated
with 0.1 pg/ml rh IL-6 or 10 uM PG for 30 min, respively. C-D) Cells were harvested
and analyzed for levels of P- and total STAT3, ERKJNK via immunoblotting. Means
+ SEM (n = 3A; n = 2-3B-D) not sharing a common superscript differ signifity (p <
0.05). Data in panels-D are representative of three independent experanent
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FIGURE 3.10. Working Model. Treating primary cultures of newly differentiated
human adipocytes with 10,12 CLA increases the phasgation of MAPK (i.e., ERK
1/2, INK, and p38) and the activation of the trapsion factor AP-1 (i.e., c-Jun, c-Fos,
ATF2, and ATF3), which leads to the production mflammatory cytokines and PGs
(i.e., PGR, PGR) through upregulating inflammatory genes (i.e.,>GB) IL-1p, IL-8,
and ATF3). These inflammatory signals subsequemttivate preadipocytes, leading to
inflammatory cytokine secretion from preadipocytdsjs continuing the inflammatory
cycle. Furthermore, activation of STAT3, MAPK, aA®&-1 by 10,12 CLA antagonizes

PPARy and associated target genes, ultimately leadirdglipidation through decreased
glucose and fatty acid uptake and TG content ipajjites.
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CHAPTER IV
SP600125 ATTENUATES RANS10,CIS12 CONJUGATED LINOLEIC ACID-
MEDIATED REGULATION OF INFLAMMATORY AND LIPOGENIC GENE
EXPRESSION
Abstract
Supplementation with a mixture teins-10, cis-12 (t110,c12) andis-9, trans-11 (c9,t11)
isomers of conjugated linoleic acid (CLA), or t1IRcCLA alone, reduces body weight
and fat deposition in animals and some humans. edery these anti-obesity actions of
t10,c12 CLA are routinely accompanied by increasearkers of inflammation and
insulin resistance. Thus, we examined the extemthizh blocking c-Jun NH2-terminal
kinase (JNK) signaling using the JNK inhibitor SB625 attenuated markers of
inflammation and insulin resistance in primary hunaipocytes treated with t10,c12
CLA. SP600125 attenuated t10,c12 CLA-mediated phagpation of cJun and
increased protein levels of activating transcripti@actor (ATF) 3, two downstream
targets of INK. SP600125 attenuated t10,c12 CLAtated induction of inflammatory
genes, including interleukin (IL)-6, IL-8, ILBL ATF3, monocyte chemoattractant protein
(MCP)-1, and cyclooxygenase-2. Consistent withs¢helata, SP600125 prevented

t10,c12 CLA-mediated secretion of IL-8, IL-6, andCHK-1. SP600125 prevented t10,c12
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CLA suppression of lipogenic genes including pesorie proliferator activated receptor
gamma, liver x receptor, sterol regulatory elemdmding protein, acetyl-CoA

carboxylase, and stearoyl-CoA desaturase. Addilipn SP600125 blocked t10,c12
CLA-mediated induction of suppresser of cytokinentegsis-3 and suppression of
adiponectin and insulin-dependent glucose transpagttmRNA levels. Collectively,

these data suggest that JNK signaling plays anrimorole in t10,c12 CLA-mediated
regulation of inflammatory and lipogenic gene exsgren in primary cultures of human

adipocytes.

Introduction

Obesity is a global health issue with ~ 500 millip@ople classified as obese and 1.5
billion overweight in 2008, including 43 million gdren under the age of five reported in
2010 [1]. One potential strategy for reducing agify is consumption of conjugated
linoleic acid (CLA), unsaturated fatty acids fouindruminant meats and dairy products,
or in dietary supplements and fortified foo@njugated linoleic acid refers to a group
of conjugated octadecadienoic acid isomers derfv@t linoleic acid, a fatty acid that
contains 18 carbons and 2 double bonds in cis gordtion at the 9th and 12th carbons
(i.e.,cis-9, cis-12 octadecadienoic acid). Microbes in the gastestmal tract of ruminant
animals convert linoleic acid into different isafos of CLA through biohydrogenation.
This process changes the position and configuraifatme double bonds, resulting in a

single bond between one or both of the two doubledb (i.e.cis-9, trans-11 (c9,t11) or
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trans-10, cis-12 (t10,c12) octadecadienoic aci@jonsuming a mixture of c9,t11 and
t10,c12 CLA isomers, or t10,c12 CLA alone, redudesly fat mass in rodents,
particularly mice, and some humans [reviewed in Rpwever, the isomer-specific
mechanism by which CLA reduces adiposity is uncle&urthermore, a number of
clinical studies report potential side effects dafACsupplementation including increased
levels of markers of inflammation (e.g., inflammatocytokines, chemokines, or
prostaglandins), insulin resistance, hyperlipidenaiad lipodystrophy [3-7]. These anti-
obesity and adverse side effects of CLA appeaetdue primarily to the t10,c12 isomer.
In contrast, the c9,t11 isomer appears to have-ilammatory and anti-diabetic

properties without reducing body weight [8].

We have demonstrated that t10,c12 CLA reducesogiiand fatty acid uptake and
triglyceride content in cultures of human adiposyt® part, by activating extracellular
signal-related kinase (ERK) [9] and nuclear fadtappa B (NKkB) [10]. Thesdn vitro
data have been confirma&dvivo [11]. Activated NKkB [12-14]and ERK [15-17] induce
markers of inflammation and antagonize peroxisomalifprator activated receptor
(PPARY activity, thereby causing insulin resistance. Ildoer, the extent to which
t10,c12 CLA activates other kinases or transcrptiactors that impact inflammatory
signaling, insulin sensitivity, and triglyceride rdent in human adipocytes, and their

mechanism of action, are unclear.

We recently demonstrated that t10,c12 CLA incrédbke phosphorylation levels of

c-Jun NH2-terminal kinase (JNK) and downstream dirgcJun and activating
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transcription factor (ATF3), members of the redexstive transcription factor
activating protein-1 (AP-1), that induce inflammat@ene transcription [18-19]. c-Jun
NH2-terminal kinase activation is known to enhaimflammation and insulin resistance
associated with obesity, and lack of INK1 or JNE@uces body fat and improves insulin
sensitivityin vivo [20-21] andin vitro [22]. However, the role of JNK in activating cJun
or ATF3 in CLA-treated cultures and the extent tbick this activation regulates

inflammatory and lipogenic gene expression hasdeeh investigated.

Based on these data, we hypothesized that JNKs @ayimportant role in t10,c12
CLA-mediated activation of AP-1 and induction oflammatory genes and suppression
of lipogenic genes. To test this hypothesis, we leygal the chemical JNK1-3 inhibitor,
SP600125. By using this inhibitor, we demonstratg INK is involved in the regulation
of t10,c12 CLA-induced inflammatory signaling, asdppression of gene markers for
adipogenesis, lipogenesis, and insulin signalinguiltures of newly-differentiated human
adipocytes. Therefore, JNK may be an importangetafor preventing 10,12 CLA-

mediated inflammation.

Materials and Methods

Materials

All cell culture ware were purchased from Fishere8tfic (Norcross, GA). Lightning

Chemiluminescence Substrate was purchased fromnPEhker Life Science (Boston,
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MA). Immunoblotting buffers and precast gels wgyarchased from Invitrogen
(Carlsbad, CA). Adipocyte media was purchased fa&@n Bio (Research Triangle Park,
NC). The Nuclear Extract Kit was purchased from iv¥etMotif (Carlsbad, CA).
Polyclonal antibodies for anti-glyceraldehyde-3-ppizate dehydrogenase (GAPDH) and
ATF3 and monoclonal antibody for anti-PPy\Rvere obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-total andigstiospho (P) JNK (Thr183/Try185)
and P-cJun (Ser63) antibodies were purchased frath Signaling Technologies
(Beverly, MA). Anti-nucleoporin was purchased fr&D transduction laboratories (San
Jose, CA). Hyclone fetal bovine serum was purch&sed Fisher Scientific. Isomers of
CLA (+98% pure) were purchased from Matreya (Plet&ap, PA). The cell permeable
selective JNK1-3 inhibitor SP600125 (#420119; Aafhf9-cdlpyrazol-6(H)-one, 1,9-
pyrazoloanthrone; JNKII) was purchased from EMD @loals (Gibbstown, NJ). This
inhibitor of JNK1-3 is competitive with respect Ad P, and has over a 300-fold greater
selectivity for JNK compared to other mitogen-aated protein kinase (MAPK)
including ERK and p38 [23], and specifically inhigthe phosphorylation of cJun serine
residues 63 and 67 [24]All other reagents and chemicals were purchasau f8igma

Chemical Co. (St. Louis, MO) unless otherwise state

Culturing of human primary adipocytes

Abdominal white adipose tissue was obtained withseat from the Institutional Review

Boards at the University of North Carolina at Gig®oro and the Moses Cone Memorial
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Hospital, during elective abdominoplasty of nonbdtic Caucasian and African
American females between the ages of 20-50 yedrsvibh a body mass index 32.0.
These selection criteria allow for reduced varmatino gender, age, and obesity status.
Tissue was digested using collagenase; stromallaascells were isolated as previously
described [9]. Stromal vascular cells were diffésicged with adipocyte media (AM-1)
containing 1uM rosiglitazone and 25QM 1-methyl-3-isobutylxanthine for 3 d, which
yielded cultures containing ~30-50% adipocytes. @gsd6-12, cells were pretreated
with 5, 20, or 80uM SP600125 JNK inhibitor dissolved in DMSO for 3dnmand
subsequently treated with 0 t10,c12 CLA or bovine serum albumin (BSA) vehicle
control for 12-24 h depending on the experimentatome measured. All cultures were
normalized to contain the same amount of BSA andSOMehicles. Each independent
experiment was repeated at least twice using auneixif cells from three subjects, unless

otherwise indicated.

Fatty acid preparation

t10,c12 CLA was delivered as a free acid compldreti5% fatty acid-free BSA at a 4:1

molar ratio as previously described [9].
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RNA isolation and PCR

Total RNA was isolated from the cultures using Reagent purchased from Molecular
Research Center (Cincinnati, OH), according to rfeturefs protocol. For quantitative
real time PCR, 2.0 ug total RNA was converted iitst strand cDNA using Applied
Biosystems High-Capacity cDNA Archive Kit (Fosteity CA). Real time PCR was
performed in an Applied Biosystems 7500 FAST RaaleTPCR System using Tagman
Gene Expression Assays. To account for possibiatian in cDNA input or the
presence of PCR inhibitors, the endogenous referggne GAPDH was simultaneously
guantified for each sample, and these data norethhzcordingly. The Relative Standard
Curve Method using seven, two-fold dilutions ramgirom 100- 1.56 ng RNA was used
to check primer efficiency and linearity of eachanscript according to Applied
Biosysten's Guide to Performing Relative Quantification of n@eExpression Using

Real-Time Quantitative PCR.

