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ABSTRACT

Coconut oil enhancement of conjugated linoleic acid-induced body fat loss and lipolysis in mice
Siri Manasa Ippagunta

Dietary conjugated linoleic acid (CLA) causes a body fat loss that is enhanced when mice are fed
coconut oil (CO) compared to soy oil (SO). The objectives were to determine if CLA feeding
altered proteins involved in lipolysis. Male mice (n=80; 3 wk old) were fed 7% SO or CO diets
for 6 wk then 0 or 0.5% CLA for 12d. A body fat index was calculated: (retroperitoneal (RP)
+epididymal (EPI) fat pads)*100/body weight. Lipolysis was determined by non-esterified fatty
acid (NEFA) and glycerol release from EPI & RP explants. The relative expression of perilipin,
phosphorylated perilipin (P-perilipin), hormone sensitive lipase (HSL), phosphorylated HSL (P-
HSL), adipocyte triglyceride lipase (ATGL), and adipocyte differentiation related protein
(ADRP) were determined by western blotting. The body fat index was reduced by both CLA (P
<0.05) and CO (P <0.001) but there was no interaction. NEFA release was increased by CLA in
CO-fed mice (2.94 and 8.63 umol/g; P<0.05) but not in SO-fed mice (1.76 vs 2.26 pmol/g
tissue). Glycerol release was not affected by CO or CLA. Total perilipin had a main effect of oil
source, where it was decreased by CO feeding (P < 0.05) but P-perilipin tended to be increased
by CLA in SO-fed mice and decreased by CLA in CO-fed mice (P=0.08). HSL expression had a
main effect of oil source where CO feeding decreased the expression (P < 0.05), but P-HSL
expression wasn’t affected by diet. ATGL expression had a main effect of oil source, it was
decreased by CO feeding (P < 0.01) but wasn’t altered by CLA. This may indicate that the CLA-
stimulated lipolysis in CO-fed mice is on the decline since P-perilipin, and P-HSL are associated
with increased lipase activity. ADRP expression wasn’t affected by any diet, suggesting that
there is no significant de-differentiation of adipocytes in vivo. In conclusion coconut oil enhances
the anti-obesity effect of CLA and this effect is, at least in part, due to enhanced lipolysis.



ACKNOWLEDGEMENTS

Several people played an important role in the accomplishment of this thesis and I would like to
thank all of them. Firstly, I would like to thank my advisor, Dr. Barnes for giving me an
opportunity and guidance to work with her. I would also like to thank Dr. Dennis Smith for
providing me with financial aid for part of my study here. I would also like to thank my
committee members for giving us advice when we were stuck in our research.

Finally, I would like to thank my friends for bearing with me during these two years and helping
me out. Last but not the least I thank my family for the support they have given.



TABLE OF CONTENTS

ABSTRACT .otiitistsmssmssmsasssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss sessssssssssssssssssssssnssasssssssssssssassnssnsss i
ACKNOWLEDGEMENTS tiitismimismsmsassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnssasssssnsss ii
TABLE OF CONTENTS...oiciiiimsmssmsnmsnssmsssssssssssssasssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssssssssssanes iv
LIST OF TABLES ... titinsnsamssmnsssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnsssssssssssnsns Vi
LIST OF FIGURES ..ot sssssssssssssssssssssssasssssssssassssssssssssssssssssnnasss vii
INTRODUCTION ititsumsusssssusssssssssssssssssssnsssssssssssssssssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssassnss 1
CHAPTER 1: REVIEW OF LITERATURE ....occiinimmmmmmmsmsssssssssssssssssssssssssssssssssssssssssssssssssss 3
EFFECTS OF CLA ...ttt et ettt ettt e st e e e bae e st ee e sabeeenaee 4
BOAY COMPOSIEION ...ttt ettt ettt ettt eat e s b e s bt et eabesbee s b e et e sabesaeesbee bt emeesaeesbeenbee sentesneesbeenseenrens 4
INSUIIN SENSTEIVILY «.veuvenrirtiireriietiieete ettt s bbbt ettt e b e b s e b e s b e sre s bt sae e besreenesaeeneeanens 6
2] 1T L& B F 03 o I ¢ o) (TS 7
MECHANISMS OF CLA ACTION ..ottt 8
Feed efficiency and energy eXPenditlre..........cceruirieririririnieeeeeieste ettt r st sae st n e ee 8
LI PO SIS 1 uteteettett ettt ettt ettt et s bbbt et sh e s h e b et e a et bt e h e b e h e e b e e bt e R b e ea R e eh e e b e e b e £ eabesaeesheenbe et e eaeeeheenneenee 10
Apoptosis and CEIl SIZNALING.......c.eiviiiiiiiienrrer ettt s r e st b ettt e et resr e n e 12
Peroxisome proliferator activated TECEPLOTS ........eruterreertirierieriterteete st sttt ettt sbee st b e e s b et e b e sebesbeesbeebesanesaees 13
METABOLISM OF CLA ...ttt sttt ettt sttt e eeees 15
SUMMARLY ettt et e b e et e bt e et e bt e sab e e bt e eabeebee st e enbeesae 17