Nuclear and cytosolic separation

Nuclear and cytosolic cellular fractions were prepausing a commercially available kit

from Active Motif as previously described [10].
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Immunoblotting

Immunoblotting using 20 ug of protein per lane wasducted using 4-12% NuPage
precasted gels (Invitrogen) as previously descr[a@fl Briefly, PVDF membranes were
blocked with 5% milk in TBST for 1 h and washed 3XTBST for 5 min. Blots were
incubated overnight at°@ with primary antibodies targeting P-JNK, P-cJumal cJun,
and ATF3 at a dilution of 1:1000, and subsequemtigubated in the respective
horseradish peroxidase-conjugated secondary antibbé dilution of 1:5000 at room
temperature for 1 h. Primary and secondary antdsothrgeting GAPDH were used at a
1:5000 dilution. Primary and secondary antibodiaggdting PPAR were used at
dilutions 1:200 and 1:2000, respectively. After twiag, blots were treated with
chemiluminescence reagent for 1 min and film wagsosgd using a SRX-101A Konica
Minolta flim developer. Densitometry was performeging a Kodak Image Station 440

CF by Perkin EImer and Kodak Molecular Imaging $atfte Version 4.0.

Secretion of IL-6, IL-8, and monocyte chemoattractat protein (MCP)-1

The concentrations of IL-6, IL-8, and MCP-1 weretedmined using the BioPIl&x
Suspension Array System from Bio-Rad (Hercules, @Apwing the manufacturés
protocol. Briefly, media was collected from cu#arthat were pretreated with 5, 20, or
80 uM SP600125 for 30 min, and subsequently treated B6(uM t10,c12 CLA or BSA

for 24 h. The media was centrifuged at 13,200 &rglD min at 4C to clear the samples
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of any precipitate. Samples and standards were inurduplicate. Based on the
manufactureés report‘Bio-Plex Pro Human Cytokine, Chemokine, and Growéttor
Assays - Bulletin 5828the intra-assay % CVs for IL-6, IL-8, and MCP-E &, 9, and

9%, respectively. The inter-assay % CVs are 1and, 7%, respectively.

Statistical analyses

Data are expressed as the mear&E. Data were analyzed using one-way analysis of
variance followed by Tukég-HSD tests for each pair for multiple comparisons.
Differences were considered significant if p < 0.05ll analyses were performed using

JMP IN, Version 9 Software (SAS Institute, Cary,NC

Results

The JNK inhibitor SP600125 attenuates t10,c12 CLA-ediated activation of cJun

and ATF3

We previously demonstrated that treatment of nediffigrentiated human adipocytes
with 50 uM t10,c12 CLA, but not ¢c9,t11 CLA, for 6 h incredsghosphorylation levels
of JNK and cJun, which was sustained for 24 h wdmnpared to vehicle (BSA)-treated
cultures in total cell extract [18-19]. Howeverdiaect role for JNK in the activation of
cJun and upregulation of inflammatory genes in@asp to t10,c12 CLA treatment has

not been determined. In order to implicate a roleJNK in the activation of cJun, we
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examined JNK and cJun phosphorylation in cytosdlranclear fractions after 6, 12, and
24 h of treatment with t10,c12 CLA. PhosphorylatmfnJNK was increased at 6 h and
was sustained at 24 h in the cytosolic fractior @creased in the nuclear fraction at 12
and 24 h with t10,c12 CLA. Interestingly, t10,c12ACincreased total cJun levels
compared to the BSA control in the nuclear fracabmll time points. Consistently, cJun
phosphorylation by t10,c12 CLA was detected alneasiusively in the nuclear fraction
at all time points (Fig. 1a). Based on the robt6td12 CLA-mediated activation of INK
and cJun, we investigated the extent to which eattnent with the JNK inhibitor
SP600125 blocked t10,c12 CLA--mediated phosphaooylabf cJun after 12 h of
treatment. Concentrations of SP600125 ranging dxtvb-80 uM were chosen based on
studies using Jurkat T cells in which the,d@r blocking cJun phosphorylation was 10
uM and using CD4+ cells isolated from human penighblood mononuclear cells in
which the 1G for blocking cyclooxygenase (COX)-2 and tumor s factor alpha
expression was 5 and 10 uM, respectively [23]. BBB6 suppressed t10,c12 CLA-
mediated phosphorylation of cJun and increase enptiotein levels of ATF3, an AP-1
family member, in total cell lysates (Fig. 1b). $kedata suggest that JNK is involved in

t10,c12 CLA-mediated cJun activation.

SP600125 attenuates t10,c12 CLA induction of inflamatory genes

Next, we determined the extent to which SP60012ikcKkad t10,c12 CLA-induced

inflammatory gene expression. Pretreatment ofucedt with SP600125 attenuated
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t10,c12 CLA-induction of IL-8, IL-6, IL-B, MCP-1, COX2, and ATF3(Fig. 2a).
Consistent with these data, SP600125 attenuatedl@ @CLA-mediated secretion of IL-
8, IL-6, and MCP-1 (Fig. 2b). Collectively, thesatal demonstrate that SP600125
suppresses t10,c12 CLA-mediated induction of infreatory gene expression and protein

secretion.

SP600125 blocks t10,c12 CLA suppression of lipogergenes

Inflammatory transcription factors such aski#and AP-1 in concert with MAPKs like
ERK have been shown to inhibit lipogenic gene esgimn, in part, by suppressing
PPARy activity [12-17]. Due to the hypothesized role of JNK in regulatih@,c12 CLA-
induced inflammation, we investigated the impact 3600125 on t10,c12 CLA-
mediated suppression of lipogenic gene expressidrP®ARy protein levels. Consistent
with our hypothesis, SP600125 blocked t10,c12 ClLédiated suppression of the
expression of transcription factors that regulgted Imetabolism (i.e., PPARx, sterol
regulatory element binding protefSREBP)-1c, liver X receptor (LXR) and several of
their downstream targets (i.e., acetyl-CoA carbasgl(ACC)-1, stearoyl-CoA desaturase
(SCD)-1) in a concentration-dependent manner (Bm). Additionally, 20 uM SP
modestly prevented a CLA-mediated decrease in BRR#A&ein levels (Fig. 3b). Taken
together, these data suggest that JNK activity lagégs t10,c12 CLA-mediated
suppression of lipogenic genes, which may conteliotthe ability of t10,c12 CLA to

decrease the triglyceride levels in adipocytes.
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SP600125 prevents t10,c12 CLA-mediated regulationf @enes involved in insulin

signaling

We previously demonstrated that t10,c12 CLA-indudeflammation leads to a
suppression of insulin signaling and sensitivityl(918,19]. Therefore, we determined
the extent to which JNK impacted the expressiongefies associated with insulin
signaling. SP600125 attenuated t10,c12 CLA-medidtetlction of suppressor of
cytokine synthesis (SOCS)-3, a protein reportectdase insulin resistance (Fig. 4).
Consistent with these data, t10,c12 CLA-mediatepgpsession of insulin-dependent
glucose transporter (GLUT) 4 and adiponectin mRN&els, which are positively
associated with insulin sensitivity, was attenuabgd SP600125 in a concentration-
dependent manner (Fig. 4). Further studies areaukdconfirm a role for JINK in CLA-

mediated suppression of insulin-stimulated gluagsteke.

Discussion

Consistent with our hypothesis, t10,c12 CLA-medlaetivation of cJun and ATF3 were
attenuated by the chemical JNK inhibitor, SP60012Z32600125 also blocked t10,c12
CLA-induced inflammatory gene expression and cyieksecretion, and suppression of
lipogenic genes and markers of insulin signaliigken together, these data suggest that
JNK plays a role in t10,c12 CLA-mediated inductiohmarkers of inflammation and
insulin resistance in cultures of human adipocytdswever, due to the potential lack of
specificity of chemical inhibitors (i.e., they carhibit other kinases including ERK and
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p38, albeit at much lower selectivities [23]), JEne silencing experiments are needed
to confirm these results. Knockdown experimenesalso need to determine the extent
to which JNK signaling impairs insulin-stimulateldigpse uptake in t10,c12 CLA-treated
cultures, because such longer-term studies wergosdible with SP600125 (data not

shown).

Treatment times differed based on the experimenittdlome measured. Historically,
we have shown in our primary cultures of newlyeliéintiated primary human adipocytes
that t10,c12 CLA increases phosphorylation of MAPKstween 6-24 h, induces
inflammatory gene expression and protein secreti@tween 12-48 h, decreases
adipogenic gene expression from 18-72 h, and RRA&ein from 24-48 h [9,10, 18, 19,
32, 33]. Therefore, we chose a 12 h time pointxemane JNK phosphorylation, 18 h for
inflammatory gene expression, 24 h for cytokinefsbkine secretion, and 24 h for
adipogenic, lipogenic, and insulin-sensitizing gempression. The timing of these events
fits our hypothesis that JNK phosphorylation occprior to t10,c12 CLA-mediated
induction and secretion of inflammatory proteingading to the suppression of

adipogenic/lipogenic gene and protein levels.

c-Jun NH2-terminal kinase-mediated activation afrcdesults in induction of several
inflammatory genes including IL-8, IL-6, and COX&nd also genes involved in cell
death or apoptosis. For example, SP600125 or RNé&farence of JNK in 3T3-L1
adipocytes prevented free fatty acid-induced MCe&xfiression [26]. Consistent with

these data, we showed that inhibiting JNK with ttteemical inhibitor SP600125
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prevented t10,c12 CLA-mediated inflammatory genpression and protein secretion
(Fig. 2). This prevention was accompanied by amease in the expression lipogenic
and insulin sensitizing genes and PRARotein levels that promote lipogenesis or

insulin signaling (Fig. 3).

One possible explanation for these data is thainhipiting JNK activity, t10,c12
CLA was unable to decrease PPA&tivity, which drives the expression of gened tha
promote glucose and fatty acid uptake and trigigeersynthesis and deposition in
adipocytes. Indeed, PPAR activity is regulated by phosphorylation [27]. otibly,
phosphorylation at serine residue 112 by ERK or JNiS been reported to decrease
PPARy activity by ubiquination and proteosome degrada{8], and by decreasing its
ligand-dependent and ligand-independent transdetya functions [15, 29-31].
Consistent with this hypothesis, we have shown th8icl2 CLA increases PPAR
phosphorylation prior to reducing PPgRrotein levels. Furthermore, supplementation
with Rosiglitazone, a PPAR agonist [32], or resveratrol, an anti-inflammatory
polyphenol [33], attenuates delipidation by t10,€1l2A. Thus, inhibiting t10,c12 CLA-
mediated JNK signaling may increase PRAsRtivity, thereby increasing the expression
of lipogenic and insulin-signaling genes. Consistefith this hypothesis, SP600125
supplementation of t10,c12 CLA-treated culturegeased the expression of lipogenic
and insulin-signaling genes compared to cultureatéd with t10,c12 CLA alone (Fig.

3).
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We previously showed using the ERK inhibitor UOl2&t ERK activation by
t10,c12 CLA is one mechanism by which t10,c12 CLépmesses lipogenic gene
expression and insulin-stimulated glucose uptake Therefore, it is tempting to
speculate that t10,c12 CLA antagonizes PRARtivity via activation of MAPK like
ERK and JNK, thereby inhibiting PPARarget genes. In support of this hypothesis,
knockdown of JNK1, but not INK2, increased basal @aglitazone-stimulated PPAR

reporter activity [34].

c-Jun NH2-terminal kinase deficiency in animals arigh-fat diet protects them
from developing insulin resistance [20]. Similaripitochondrial dysfunction-induced
insulin resistance in 3T3-L1 adipocytes is prevenby knockdown of JNK1 [35].
Several reports show that JNK directly phosphoedansulin receptor substrate (IRS)-1
at serine 307, thus inactivating insulin recepignaling. However, we did not observe
any effects of t10,c12 CLA or SP600125 on IRS-1 3@r phosphorylation (data not
shown), in spite of SP600125 blocking t10,c12 Clnluction of SOCS-3, a protein
reported to phosphorylate ser 307 on IRS-1. Nbedss, t10,c12 CLA-mediated
suppression of the mRNA levels adiponectin and G4 Uproteins associated with

insulin sensitivity, was completely prevented by68@125 (Fig. 4).

Taken together, these data suggest that JNK mayrbemportant target for
preventing t10,c12-CLA mediated inflammation. Fertstudies are needed to confirm a
role for JNK in t10,c12 CLA-mediated insulin resiste. RNA interference studies

targeting JNK are also needed to confirm these. dBtdure research will also focus on
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identifying upstream activators of JNK and ERK gmatential mechanisms by which
these MAPK pathways are linked to insulin resistaand suppression of lipogenesis in

adipocytes.
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FIGURE 4.1. The JNK inhibitor SP600125 attenuatest10,c12 CLA-mediated
activation of cJun and ATF3. (a) Cultures of newly-differentiated human adipocytes
were treated with BSA vehicle or 30 t10,c12 CLA for 6, 12, or 24 h. Nuclear and
cytosolic fractions were prepared using the Nucleatract Kit from Active Motif
(Carlsbad, CA) and analyzed for the determinatibthe protein levels of P-JNK, JNK,
P-cJun, cJun, GAPDH, and nucleopofin) Cultures were pretreated for 30 min with 5,
20, or 80uM SP600125 (SP) followed by a 12 h treatment wi§ABvehicle or 5QuM
t10,c12 CLA. Subsequently, total cell lysates weaevested for the determination of the
protein levels of P-cJun, cJun, ATF3, and GAPDHataDare representative of te) or
three(b) independent experiments.

93



A MCP-1
a
< < 3 b
r Z , |
o o c c c
£ c € 1 -
o *
IL-1B
a
< <30 7
4 Z 20 - b
°é °é1o c
d ) c
0 LS mm .S
B IL-6 MCP-1
__0.2 0.3
a _|10 0. ab
£ Eo02 {ab
5 0.1 bc .
£ i g Lllﬂﬂ ﬂ W
0.0 0.0 -
uMSP 0 0 5 20 80 0 5 20 80 0 0 5 20 80
CLA CLA CLA

FIGURE 4.2. SP600125 attenuates t10,c12 CLA induch of inflammatory genes.

(a) Cultures of newly-differentiated human adipocyte=e pretreated with 5, 20, or 80
uM SP600125 (SP) for 30 min, followed by treatmenthwBSA vehicle or 50uM
t10,c12 CLA for 18 hd) or 24 h p). Subsequently, RNA was harvested and the mRNA
levels of IL-8, IL-6, IL-13, MCP-1, ATF3, and COX-2 were measured by real GfR€R
and normalized to GAPDH endogenous control. Mea®E( n=2-3 &) or n=4 p)) not
sharing a lower case letter differ significantly<(p05). (b). Media were collected and
analyzed for IL-8, IL-6, and MCP-1 levels using BBi®Rad Multiplex System. Data are
representative of twdj or three &) independent experiments.
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FIGURE 4.3. SP600125 blocks t10,c12 CLA suppression of lipogergenesCultures

of newly-differentiated human adipocytes were m@ated with 5, 20, or 8QuM
SP600125 (SP) for 30 min, followed by treatmenhvBiSA vehicle or 5uM t10,c12
CLA for 24 h. (a) RNA was harvested and the mRNA levels of PRARPARy,
LXRa, SREBP-1c, ACC-1, and SCD-1 were measured usingtmea gPCR and
normalized to GAPDH endogenous control. Means (#82:3) not sharing a lower case
letter differ significantly (p<0.05)(b) Cultures were harvested for the determination of
the protein levels of PPARand GAPDH. PPARIevels were quantified by densitometry
and normalized to the loading control, GAPDH. Desetry values are expressed as %
of BSA vehicle control. Data are representativetwd (b) or three(a) independent
experiments.
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FIGURE 4.4. SP600125 prevents t10,c12 CLA-mediatedegulation of genes
involved in insulin signaling. Cultures of newly-differentiated human adipocytesrav
pretreated with 5, 20, or 8dM SP600125 (SP) for 30 min, followed by treatmeithw
BSA vehicle or 5QuM t10,c12 CLA for 24 h. Subsequently, RNA wasvested and
the mRNA levels of SOCS-3, GLUT4, and apm1 weresue=ad by real time gPCR and
normalized to GAPDH endogenous control. Means (#52:3) not sharing a lower case
letter differ significantly (p<0.05).
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CHAPTER V
R59022 ATTENUATESTRANS10, CIS12 CONJUGATED LINOLEIC ACID-
MEDIATED INFLAMMATION AND INSULIN RESISTANCE IN PRIMARY
HUMAN ADIPOCYTES

Abstract
Diacylglycerol kinases (DGKSs) convert diacylglycenmto phosphatidic acid, which has
been reported to stimulate calcium release fromERe Based on our published data
showing that trans-10, cis-12 conjugated linoleic acid (t10,c12 CLA)-mediated
intracellular calcium accumulation is linked tolarhmation and insulin resistance, we
hypothesized that chemically inhibiting DGKs with#22 would prevent t10,c12 CLA-
mediated inflammatory signaling and insulin regis&in human adipocytes. Consistent
with our hypothesis, R59022 attenuated t10,c12 @idAwced interleukin (IL)-8, IL-6,
monocyte chemoattractant protein-1 (MCP-1), andtgmmosecretion, and attenuated
t10,c12 CLA-mediated suppression of peroxisomeifgrator activated receptgrgene
and protein levels, delipidation, insulin-stimuldteglucose uptake, and glucose
transporter 4 and adiponectin mRNA levels. D{5Kas targeted for investigation based
on our findings that 1) DG was highly expressed in our primary cultures olvige
differentiated human adipocytes and induced byctDCLA-treatment, 2) t10,c12 CLA-

induced DGHK) expression was dose-dependently decreased witbZR508retreatment,

and 3) t10,c12 CLA increased D@Kranslocation to the plasma membrane compared to
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the vehicle control. Taken together, these datgestghat DGKs mediate t10,c12 CLA-

induced inflammatory signaling and insulin resis&im primary human adipocytes.

Introduction

Overweight and obesity is a global health issdectihg 1.6 billion individuals
worldwide [1]. This high prevalence of overweigimdaobesity has resulted in an annual
economic cost of 300 billion in the U.S. and Canada009 [2]. One potential strategy
for reducing adiposity is consumption of conjugatemleic acid (CLA), a group of
conjugated octadecadienoic acid isomers derived frooleic acid, a fatty acid (FA) that
contains 18 carbons and 2 double bonds indbkeconfiguration at the ® and 12
carbons (i.e.cis-9, cis-12 octadecadienoic acid). CLA is found in ruminamtats and
dairy products, as microbes in the gastrointestiredt of ruminant animals convert
linoleic acid into different isoforms of CLA throbgbiohydrogenation. This process
changes the position and configuration of the dedands, resulting in a single bond
between the two double bonds. The major isomerslymed includecis-9, trans11
(c9,t11) andtrans10, cis-12 (t10,c12) octadecadienoic acid. Food source<Iof
contain ~80% c9,t11 CLA and 10% t10,c12 CLA, andrémeaining 10% is composed of
other isomers. CLA is also produced chemically frbnoleic acid for inclusion in
supplements and fortified foods, yielding a composi containing ~40% c9,t11 CLA,

~40% t10,c12 CLA isomers, and the remaining 20%tloéioisomers.
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Consuming a mixture of ¢9,t11 and t10,c12 CLA ismner t10,c12 CLA alone,
reduces body fat mass in rodents, particularly macel some humans [reviewed in 3].
However, the isomer-specific mechanism by which Glefluces adiposity is unclear.
Furthermore, a number of clinical studies reporteptal side effects of CLA
supplementation including increased levels of markeof inflammation (e.g.,
inflammatory cytokines, chemokines, or prostaglaalli insulin resistance,
hyperlipidemia, and lipodystrophy [4-8]. These aoliesity and adverse side effects of
CLA appear to be due primarily to the t10,c12 ClsAmer. In contrast, the ¢c9,t11 CLA
isomer appears to have anti-inflammatory and aatietic properties without reducing

body weight [9].

Several mechanisms by which t10,c12 CLA suppleat@amt reduces body weight
and body fat mass have been reported [reviewed. ifl&se include increasing energy
expenditure via increasing basal metabolic rapad loxidation, and thermogenesis, and
lean body mass via increasing bone mineral denaity muscle growth. Other
mechanisms include adipocyte lipolysis, adipocyiepaosis, and reducing glucose and
FA uptake in adipose tissue. Our lab has extensisteldied the mechanisms by which
t10,c12 CLA promotes delipidation in adipocytes. Wave demonstrated that activation
of extracellular signal-regulated kinase (ERK) [HdId nuclear factor kappa B (KIB)
plays a role in t10,c12 CLA-mediated delipidatiardansulin resistance [11]. We have
also determined that t10,c12 CLA-mediated activatd ERK, cJun N-terminal kinase
(JNK), NFKB, and production of reactive oxygen species (R@&¥ dependent on

accumulation of intracellular calcium levels. Foample, BAPTA, a calcium chelator,
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TMB-8, which blocks calcium release from the endspiic reticulum (ER), and D609,
an inhibitor of phospholipase C (PLC), attenuatédgphorylation of ERK and JNK,
production of ROS, and induction of inflammatoryngs. Additionally, we demonstrated
that TMB-8 prevented t10,c12 CLA-mediated ®-binding to promoters of interleukin
(IL)-8 and cyclooxygenase (COX)-2 [12]. Moreovdristtype of inflammatory signaling
has been directly associated with antagonism gbagginic transcription factors like
peroxisome proliferator activated receptor (PPARctivated NKB [13-15]and ERK
[16-18] induce markers of inflammation and antagerperoxisome proliferator activated
receptor (PPAR) activity, thereby causing insulin resistance. Ehdata suggest that
t10,c12 CLA mediates inflammatory signaling thatagonize adipogenic processes in
adipocytes. However, the upstream signals resplendir t10,c12 CLA-mediated
increases in intracellular calcium levels, inflantamg signaling, insulin resistance, and

reduced triglyceride (TG) content in human adipesydre unknown.