INDUCED BODY FAT LOSS AND LIPOLYSIS IN MICE .....cccoccvmsmmmmmmmmmmsmssssssssssesssssssssnss 20
INTRODUCTION ..ottt ettt st et et e sbt e st e st e et e naeeeaeees 21
METHODS AND PROCEDURES ..ottt 22

ANIMAL PIOLOCOL ...ttt ettt et sa e s h e bt s bt bt ae et et e e et e nbesbeebesae ebeseeebesbeeneeanene 22



|51 oT0) § S TSP S O S U T S USSP P TP PIPPPRION 23

WESTETTL DIOTEINE ...ttt ettt ettt s bt e bt et e st e s bt e s be e bt e st e saeesbe e bt e bt saeeebeenbe et e enbeeneenbeenbeentens 24
SEAtISTICAL ANALYSIS 1.vevireriietieiieeet ettt sttt et b e et r e s bbbt e bt e a et e et e s b e b e nbe e bt bt e bt eae s sh e b e et ne et eneen 24
L2 ] 0 5 I TSP 25
Body weight, feed intake, and body COMPOSIEION ...cvvererrierierieniierieeie ettt ettt sb e seesbeesbeeeesaees 25
51070 ) § S ST SUPOSEOS O S TR S OSSP PP PPPPION 25
PrOTEIN EXPIESSION ...uviutitietieteeiie sttt et sttt sb e ettt sae e s bt e bt e at e e bt e b e et e ea b e ease s b e e b e et e sabesbeenbeenbeemsesate eesbeenseenseeneenne 26
DISCUSSION ...ttt ettt ettt et st sae et s sbt b e sae e 27
CHAPTER 3: FUTURE DIRECTIONS .....cioimsmsmmnsnmmssssssssmssssssssssssssssssssssssssssssssssssasssssassassasssnss 34
REFERENCES ...oictiitimimsmsmnnsnssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns sasssssssssssssssssssnssnssnnsssss 37



LIST OF TABLES

Table 1. Effect of oil source and/ or CLA on feed intake, and body weight

vi



Figure 1.

Figure 2.

Figure 3.

Figure 4.

LIST OF FIGURES

Possible mechanisms by which CLA causes body fat loss

Effect of dietary CLA and oil source on body composition

Effect of dietary CLA and oil source on lipolysis

Effect of dietary CLA and oil source on adipose tissue protein expression

vii



INTRODUCTION:

Conjugated linoleic acid (CLA) refers to a group of positional and geometric isomers of
linoleic acid. The ¢9, t11 and t10, c12 isomers were found to be the two biologically active
isomers known to date. CLA was first discovered as an anti-carcinogen in grilled beef (1).
Since their initial discovery, CLA was found to have several other health benefits including
enhancing the immune response (2), reducing atherosclerosis (3-5), and reducing body fat gain
(6, 7). The main natural sources of CLAs are lipids in the meat and milk of ruminant animals.
Dietary linoleic acid (18:2 ¢9, ¢12) and a-linolenic acid (18:3 ¢9, c12, c15) are biohydrogenated
to stearic acid (18:0), by the fermentative bacteria in the rumen. The first isomerisation results in
the formation of the ¢9, t11 isomer, also known as rumenic acid (8). Further biohydrogenation
yields vaccenic acid (18:1 t11), and finally stearic acid. A mix of CLA, vaccenic acid and
saturated products flow from the rumen and are absorbed from the small intestine. Ruminants
and non-ruminants can also synthesize CLA in most tissues from vaccenic acid (18:1 t11) by the
action of the A-9 desaturase (9). Chemically synthesized CLA has 40-41% of ¢9, t11 isomer, 43-
45% of t10,c12 isomer and 4-10% of t9,t11/t10,t12 isomers. The isomer that is the most

abundant in natural sources is ¢9,t11 (8).