Diacylglycerol kinases (DGKs) are a family of kses that phosphorylate
diacylglycerol (DAG), resulting in the conversioh@AG into phosphatidic acid (PA).
DAG and PA act as second messengers that actinateray of target proteins resulting
in significant changes in cellular signaling. Forample, DAG activates conventional
protein kinase C (cPKC), Unc-13, and protein kin®sewhile PA activates atypical
PKC, phosphatidylinositol (PI)-4-phosphate 5-kin@B8#5K), and mammalian target of
rapamycin (MTOR), RasGAP, and Raf-1 kinase. Theeef@GKs are critical in
terminating DAG signaling and also initiating PAgisaling. In addition to this well-

characterized function, DGKs also act as scaffgidanoteins and regulate subcellular
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signaling via endosomal and nuclear transport. te,dLO different DGK isozymes have
been identified. Each of the DGKs has up to thr€€Hke C1 domains and a catalytic
region. DGKs are grouped into five different typdmsed on their structural and
functional features. For example, type 1 DGKs thatude DGKa, B, andy, contain
recoverin homology domains and EF-hand motifs sleate as calcium-binding domains
[reviewed in 19]. Thus, these DGKs are activategbant by calcium binding. Type I
DGKs, including DGKS, n, andk, contain pleckstrin homology domains, stedilenotif
(SAM) domain, and a separated catalytic region.eTyp DGKs, including DGKe,
contain no additional functional domains differéh&an other DGK isoforms. Type IV
DGKs, including DGK{ and1, contain a nuclear localization signal, a myristed
alanine-rich C kinase substrate (MARCKS) phosplatiyh domain and four ankyrin
repeats. Type V DGKS, including DGH, contain three C1 domains, a Gly/Pro-rich
domain, and a PH-domain like region [reviewed ih D8&GKs also display tissue-specific
expression. DGKs are highly expressed in the bthymus, and muscle. However, DGK
expression in adipose tissue or primary human agtps is poorly defined. Thus, DGKs

are a complex family of kinases.

Several lines of evidence support the involvenoémGKs in t10,c12 CLA-mediated
inflammation and insulin resistance. First, DGK-gexted PA levels activate mTOR and
S6 kinase (S6K) in HEK 293 cells [20]. Interestinge reported that t10,c12 CLA
robustly increases the phosphorylation of these twaoteins in cultures of newly

differentiated primary human adipocytes [21]. Aduially, mTOR and S6K activation
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have been implicated in the development of insudisistance, a side effect of CLA
supplementation [22, 23]. Furthermore, DGK-mediaB®4 production has also been
shown to increase calcium release from the ER [Z#]s finding could provide a
mechanism by which t10,c12 CLA increases intratailaalcium levels [12]. Moreover,
DGKn has been reported to regultate MEK/ERK activatwshich we have found to be
necessary, in part, for t10,c12 CLA-mediated insuésistance [25, 10]. For example,
Yasuda et al. (2009) found that D@HKacilitated the transport of c-Raf to the plasma
membrane, upstream of MEK/ERK activation in resgots epidermal growth factor
(EGF) treatment in HeLa cells. Therefore, it is ptimy to speculate that t10,c12 CLA-
mediated activation of MEK/ERK may involve similasignaling mechanisms.
Additionally, DGKa has been shown to regulate tumor necrosis fattdF)a-mediated
NFKB activation [26], which we have reported to bevaded by t10,c12 CLA treatment
in adipocytes. Finally, a mixture CLA has been shdw increase expression of DGK
and increase PA levels in cardiomyocytes [27]. Hmvethis was thought to have been
dependent on a PPARdependent mechanism. We have historically fourad thO,c12
CLA decreases PPARactivity and protein levels, so whether or not D3Mays a role
in CLA’s effects in adipocytes is unclear. Thusrihare several interesting findings in
the literature that suggest a role for DGKs in ¢1@, CLA-mediated signaling in primary

human adipocytes.

Based on the close similarity between pathwayisated by DGK and t10,c12 CLA,

we hypothesized that DGKs play an important role titD,c12 CLA-mediated
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inflammation, insulin resistance, and delipidatidio. test this hypothesis, we employed
the chemical DGK inhibitor, R59022. By using thishibitor, we demonstrated that
DGKs are involved in the regulation of t10,c12 Cinsluced inflammatory signaling,
insulin resistance, and delipidation in newly diffietiated primary human adipocytes.
Therefore, DGKs may be an important target for enevg 10,12 CLA-mediated

inflammation and insulin resistance.

Materials and Methods

Materials

All cell culture ware were purchased from FishaieStific (Norcross, GA).
Lightning Chemiluminescence Substrate was purchased Perkin Elmer Life Science
(Boston, MA). Immunoblotting buffers and precastsgwere purchased from Invitrogen
(Carlsbad, CA). Polyclonal antibodies for anti-glya@ldehyde-3-phosphate
dehydrogenase (GAPDH) and monoclonal antibody firRPARy were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Polyaloantibody for DGK was
purchased from Abcam (Cambridge, MA). Anti-totaddaanti-phospho (P) ERK, JNK,
and P-cJun antibodies were purchased from CellaBign Technologies (Beverly, MA).
Hyclone fetal bovine serum was purchased from Fishaentific. Isomers of CLA
(+98% pure) were purchased from Matreya (Pleasapt BA). Fluo-3 acetyloxymethyl
ester (Fluo-3 AM), pluronic F-127, and probenecierevpurchased from Invitrogen by

Life Technologies (Carlsbad, CA). Thapsigargin amdomycin were purchased from
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Calbiochem-EMD Biosciences, Inc. (La Jolla, CA).eTtell permeable DGK inhibitor
R59022 (6-{2-{4-[(4-fluorophenyl)phenylmethylene}giperidinyl}ethyl}-7-methyl-5H-
thiazolo-(3,2a)pyrimidin-5-one) was purchased from EMD Chemidq&@sobstown, NJ).
This inhibitor functions by inhibiting DAG phosphdation which is more specific to the
Type 1, calcium-sensitive DGKs, but also has legscificity than another DGK
inhibitor, R59949 (3-{2-(4-[bis-(4-fluorophenyl)ntetlene]-1-piperidinyl)ethyl}-2,3-
dihydro-2-thioxo 4(H)quinazolinone) [28]. Because we were unaware ef gpecific
DGKs isoforms that may play a role in t10,c12 CLAdgrated signaling, the less specific
inhibitor R59022 was used in this study. All otiheagents and chemicals were purchased

from Sigma Chemical Co. (St. Louis, MO) unless othge stated.

Culturing of human primary adipocytes

Abdominal white adipose tissue was obtained withsent from the Institutional
Review Boards at the University of North CarolirtaGaeensboro and the Moses Cone
Memorial Hospital, during elective abdominoplasty mon-diabetic Caucasian and
African American females between the ages of 2@€#0s old with a body mass index
32.0. These selection criteria allow for reducedat®mn in gender, age, and obesity
status. Tissue was digested using collagenasanatreascular cells were isolated as
previously described [10]. Stromal vascular celisre differentiated with adipocyte
media (AM-1) containing M rosiglitazone and 25QM 1-methyl-3-isobutylxanthine

for 3 d, which yielded cultures containing ~30-508tpacytes. On days 7-14, cells were
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pretreated with 0.1, 1, 3, 10, or M R59022 dissolved in DMSO for 30 min, and
subsequently treated with 50 -1p® t10,c12 CLA or bovine serum albumin (BSA)
vehicle control for 5 min - 48 h depending on tlxpeximental outcome measured. All
cultures were normalized to contain the same amoUBSA and DMSO vehicles. Each
independent experiment was repeated at least wdce) a mixture of cells from three

subjects, unless otherwise indicated.

Fatty acid preparation

t10,c12 and c9,t11 CLA was delivered as a fred aomplexed to 7.5% fatty acid-
free bovine serum albumin (BSA) at a 4:1 molaroras previously described [10]. For

measuring [C&]; levels, t10,c12 CLA dissolved in a 0.1M KOH sodutiwas used.

TG content

TG levels were determined with a modified comnadlgiavailable TG assay as

previously described [29].

3H-2-deoxyglucose uptake

Cultures of newly-differentiated human adipocytesravsupplemented with low-

glucose DMEM on day 10. The following day, culturesre pretreated with 0.1, 1, or 10
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MM R59022 for 30 minutes and subsequently treatékd BSA vehicle or 5uM t10,c12
CLA for 48 h. Cultures were stimulated for 10 miithw100 nM insulin and treated with
4 nmol *H-2-deoxyglucose for 90 min and the amount *bE2-deoxyglucose was

measured via scintillation counting as describexvipusly [29].

“C-oleic acid uptake

Cultures of newly-differentiated human adipocytesrevsupplemented with low-
glucose DMEM on day 10. The following day, culturesre pretreated with 0.1, 1, or 10
MM R59022 for 30 min and subsequently treated wi8ABrehicle or 50uM t10,c12
CLA for 48 h. Cultures were treated with 12.5 rifiC-oleic acid (0.2uCi; specific
activity = 40-60 mCi/mmol) for 120 min and the ambwf radiolabled oleic acid was

measured via scintillation counting as describexvipusly [29].

Immunoblotting

Immunoblotting using 2Qug of protein per lane was conducted using 4-12%dgeP
precasted gels as previously described [10]. BrigdVDF membranes were blocked
with 5% milk in TBST for 1 h and washed 3 x in TB®F 5 min. Blots were incubated
overnight at 4C with primary antibodies targeting D@KP-ERK, P-JNK, P-cJun, and
total cJun at a dilution of 1:1000, and subsegyeimiubated in the respective

horseradish peroxidase-conjugated secondary antibbé dilution of 1:5000 at room
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temperature for 1 h. Primary and secondary antdsothrgeting GAPDH were used at a
1:5000 dilution. Primary and secondary antibodiaggdting PPAR were used at
dilutions 1:200 and 1:2000, respectively. After twiag, blots were treated with
chemiluminescence reagent for 1 min and film wagsosgd using a SRX-101A Konica
Minolta film developer. Densitometry was performeging a Kodak Image Station 440

CF by Perkin EImer and Kodak Molecular Imaging $afte Version 4.0.

RNA isolation and PCR

Total RNA was isolated from the cultures using Reagent purchased from
Molecular Research Center (Cincinnati, OH), aceagddo manufacturé protocol. For
guantitative real time PCR, 1.0 ug total RNA waswarted into first strand cDNA using
Applied Biosystems High-Capacity cDNA Archive Kikdster City, CA). Real time
PCR was performed in an Applied Biosystems 7500 FR8al Time PCR System using
Tagman Gene Expression Assays. To account foilpessriation in cDNA input or
the presence of PCR inhibitors, the endogenousremie gene GAPDH was
simultaneously quantified for each sample, andetdzta normalized accordingly. The
Relative Standard Curve Method using seven, twa-fidutions ranging from 100 1.56
ng RNA was used to check primer efficiency anddnitg of each transcript according to
Applied Biosysterts Guide to Performing Relative Quantification ofn@eExpression

Using Real-Time Quantitative PCR.
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Secretion of interleukin (IL)-6, IL-8, and monocytechemoattractant protein (MCP)-

1

The concentrations of IL-6, IL-8, and MCP-1 wergtatmined using the BioPl&x
Suspension Array System from Bio-Rad (Hercules, @Apwing the manufacturés
protocol. Briefly, media was collected from cu#arthat were pretreated with
R59022 for 30 min, and subsequently treated witiu@g0t10,c12 CLA or BSA for 24 h.
This time point was based on previous time coutsdiss showing that the maximum
level of cytokine secretion occurred after 24 hldf,c12 CLA treatment [11]. The media
was centrifuged at 13,200 x g for 10 min &C4o clear the samples of cellular debris.
Samples and standards were run in duplicate. Basdtie manufactures report‘Bio-
Plex Pro Human Cytokine, Chemokine, and Growth ¢taBssays - Bulletin 5828the
intra-assay % CVs for IL-6, IL-8, and MCP-1 are97,and 9%, respectively. The inter-

assay % CVs are 11, 4, and 7%, respectively.

Measuring [Ca’"]; levels

[C&"]i levels were determined using the calcium sensifiverescent dye Fluo-3
AM. Briefly, cells were preloaded with @M Fluo-3 AM and an anionic detergent, 10%
Pluronic F-127, at 3€ for 30 min in the dark. Next, cells were washeithwiBSS
containing CaGl and probenecid, which prevents Fluo-3 AM leakagenfcells. Cells

were pretreated with R59022 or DMSO vehicle confiai 10 min. Subsequently,
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baseline fluorescence was measured using a Symugidetection Microplate Reader
(BioTek Inc., Winooski, VT) for 1 min at 10 s inte@s. Cells were then treated with 5
uM thapsigargin (positive control), ionomycin (pagit control), or 15@M t10,c12 CLA
and fluorescence was monitored at 20 s interval¥ fmin. Excitation wavelength was
485 nm, and fluorescence was collected at 528 nman@es in the ratio of calcium-
dependent fluorescence to prestimulus backgrowraddscence (F4F were plotted over

time. For simplicity, single representative expemts are shown.

Plasma membrane (PM) isolation and DG levels

Cultures were treated with 20% serum, 100 ng/mFESD uM t10,c12 CLA, or BSA
vehicle control for 5 or 15 min. Cells were wastia with 5 ml ice-cold HBSS and
harvested in 300 ul TES buffer (20 mM Tris-HCI, 2281 sucrose, 1 mM EDTA, pH
7.4) containing protease inhibitor at 20°C. Lys@®@O ul) from 2-100 mm culture dishes
were homogenized in a 2 ml pre-chilled potter-ejgghhomogenizer and sheared using
15 strokes. The lysate was centrifuged at 16,090‘or 20 min at 4°C. The supernatant
or cytosolic fraction was removed and re-spun taee excess lipid, and the
supernatant was stored at -80°C. The remainingtpeths resuspended in 500 ul TES
buffer and centrifuged at 16,000 x g for 20 mid&E. The supernatant was removed and
discarded. The pellet was resuspended in 500 ul Au#fer and re-homogenized again
using 15 strokes with a 2 ml potter-elvehjem honmigr. The homogenate was layered

onto 4 ml of 1.2 M sucrose cushion in a seal-toptrdfege tube. The tube was filled
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completely with TES buffer and sealed. The sampieie centrifuged at 100,000 x g for
20 min at 4°C. The interphase or PM fraction wasaeed and re-spun at 100,000 x g
for 30 min at 4°C. The pellet was re-suspendedGrubRIPA lysis buffer containing

protease inhibitor. Immunoblotting was carried asitdescribed previously.

Statistical analyses

Data are expressed as the mea8sE. Data were analyzed using one-way analysis of
variance followed by Studestt tests for each pair for multiple comparisobsfferences
were considered significant if p < 0.05. All arsdg were performed using JMP IN,

Version 9 Software (SAS Institute, Cary, NC).

Results

It has been previously reported that DGKs incrd@s8']; levels via PA-mediated
secretion from the endoplasmic reticulum (ER) [2A)e have found that 10,12 CLA-
mediated inflammatory signaling is dependent omeiased [C&]; [12]. Therefore, we
hypothesized that DGKs play a role in 10,12 CLA-maggll inflammation, insulin

resistance, and delipidation.

First, we sought to determine the extent to whicbKI3 played a significant role in
the metabolic consequences of t10,c12 CLA treatrmech as reduced lipid content and

insulin sensitivity. In order to determine if DGKxéay a role in t10,c12 CLA-mediated
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delipidation, TG levels were measured in culturedrpated with 3, 10, or 3éM of the
DGK inhibitor R59022 for 30 min and subsequentlated with 10,12 CLA for 24 h.
The t10,c12 CLA-mediated reduction in TG was atéded with 30uM R59022 Fig
5.1A). Previously, we have demonstrated that t10,c1A @duces-“C-labled oleic acid
uptake and insulin-stimulated®H-deoxy-2-glucose uptake [10]. Therefore, the
involvement of DGKs in t10,c12 CLA-mediated supgies of FA uptake and insulin-
stimulated glucose uptake was determined. The sspjun of FA uptake was dose-
dependently attenuated with R590Zig(5.1B). t10,c12 CLA-mediated suppression of

insulin-stimulated glucose uptake was attenuated ¥9uM R59022 Fig 5.1C).

Due to the role of PPARIN promoting FA uptake, we hypothesized that R2902
would also prevent CLA reduction in PPAR protein levels. Consistent with our
hypothesis, 30uM R59022 attenuated t10,c12 CLA-mediated reductionPPARy/
protein levels Eig 5.2A). Consistently, R59022 pretreatment partially preed t10,c12
CLA-mediated suppression of adipogenic and lipogegenes including PPAR fatty
acid binding protein (aP2), insulin-dependent ghectransporter (GLUT4), and acetyl
CoA carboxylase (ACC)-1Hig 5.2B). These data suggest that DGKs are involved in

CLA-mediated delipidation and insulin resistance.

We previously demonstrated that t10,c12 CLA-inducetammation leads to a
suppression of insulin signaling and sensitivit@-fll2]. In order to demonstrate the
involvement of DGKs in 10,12 CLA-mediated inflammat signaling, inflammatory

gene expression and cytokine/chemokine release measured in cultures pretreated
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with increasing doses of R59022 and subsequerdgftad with BSA vehicle control or
50 uM 10,12 CLA for 18 h. R59022 significantly attemeh 10,12 CLA-induced IL-8,
IL-6, cyclooxygenase (COX)-2, and MCP-1 gene exqaes Fig 5.3A) and protein
secretion Fig 5.3B). These data suggest the DGKs are involved inci0,CLA-

mediated inflammatory signaling in primary cultures newly differentiated human

adipocytes.

We have previously shown that t10,c12 CLA-induceftammation is dependent on
MAPK activation [10] and [CZ]; accumulation [12]. Therefore, we examined the ofle
DGKs in t10,c12 CLA-mediated MAPK (i.e., ERK andKINand activator protein (AP)-
1 (i.e., cJun) activation, due to their role irregulating inflammatory gene expression.
Indeed, 30uM R59022 attenuated t10,c12 CLA-mediated ERK, JN#d c-Jun
phosphorylation Kig 5.4A). These data suggest that DGKs are involved in -CLA
mediated MAPK and c-Jun phosphorylation. Due to ithelvement of intracellular
calcium in 10,12 CLA-mediated inflammatory signaglirthe role of DGKs in elevating
[C&®"]; levels by 10,12 CLA was determined. Cultures wenetreated with increasing
doses of R59022 for 10 min, and subsequently weat¢h 10,12 CLA after which
[Ca®"]; were measured using the fluorescent calcium inolicBluo3-AM. As reported
previously, 10,12 CLA increased [€h within 1 min. R59022 decreased fCJaelevated
by 10,12 CLA Fig 5.4B). In order to better understand how R59022 fumstido
decrease [C4];, calcium levels were measured in cultures treafilionomycin, which
causes calcium influx from outside the cell, andp#igargin, which inhibits calcium-

ATPases on the ER causing calcium release froniERein the presence or absence of
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R59022. Interestingly, R59022 decreased both iomomgnd thapsigargin-mediated
calcium accumulation. However, R59022 completelpckéd ionomycin-mediated
calcium and only partially attenuated thapsigamiediated calcium accumulatiofig

5.4C). These data suggest that DGKs may be involvetidit12 CLA-mediated increase

in [C&"]; from both intra- and extracellular stores.

In order to determine the DGK isoform responsilie these effects, we analyzed
basal gene expression of several DGK isoforms thioctu DGKa, 9, vy, ), and{. These
isoforms were chosen based on microarray analybedl ®GK isoforms (data not
shown). DGkt was the most highly expressed isoforaig(5.5A). DGKd and DGKy
were expressed at similar levels, whereas RGKd DGHK/ were the least abundant
isoforms Fig 5.5A). In order to assess the effect of t10,c12 CLADEBK expression,
cultures were treated with M t10,c12 CLA from 3 to 24 h. DGiKand DGK> were
modestly induced by t10,c12 CLA treatment after2i2h and DGK was modestly
induced after 24 h of treatmerfig 5.5B). There was no effect of t10,c12 CLA on
DGKa or DGK{ expression at any time point (data not shown). pbtential self-
regulation of DGK expression was determined by ymiad) cultures pretreated with
R59022 and subsequently treated with t10,c12 CLA 18 h. R59022 significantly
decreased t10,c12 CLA-induced D&land DGKS, but not DGK, mRNA levels Fig

5.5C). Based on these results, DGENd DGK6 were targeted for further study.