The different biological effects of CLA are likely due to the multiple isomers acting
individually or synergistically. The t10,c12 isomer is the active form in altering the body
composition while the ¢9,t11 isomer is more effective in causing an anti-carcinogenic effect (10,
11). Both isomers were found to have similar effects on immune responses (2). The t10,c12
isomer causes a loss in body fat. Since CLA has been found to have such a multitude of
beneficial effects, I am going to further discuss what these effects are and how CLA is able to

elicit these effects. Because obesity has been a growing problem in recent years, the emphasis of
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this discussion will be on how CLA causes alterations in body composition.



CHAPTER 1: REVIEW OF LITERATURE



EFFECTS OF CLA

Body composition:

The first study which identified the effect of CLA on body fat showed that, feeding mice
0.5% CLA (by weight) for 4 wks lowered the percentage of body fat by nearly 60% and
increased lean mass without affecting body weight (6). The water and ash content also increased
with feeding of CLA. Further studies indicated that CLA caused a decrease in fat content in
mice (6, 7), rats (12, 13), hamsters (14) and pigs (15, 16) at doses of 0.5-2 % CLA. Several
studies indicated that there was also a decrease in the body weight of mice, along with the
decrease in body fat (7, 10) while other studies found no effect on weight (12, 13). Regardless of
the dietary fat content, CLA caused a reduction in fat deposition in mice (7). Mice fed either a
mixture of CLA isomers or the t10,c12 isomer alone had a reduction in body fat and weight
while those fed the ¢9, t11 isomer did not differ in their body composition compared to the

controls (10, 17).

Despite consistent results of CLA feeding in rodents, CLA consumption in pigs has
resulted in variable changes in body composition. Body fat was reduced in some studies (18, 19)
and was not affected in others (20, 21). This difference might be due to the duration of feeding
CLA and also the fat content of the diets. Pigs fed high fat diets were less responsive to CLA
when compared to those fed low fat diets (18, 22). It was also reported that CLA caused an
increase in the saturated fatty acid, and decrease in unsaturated fatty acid, content of the
longissmus muscle and belly fat (19, 20). This caused an improvement in meat firmness. There
was also an increase in intramuscular fat while there was a decrease in subcutaneous fat (23).

Hence CLA caused an improvement in pork quality.



Conversely, CLA causes a decrease in adipose deposition in lean Zucker rats but an
increase in obese Zucker rats (12). These studies indicate that there are differential effects in
different species and raises a question if CLA supplementation to humans has any adverse effect.
Also, most of these studies were done in young growing animals so the effect in mature animals

is not yet clear.

Results from studies in humans are, like the above animal studies, highly variable. Some
studies indicate a reduction in body fat (24, 25) while others show no effect (26, 27). The studies
in which there was a decrease in fat mass were those studies in which subjects were
supplemented with a higher percentage of CLA relative to those studies in which no effects were
detected. Whigham et al. (28) performed a meta analysis to analyze the efficacy of CLA as a
treatment for altering body composition. They included 20 studies and concluded that CLA does
cause a reduction in body fat; however, the reduction at a dose of 3.2 g/day of CLA was small.
Hence, further studies should be conducted to determine if CLA can reduce body fat in humans

and identify active isomers and doses.

The fat lowering effect of CLA is enhanced by feeding coconut oil (CO) or fat-free diets
(29, 30). Mice fed a 7% CO diet for 6 wks and then supplemented with CLA had a greater
reduction in body fat compared with mice fed soybean oil (SO) and then supplemented with
CLA (29). In addition to being deficient in essential fatty acids, CO is composed of higher
concentration of short and medium chain saturated fatty acids (12 to 16 carbons) compared to
SO, which has mostly saturated and unsaturated 18 carbon fatty acids. Similar results have been
obtained with fat-free diets (30), indicating that something in SO is counteracting the effect of
CLA . The reason for the enhanced effect with CO is not completely known yet, but many

involve enhanced lipolysis (31).



Insulin sensitivity:

It is well recognized that obesity impairs insulin sensitivity and promotes the risk of Type
2 diabetes. However, an initial study with 6 wks old male Zucker (fa/fa) rats showed thata 1.5
% CLA diet fed for 14 d normalized glucose tolerance in obese rats thus, preventing or delaying
hyperglycemia (32). It was thought that CLA acted similar to thiazolidinediones (TZD) by
binding to peroxisome proliferator activated receptor-y (PPAR-y) as it has been reported that
CLA can induce activation of PPAR-y to an extent similar to that of TZD and thus, causing a
reduction in circulating lipids. CLA was found to have the same effect when supplemented with
high fat (45% Kcal from fat) diets (33). Feeding 1% CLA to high-fat fed Sprague Dawley rats
for 8 wks showed that CLA enhanced glucose tolerance. There was no difference due to the type
of isomer. This decreased insulin resistance may be due to increased fat oxidation as a result of
increased mRNA levels of acyl coenzyme A, which is a key enzyme in the peroxisomal j3-

oxidation pathway (33).