The activation of DGI{ and DGKS by t10,c12 CLA was investigated by analyzing

their translocation from the cytosol to the PM daling t10,c12 CLA treatment using
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ultracentrifugation of cell extracts on a sucrosadgent to isolate the PM. Subsequently,
PM and cytosolic fractions were immunoblotted feveral DGK isoforms. t10,c12 CLA
and the positive control epidermal growth factoGf increased DGiK (n=2) within 5
min of treatment, but not DGK (data not shown), translocation compared to BSA
control Fig 5.6). However, subsequent independent experiments) @idsot show any
effect of CLA or EGF on DGK translocation at 5 min, raising doubt about our
hypothesis that t10,c12 CLA directly increases D&cCtivity. Of the five subsequent
reps, EGF and CLA increased D@HKranslocation at 15 min (n=1), so there was also
inconsistency in the treatment effects across @xwgerts. Based on work by Yasuda and
colleagues showing that D@Kacilitated c-Raf and b-Raf translocation to th, B-Raf
and b-Raf levels were also measured in the PM [E&}F, but not t10,c12 CLA,
consistently increased c-Raf (n=4) and b-Raf (ntr@hslocation to the PM. Taken
together, these data suggest that the hypothesizeshse in DGK activity by t10c12

CLA does not occur by a mechanism similar to EGF.

Discussion

Consistent with our hypothesis, R59022 attenutt®¢t12-mediated suppression of
TG levels, radiolabeled oleic acid uptake, insfiimulated glucose uptake, PPYAR
protein levels and target gene expression. AdditlignR59022 suppressed t10,c12 CLA-
induced inflammatory gene and protein secretiod, dAPK and cJun phosphorylation,

as well as [C&]i. Taken together, these data suggest that DGKs plalg in t10,c12
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CLA-mediated induction of inflammation and insuliesistance in cultures of human
adipocytes. However, t10,c12 CLA did not considjeimcrease DGI{ translocation to
the PM, casting doubt on the extent to which t1D,€1A directly increases the activity
of this isoform, and the specificity of R59022. RGilencing experiments are needed to
corroborate the DGK chemical inhibitor data.

Further research is needed to confirm a role f@KB in t10,c12 CLA-mediated
inflammation, insulin resistance, and delipidatigks with most chemical inhibitors,
there have been issues reported regarding theaeffiand specificity of R59022 [28].
Because we were unsure which DGK isoform might imolved in inflammatory
signaling pathways in adipocytes, we decided to B58022, rather than the more
specific Type 1 DGK inhibitor, R59949. In prelimmyaexperiments using R59949, we
found it had little effect on reducing inflammatogene expression and did not
significantly attenuate t10,c12 CLA-mediated suppren of insulin-stimulated glucose
uptake (data not shown). These findings suggesflyze 1 DGKs may not play a role in
t10,c12 CLA signaling. However, DGKdisplayed the highest level of expression in our
primary cultures of newly differentiated human axdiptes Fig 5.5. Based on data
presented here, we expect that Ds&d DGKa may be important targets to investigate
in the future. Therefore, gene silencing studieagusiRNA targeting DGI{ anda will
be conducted to determine their role in inflamnmatmd insulin resistance mediated by
t10,c12 CLA in primary human adipocytes.

A common mechanism by which FA increase calciuvelis through activation of

G-protein coupled receptors (GPCRs), such as GPERR40, coupled to the G-protein
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subunit Gg11, activates phospholipase C (PLC), which hydrolyzkesphatidylinositol
4,5-bisphosphate (PIP2) into DAG and inositol pladgpes (InsPs). InsPs activate
receptors on the ER, triggering calcium mobilizatioeviewed in 30]. Intriguingly, it
was recently reported by Schmidt and colleagues @A increases [Cd]; and
stimulates insulin release from INS-1E pancreagitscvia activation of the cell surface
receptor, FFA1/GPR40 [31]. An alternative mechanison FA-mediated calcium
accumulation has been proposed by Camina and gaksawhereby PC-specific PLC,
activated by a pertussis toxin (PTX)-sensitive gt@n, generates choline and DAG,
which is converted into PA by DGKs. PA subsequentiggers calcium mobilization
from inositiol-3-phosphaténdependent calcium pools [24,-&2]. Consistent with these
findings, we reported recently that D609, a phosgikeholine (PC)-specific PLC (PC-
PLC) inhibitor, prevents t10,c12 CLA-mediated cafiaccumulation, ROS production,
and inflammatory gene expression (i.e., IL-8, AT&d COX-2) [12]. Notably, we have
previously shown that PTX attenuates t10,c12 CLANaed MEK/ERK
phosphorylation and suppression*8€-oleic acid uptake and insulin-stimulatéd-2-
deoxyglucose uptake, suggesting that t10,c12 mdivade inflammatory signaling
pathways via activation of a GPCR. Moreover, in pinesent study, we found that the
DGK inhibitor, R59022, decreased t10,c12 CLA-mestiafC&"]; accumulation Kig
5.4). Elevated [C&]; activates calcium-sensitive proteins like calmadCaM) which
activates a number of kinases including CaMKIl, ethihas been shown to inhibit
differentiation upon PGJ; treatment [35]. Interestingly, we have shown tKAkL62, a

CaMKIl inhibitor attenuated t10,c12 CLA-mediated EERand JNK phosphorylation,
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ROS production, induction of inflammatory genes,H2Gsecretion, and suppression of
PPARy protein levels and insulin-stimulated glucose ketH 2]. We found that R59022
also decreased CaMHllgene expression (data not shown), thus providimgther
mechanism by which DGKs mediate 10,12 CLA-induceflammation. Collectively,
these findings support mechanisms by which t10,€12A may trigger intracellular

calcium accumulation and subsequent activatiomftdrinmatory pathways.

DGK-generated PA has also been shown to activagr &inases such as mTOR and
S6K. Both of these proteins have been implicateggulating insulin resistance [22-23].
For example, it was shown in 3T3-L1 adipocytes thairession of a dominant negative
mutant of S6K blunted the suppression of insulimstated glucose uptake mediated by
tumor necrosis factor (TNE) The insulin-resistant effects of S6K were foundé&due
to phosphorylation of IRS-1 on Ser-265/270 [22)wé#s also found that insulin-resistant
ob/ob mice [22] or mice fed a high-fat high-sucralet [23] had increased levels of
MTOR and S6K activation compared to lean contras-Z3]. Interestingly, we have
previously shown that t10,c12 CLA robustly incresaiee phosphorylation of mMTOR and
S6K in primary human adipocytes [21]. Furthermateyas shown that inhibitors of
GPCRs (PTX), mTOR (rapamycin), phosphatidylinosi#skinase (LY-294002), and
protein kinase C (calphostin C) blocked the phosghtion of mMTOR and S6K [21]. The
activation of these proteins could provide a me@mrby which DGKs mediate t10,c12
CLA-induced insulin resistance in human adipocykéswever, future studies are needed

to test this hypothesis.
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Treatment times in this study differed based @nekperimental outcome measured.
Historically, we have shown in our primary cultures newly differentiated primary
human adipocytes that t10,c12 CLA increases calcaatumulation from 1-7 min,
phosphorylation of MAPKs between 6-24 h, inducdiammatory gene expression and
protein secretion between 12-48 h, decreases aghpogene expression from 18-72 h,
PPARy protein and TG levels from 24-48 h, and FA andulinsstimulated glucose
uptake after 48 h [10, 11, 12, 36, 37, 38]. Thaefave chose a 12 h time point to
examine MAPK phosphorylation, 18 h for inflammatoggne expression, 24 h for
cytokine/chemokine secretion, and 24 h for adipagdipogenic, and insulin-sensitizing
gene expression, and 24-48 h for measuring levielsGo and glucose and fatty acid
uptake. The timing of these events fits our hypsithéhat DGK activation occurs prior to
t10,c12 CLA-mediated induction and secretion ofaimimatory proteins, leading to the

suppression of adipogenic/lipogenic gene and prdésiels.

Based on the data reported herein and repons the literature, we propose the
working model presented iRig 5.7, whereby t10,c12 CLA activates a GPCR linked to
PLC, that generates IP3 and DAG. DGKs convert DA PA, and together with 1P3,
PA stimulates calcium secretion from the ER. Eleglatalcium levels activate calcium-
sensitive kinases such as CAMKII, which promotes SR@roduction and MAPK
activation, leading to the induction of inflammatarenes by NkB and AP-1. Secreted
inflammatory proteins, such as IL-6 and Ta&JFexacerbate inflammatory signaling in
adipocytes in an autocrine and paracrine fashiamygeiher with direct inhibition by

NFkB or AP-1, these inflammatory signals antagonizeARY leading to decreased
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glucose and FA uptake, resulting in delipidatiod arsulin resistance in adipocytdsd
5.7. In summary, this study suggests that DGKs mayah important target for

preventing t10,c12 CLA-mediated inflammation ansliim resistance.
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FIGURE 5.1. R59022 (R5) attenuatedrans-10, cis-12 (t10,c12) CLA-mediated
suppression of triglyceride (TG) levels**C-oleic acid uptake, and insulin-stimulated
3H-2-deoxy-glucose uptake. ACultures of newly-differentiated human adipocytese
pretreated with 3, 10, or 3tM R5 and subsequently treated with BSA vehicle @psl
t10,c12 CLA (CLA) for 24 h on d 12. Cells were hested and TG content was
determined using a colorimetric ass#+C) Cultures of newly-differentiated human
adipocytes were supplemented with low-glucose DM&Mday 10. The following day,
cultures were pretreated with 0.1, 1, or I R5 for 30 minutes and subsequently
treated with BSA vehicle or 50M t10,c12 CLA for 48 h. Cultures were stimulated fo
10 min with 100 nM insulin and treated witH-2-deoxyglucose antfC-oleic acid for
90 min or 120 min, respectively. Data are repregesg of two B) or three A,C)
independent experiments. Means £ SEM (n = 4) natisy a common superscript differ
significantly (p < 0.05).
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FIGURE 5.2. R59022 (R5) attenuatedrans-10, cis-12 (t10,c12) CLA-mediated
suppression of PPAR protein levels and adipogenic/lipogenic gene exmsion. A-B)
Cultures of newly-differentiated human adipocytesevpretreated with 3, 10, or M

R5 and subsequently treated with BSA vehicle oubDt10,c12 CLA (CLA) for 24 h
(A) or 18 h B) on d 8-10.A) Cells were harvested for protein and immunoblofted
PPARy and GAPDH controlB) Cells were harvested for RNA and mRNA levels were
measured via RT-qPCR. Data are representative @f(B) or three A,C) independent
experiments. Means + SEM (n = 3-4) not sharing aroon superscript differ
significantly (p < 0.05).
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FIGURE 5.3. R59022 (R5) attenuatestrans-10, cis-12 (t10,c12) CLA-induced
inflammatory gene expression and protein secretionA-B) Cultures of newly-
differentiated human adipocytes were pretreatech vd 10, or 30pM R5 and
subsequently treated with BSA vehicle or 8@ t10,c12 CLA (CLA) for 18 hA) or 24
h B) ond 7-10A) Cells were harvested for RNA and mRNA levels weeasured via
RT-gPCR. B) Media was collected and IL-8, IL-6, and MCP1 wereasured via
BioPlex® Suspension Array System from Bio-Rad. Data argessmtative of three

independent experiments. Means + SEM (n = 3-4)shairing a common superscript
differ significantly (p < 0.05).
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FIGURE 5.4. R59022 (R5) attenuatedrans-10, cis-12 (t10,c12) CLA-mediated
MAPK and cJun phosphorylation and intracellular [Ca®]; accumulation. A)
Cultures of newly-differentiated human adipocytesevpretreated with 3, 10, or M

R5 and subsequently treated with BSA vehicle op®0t10,c12 CLA (CLA) for 24 h on

d 8-10.B-C) Cultures of newly differentiated human adipocyte=e preloaded with 5
UM Fluo-3 AM. Cultures were injected with vehicle,(5 uM thapsigargin (Tg; filled
square), ionomycin (iono; filled diamond) 1M CLA (filled circle), or pretreated with
R5 for 10 min and injected with 150 uM CLA (opemctg), 5uM Tg (open square), or
ionomycin (open diamond) for 7 min at 20 s intesvaBaseline fluorescence was
measured prior to treatment injection for 1 mirl@ts intervals. Data are representative
of three independent experimenB&C) Emitted fluorescence intensities were collected
over time using a multidetection microplate readecitation wavelength was 485 nm,
and fluorescence was collected at 528 nm. Data »geessed as a ratio to baseline

fluorescence (§. Means £+ SEM (n = 3-4) not sharing a common supet differ
significantly (p < 0.05).
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FIGURE 5.5. R59022 (R5) attenuatesrans-10, cis-12 (t10,c12) CLA-induced DGK
gene expression. ABasal expression of DGK, n, &, {, andy was measured in cultures
of newly-differentiated human adipocytes on @&J. Cultures were treated with BSA
vehicle or 50uM t10,c12 CLA (CLA) for 3-24 h, orC) pretreated with 3, 10, or 3(M
R5 and subsequently treated with BSA vehicle oubDt10,c12 CLA (CLA) for 18 h
and mRNA levels were measured via RT-qPCR. Dataegeesentative of twfA-B) to
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superscript differ significantly (p < 0.05).
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FIGURE 5.6. Epidermal growth factor (EGF) and trans-10, cis-12 (t110,c12) CLA
treatment triggered DGKn translocation to the plasma membrane (PM)Cultures of
newly-differentiated human adipocytes were treatétt BSA (B) vehicle control, 20%
serum (S), 100 ng/ml EGF (E), or p® t10,c12 CLA (C) for 5 or 15 minTotal cell
extracts were harvested and cytosolic and plasnmabmame fractions were isolated by
differential centrifugation. Each fraction was immablotted for DGK, c-Raf, b-Raf,
and caveolin-1. Data are representative of twawén independent experiments.
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FIGURE 5.7. Working Model. t10,c12 CLA activates a g-protein coupled receptor
linked to PLC. PLC cleaves phosphatidylinositolghissphate (PIP2) or
phosphatidylcholine (PC) into DAG and IP3 or chelimespectively.IP3 activates the
IP3 receptor on the ER, and PA produced by DGKydttes C& release from the ER.
Intracellular C&" activates calcium-sensitive kinases like calmadilhase (CAMK) II
leading to ROS production and MAPK activation. Aated AP-1 or NFKB suppress
PPARy activity leading to reduced glucose and FA uptdkas promoting delipidation
and insulin resistance in adipocytes.

130



References

1. World Health Organization. (Accessed March 7, 2010besity and Overweight.
www.who.int/mediacentre/factsheets/fs311/en/indexl.h

2. Behan DF. (2010pbesity and its Relation to Mortality and Morbidi@psts. Society
of Actuaries.

3. Kennedy A, Martinez K, Schmidt S, Mandrup S, Lapdih Mcintosh M (2010)
Anti-obesity Mechanisms of Action of Conjugated dlieic Acid. J Nutr Biochem
21:171-179.

4. Risérus U, Arner P, Brismar K, Vessby B (2002) Treateith dietary trans10cis12
conjugated linoleic acid causes isomer-specifstifin resistance in obese men with
the metabolic syndrome. Diabetes Care 25:1516-152

5. Moloney F, Yeow TP, Mullen A, Nolan JJ, Roche HM)(2) Conjugated linoleic
acid supplementation, insulin sensitivity, and ppatein metabolism in patients with
type 2 diabetes mellitus. Am J. Clin Nutr 80:8358

6. Steck SE, Chalecki AM, Miller P, Conway J, Austii.,GHdardin JW, Albright CD,
Thuillier P (2007) Conjugated linoleic acid supplmation for twelve weeks
increases lean body mass in obese humans. J Nufr1B8-1193.

7. Thrush AB, Chabowski A, Heigenhauser GJ, McBride ,BW-Rashid M, Dyck DJ
(2007) Conjugated linoleic acid increases skeletaiscle ceramide content and
decreases insulin sensitivity in overweight, noabeitic humans. Appl Physiol Nutr
Metab 32:372-382.

8. Tholstrup T, Raff M, Straarup EM, Lund P, Basu &ju JM (2008) An oil mixture
with trans-10, cis-12 conjugated linoleic acid geses markers of inflammation and
in vivo lipid peroxidation compared with cis-9, ie11 conjugated linoleic acid in
postmenopausal women. J Nutr 138:1445-51.

9. Moloney F, Toomey S, Noone E, Nugent A, Allan B,stber C, Roche H (2007)
Antidiabetic effects of cis-9, trans, 11 conjugatedleic acid may be mediated via
anti-inflammatory effects in white adipose tissi@abetes 56:574-582.

10.Brown JM, Boysen M, Chung S, Fabiyi O, Morrision Randrup S, Mcintosh M

(2004) Conjugated linoleic acid (CLA) induces humadipocyte delipidation:
autocrine/ paracrine regulation of MEK/ERK signgliby adipocytokines. J Biol

131



11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chem 279:26735-47.

Chung S, Brown JM, Provo JN, Hopkins R, McIntosi2@05) Conjugated linoleic
acid promotes human adipocyte insulin resistanceutth NFkappaB-dependent
cytokine production, J Biol Chem 280:38445-56.

.Kennedy A, Martinez K, Chung S, LaPoint K, West Hopkins R, Schmidt S,

Andersen K, Mandrup S, Mcintosh M (2010) Inflamroatiand insulin resistance
induced by trans-10, cis-12 conjugated linoleicda@ie dependent on intracellular
calcium levels in primary cultures of human adipesy J Lipid Res 51:1906-1917.

Poirier H, Shapiro H, Kim R, Lazar M (2006) Nutoitial supplementation with trans-
10, cis-12 conjugated linoleic acid induces inflaation of white adipose tissue.
Diabetes 55:1634-1641.

Ruan H, Hacohen N, Golub T, Van Parijs L, Lodish(2002) Profiling gene
transcription in vivo reveals adipose tissue asirdermediate target for tumor
necrosis alpha: implications for insulin resistarigmbetes 51:1319-1336.

Ruan H, Pownall H, Lodish H (2003) Troglitazoneaaunizes tumor necrosis factor-
a induced reprogramming of adipocyte gene expressdy inhibiting the
transcriptional regulatory functions of NFkB. bBChem 278:28181-28192.

Suzawa M, Takada |, Yanagisawa J, Ohtake F, Ogawa®auchi T, Kadowaki T,
Takeuchi Y, Shibuya H, Gotoh Y, Matsumoto K, Katg2803) Cytokines suppress
adipogenesis and PPAR-gamma function through th&IFBAB1/NIK cascade.
Nat Cell Biol 5:224-230.

Adams M, Reginato M, Shao D, Lazar M, Chatterjeg1997) Transcriptional
activation by peroxisome proliferator activated egior gamma is inhibited by
phosphoryaltion at a consensus mitogen-activatetkior kinase site.J Biol Chem

272:5128-5132.

Camp H, Tafuri S (1997) Regulation of peroxisomeliferators-activated recepter
activity by mitogen activated protein kinase. JIEibbem 272:10811-10816.

Sakane F, Imai Sl, Kai M, Yasuda S, and Kanoh B0{2 Diacylglycerol Kinases:
Why So Many Of ThemBiochim Biophys Acta - Mol Cell Biol Lipids/71:793-80.

Avila-Flores A, Santos T, Rincon E, Merida I. (2008odulation of the mammalian
target of rapamycin pathway by diacylglycerol kiegsoduced phosphatidic acid. J
Biol Chem.

Chung S, Brown JM, Sandberg MB, Mcintosh M. (200%ans-10, cis-12 CLA

132



increases adipocyte lipolysis and alters lipid tebpssociated proteins: role of
MTOR and ERK signaling. J Lipid Res. 46:885-895.

22.Zhang J, Gao Z, Yin J, Quon MJ, Ye J. (2008) Saiealiy phophorylates IRS-1 on
Ser-270 to promote insulin resistnace in reponsENB-a signaling through IKK2. J
Biol Chem. 283:35375-35382.

23.Khamzina L, Veilleux A, Bergeron S, Marette A. (B)dncreased activation of the
mammalian target of rapamycin pathway in liver akdletal muscle of obese rats:
possible involvement in obesity-linked insulin stance. Endocrinology. 146:1473-
1481.

24.Camina J, Casabiell X, Casanueva FF. (1999) Indsig5-trisphophate-independent
Ca2-mobilization triggered by a lipid factor isa@dt from vitreous body. J Biol
Chem. 274:28134-28141.

25.Yasuda S, Kai M, Imai S, Takeishi K, Taketomi A,ybta M, Kanoh H, Sakane F.
(2009) Diacylglycerol kinasen augments c-raf acgtivity and b-raf/c-raf
heterodimerization. J Biol Chem. 284:29559-29570.

26.Kai M, Yasuda S, Imai S, Toyota M, Kanoh H, Sak#&neg2009) Diacylglycerol
kinasea enhances protein kinasgaependent phosphorylation at Ser311 of p65/relA
subunit of nuclear factatB. FEBS Letters. 583:3265-3268.

27. Alibin CP, Kopilas MA, Anderson HDI. (2008) Supps&sn of cardiac myocyte
hypertrophy by conjugated linoleic acid: role ofrgpasome proliferator-activated
receptorsx andy. J Biol Chem. 283:10707-10715.

28.Jiang Y, Sakane F, Kanoh H, Walsh J. (2000) Seigcof the diacylglycerol kinase
inhibitor 3-{2-(4-[bis-(4-Fluorophenyl)methyleneHdiperidinyl)ethyl}-2,3-dihydro-
2-thioxo-4(H)quinazolinone (R59949) among diacylglycerol kinasabtypes.
Biochemical Pharmacology. 59:763-772.

29.Brown JM, Sandberg-Boysen M, Skov S, Morrison Ryri&on J, Lea-Currie R,
Pariza M, Mandrup S, and Mcintosh M. 2003. Isonp@esfic regulation of
metabolism and PPARby conjugated linoleic acid (CLA) in human preaxtiptes. J
Lipid Res. 44:1287-300.

30. Stoddart LA, Smith NJ, Milligan G. (2008) Interratal Union of Pharmacology.
LXXIl. Free fatty acid receptors FFAl, -2, and -3:haBRmacology and
pathophysiological functions. Pharmacological Reie60:405-417.

31.Schmidt J, Liebscher K, Merten N, Grundmann M, Mied M, Sauerwein H,

133



32.

33.

34.

35.

36.

37.

38.

Christiansen E, Due-Hansen ME, Ulven T, UllrichG®meza J, Drewke C, Kostenis
E. (2011) Conjugated linoleic acids mediate insuktease through islet g protein
coupled receptor FFA1/GPR40. J Biol Chem. In press.

Marley PD, and Thomson KA. (1996) The Ca++/calmodidpendent protein kinase
Il inhibitors KN62 and KN93, and their inactive dmgues KN04 and KN92, inhibit
nicotinic activation of tyrosine hydroxylase in o& chromafin cells. Biochem
Biophys Res Commun. 221:1518.

Suh HN, Huong HT, Song CH, Lee JH and Han HJO&2 Linoleic acid stimulates
gluconeogenesis via Ca2+/PLC, cPLA2, and PPARswaath through GPR40 in
primary cultured chicken hepatocytes. Am J Phy€ell Physiol. 295:C1518
C1527.

Andrei CP, Margiocco A, Poggi LV, Lotti MR, Torrisand Rubartelli A. (2004)
Phospholipases C and A2 control lysosomemediatelddeta secretion: implications
for inflammatory processes. Proc Natl Acad Sci USA.9R5- 9750.

Miller CW, Casimir DA, and Ntambi JM. (1996) Timechanism of inhibition of
3T3-L1 preadipocyte differentiation by prostaglandiF2alpha. Endocrinology.
137:5641- 5650.

Martinez K, Kennedy A, West T, Milatovic D, Aschn&t, (2010) Mcintosh M
Trans-10, cis-12 Conjugated Linoleic Acid Promotaflammation to a Greater
Extent in Human Adipocytes Compared to PreadipacydeBiol Chem 285:17701-
17712.

Kennedy A, Chung S, LaPoint K, Fabiyi O, McIntostKM2008) Trans-10, cis-12
conjugated linoleic acid antagonizes ligand-depphd@PARgamma activity in
primary cultures of human adipocytes. J Nutr 138:81.

Kennedy A, Overman A, Lapoint K, Hopkins R, WestQhuang CC, Martinez K,
Bell D, Mcintosh M (2009) Conjugated linoleic aawkdiated inflammation and
insulin resistance in human adipocytes are atteduby resveratrol. J Lipid Res
50:225-32.

134



CHAPTER VI

EPILOGUE

The prevalence of obesity has risen dramaticalgr tive past 30 years in the U.S.
and is becoming a global health issue. Although lrating obesity would be best
achieved by diet and exercise, supplemental adents become increasingly popular.
One such agent is conjugated linoleic acid (CLA)p@ementation of CLA has been
shown to reduce body weight and fat mass in sea@ialal models and in some humans.
However, the safety and efficacy of CLA in reducibgdy weight and fat mass is
controversial, as it has been reported to promftarnmation and insulin resistance in
animals and humans. Therefore, it is imperativedtier understand CLA’s mechanism
of action and adverse side effects in white adigesseie (WAT). Furthermore, the cell
type in WAT that is responsible for mediating imfilaatory signaling in response CLA is
unclear. Thus, it is equally important to identthe cell type initiating CLA’s adverse

side effects.

Results from our lab suggest that t10,c12 CLA-ntedialelipidation is linked to
inflammatory signaling and insulin resistance. Egample, we have demonstrated that
t10,c12 CLA induces inflammation and insulin remmste via elevation of intracellular
calcium levels, activation of extracellular sigmafjulated kinase (ERK), nuclear factor
kappa B (NkB), and activator protein (AP)-1, which upregulatdammatory proteins

such as tumor necrosis factor (TNE)and interleukin (IL)-6. Secretion of these
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cytokines and direct inhibition by MB attenuates the activation of transcription fagtor
such as peroxisome proliferator-activated recef®AR) and sterol regulated enhancer
binding protein (SREBP)-1c, that promote glucose #aity acid uptake, fatty acid
synthesis, and TG storage in adipocytes. Howetliercell type in our cultures of newly
differentiated primary human adipocytes respondienitiating inflammatory signaling
is unknown. Furthermore, the upstream signalinghaeisms activated by 10,12 CLA
that trigger intracellular calcium accumulationflammatory protein activation (i.e.,
ERK and NkB), and result in insulin resistance and delipmlatiare unknown.
Therefore, | investigated 1) the cell type thatesponsible for initiating the inflammatory
response to CLA and 2) the upstream mechanismslviedio where | specifically
examined the role of cJun N-terminal kinase (JNKJ diacylglycerol kinase (DGK) in

CLA-mediated inflammation, insulin resistance, aedipidation.

Based on the results from these studies, | proffedeadipocytes are essential for
the inflammatory response to CLA. Additionally, d@tiag primary cultures of newly
differentiated human adipocytes with 10,12 CLA eases the phosphorylation of
mitogen-activated protein kinases (MAPK)s includieBBK 1/2, JNK, and p38, and the
activation of the transcription factor AP-1 [i.e-Jun and activating transcription factor
(ATF)3], which leads to the production of inflammgt adipocytokines and
prostaglandins (PG)s through upregulating inflanomatgenes [i.e., cyclooxygenase
(COX)-2, IL-6, IL-18, IL-8, monocyte chemoattractant protein (MCP)-fid aATF3].
These inflammatory signals subsequently activatagipocytes, leading to inflammatory

cytokine secretion from preadipocytes, thus comiguhe inflammatory cycle. It was
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also found using chemical inhibitors targeting JidKd DGK, that these kinases are
involved in t10,c12 CLA-mediated inflammatory si¢ing and/or insulin resistance.
Based on these findings, | have developed theviatig research questions: 1) Which
DGK isoform is responsible for mediating t10,c12AC4 effects and will knocking down
this isoform prevent t10,c12 CLA-mediated inflamorgt signaling and insulin
resistance?, 2) What role does phospholipase C )(Bl&y in t10,c12 CLA-mediated
inflammation?, and 3) Is t10,c12 CLA-mediated inflaatory signaling dependent on G-

protein coupled receptor (GPCR) activation?

Q1. Which DGK isoform is responsible for mediatitiff,c12 CLA’s effects and

will knocking down the gene prevent t10,c12 CLA‘ated inflammatory signaling?

In order to fully address the role of DGKs in tlIRaCLA-mediated inflammation
and insulin resistance, several experiments aréeukeFirst, it is still unclear which
isoform is activated by t10,c12 CLA. Although wevhgoreliminary data showing that
t10,c12 CLA activates DGK translocation to the plasma membrane (PM) (n33} t
effect should be confirmed with other activity asgasuch as immunostaining DGKs to
detect translocation. Alternatively, phosphatidicdg(PA) production could be measured,
which is an indirect but common method of determgnDGK activity. In addition, it is
also important to identify the specific DGK isof@mvolved in t10,c12 CLA-mediated
signaling. It was attempted to evaluate the agtioftfive DGK isoforms (i.e., DGH, 9,

Y, a, ) by investigating their translocation to the PMowever, either no effect was

evident with these DGK isoforms or the antibody wasor. Therefore, it will be
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important in the future to obtain better antibodi@sa more accurate evaluation of DGK
activity or use different methods. Lastly, data eyated thus far implicating a role for
DGKs in t10, c12 CLA signaling is based on the aksa chemical inhibitor, which may
not be specific to the target of interest. Therefat will be important to knockdown
candidate DGK isoforms to confirm their role in dI2 CLA-mediated inflammatory

signaling and insulin resistance.

Q2. What role does PLC play in t10,c12 CLA-mediatidmmation?

We have previously published data showing that D6@9PLC inhibitor,
attenuated intracellular calcium levels, reactivggen species (ROS) production, and
inflammatory gene expression induced by t10,c12 CIs inhibitor has been reported
to be specific for phosphatidylcholine (PC)-PLC. wéwer, other PLCs like
phosphatidylinositol 4,5-bisphosphate (PIP2)-PLCyraéso be involved in regulating
intracellular calcium levels via inositol 3-phospha(lP3)-mediated endoplasmic
reticulum (ER) calcium mobilization. Therefore, du¢ studies will be conducted using
the chemical inhibitor U73122, which targets PIRZP Activation of candidate PLC
isoforms will be measured by determining their gitasylation status with t10,c12 CLA
treatment in primary human adipocytes. Once a dateliPLC isoform is identified,
siRNA will be used to knockdown the gene to confiterole in regulating t10,c12 CLA-

mediated inflammation and insulin resistance.

Q3. Is t10,c12 CLA-mediated inflammatory signalidgpendent on GPCR

activation?
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We have previously shown that pertussis toxin (RBXgeneral GPCR inhibitor,
attenuates t10,c12 CLA-mediated MEK/ERK phosphaigta and suppression of
insulin-stimulated glucose uptake. Furthermoreadgnerated from our lab in the past 5
years strongly suggest that t10,c12 CLA activat&P&R, as calcium levels are elevated
and chemical inhibition of proteins involved in @aim signaling, like PLC, DGK, and
calcium/calmodulin-dependent protein kinase (CaNlK#ttenuates t10,c12 CLA
signaling. Therefore, future studies will be coneédcto determine the GPCRs potentially
activated by t10,c12 CLA. Microarray data generatedur lab by Dr. Arion Kennedy
will be analyzed to determine the GPCRs expressenur cultures of primary human
adipocytes, and subsequently confirmed using Tagdaays from Applied Biosystems.
In addition, a GPR40 inhibitor will be obtained rmo Dr. C. Jayawickreme at
GlaxoSmithCline, RTP, NC to determine its role10,c12 CLA-mediated inflammatory
signaling and insulin resistance. Interestingly, ewe preliminary data showing that a
GPR120 agonist, which has been shown to antago@GP&40 signaling, dose-
dependently attenuates t10,c12 CLA-induced inflatonyagene expression (data not
shown). Lastly, candidate GPCRs will be knocked nlaising siRNA to determine their
involvement in elevated intracellular calcium leyeinflammatory gene expression,

insulin resistance, and delipidation.

In summary, further research is needed to bettatenstand the upstream
mechanisms responsible for t10,c12 CLA-mediatelmmmation, insulin resistance, and

delipidation. The proposed studies will providetifier insight into the t10,c12 CLA’s
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mechanism of action, which will be important fola@ating the efficacy, specificity, and

potential side effects of CLA consumption for useaaveight loss agent.
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