As opposed to the above studies with rats, mice fed 1% CLA demonstrated no
improvement of insulin sensitivity (34). Furthermore, high metabolic rate mice fed CLA had an
increase in insulin resistance. Obese mice fed t10, c12 CLA also had an increase in insulin
resistance and serum glucose levels, while the ¢9, t11 isomer reduced serum lipids (TAGs,
NEFA) without causing impairment in the insulin action (35). The differential response of mice
fed t10,c12 compared to those fed c9,t11 may be due to their differential effects on steroyl
element binding protein (SREBP-1), a key transcription factor regulating hepatic lipogenesis.
The c9,t11 isomer caused a reduction in SREBP-1 mRNA expression while the t10,c12 isomer
had no effect on SREBP-1 expression. It was suggested that ¢9, t11 improved glucose

metabolism. However, in a human study, Riserus et al. (36) reported that feeding 3g/day of ¢9,



t11 CLA to obese men (35-60 y old) caused an increase in insulin resistance and lipid
peroxidation. This increased insulin resistance was thought to be the result of impaired cell
signaling due to an increase in free radicals. These differences might be due to differences

between species or differences in metabolic state.

Blood lipid profile:

Obesity increases the risk of coronary heart disease, hence alterations in the body fat may
change the risk of artherosclerosis. Atherosclerosis is a disease characterized by high levels of
blood cholesterol, triacylglycerides (TAG), and lipoproteins. Dietary CLA was found to alter
the serum lipid profile in several models (3-5). Rabbits fed 0.5 g CLA/day showed a marked
reduction in total cholesterol (TC), low density lipoprotein (LDL) cholesterol, and serum TAG
concentration (3). Also, there was a decrease in the ratio of LDL to HDL (high density
lipoprotein) and TC, which would lower the risk of cardiovascular disease. This effect was later
confirmed to occur in hamsters (5) and mice (4). A mouse study reported an increase in HDL
without effecting TC in CLA-fed animals (4). Studying the individual isomers, it was found that
the t10,c12 isomer and not the ¢9,t11 isomer caused a decrease in LDL and TC content (14). It
was also found that CLA had an enhanced positive effect on blood lipids when supplemented to

a saturated fat diet (coconut oil) rather than a diet high in unsaturated fat (corn oil) (37).

In contrast to the above results, a pig study reported that feeding a 1% CLA caused an
increase in serum very low density lipoprotein (VLDL) and LDL with no effect on HDL
concentration (38). Another study showed no change in blood lipid measurements when pigs
were supplemented with 2% CLA (39). Also, it was found that there was an increase in TAGs

and decrease in HDL concentration with 0.66% of either a CLA mix or with the t10,c12 isomer



alone (14). This increase in TAG was thought to be a function of an increase in the liver size
found in this study. Hence, the differential effects observed might be due to the different

species.

Above we have discussed several biological effects of CLA supplementation. The
different effects are likely due to the different isomers acting individually or synergistically.
CLA is found to alter the fate of lipids in the body. Thus, reducing the body fat content, the risk
of artherosclerosis, and altering glucose tolerance. By understanding the mechanisms of action
of CLA we may explain some of the discrepencies noted above regarding the effects of dietary

CLA.

MECHANISMS OF CLA ACTION

Although many studies have shown that CLA supplementation reduces fat deposition or
body fat content, and in some cases even body weight, the mechanisms of action of CLA are
unclear. Several possible mechanisms have been proposed and investigated. It is thought that
CLA acts by altering energy expenditure, lipolysis, adipocyte apoptosis, and/or the expression of

various proteins. In this section I shall discuss more about the possible mechanisms.

Feed efficiency and energy expenditure:

Several studies have reported that CLA can cause a reduction in weight gain, fat
deposition, and overall body fat content, but the mechanisms are unclear. Some studies have
shown that CLA causes a reduction in feed intake (7, 10). This reduction of feed intake

however, is not likely to be the cause of the reduction in body fat since, mice pair-fed a control



diet to the intake level of the CLA-fed mice did not differ in body fat compared to ad-libitum fed
controls, while the CLA fed mice were leaner (17). Also, a decrease in body fat mass has been
observed even when there was no reduction in feed intake (13, 40), suggesting other mechanisms

involved in the decline of lipid deposition in adipocytes.

West et al. (7) supplemented 1% CLA to high- and low-fat fed mice and reported that
there was increased energy expenditure (EE) in mice supplemented with CLA with a
simultaneous reduction in food intake. This increased EE may account for the decrease in body
fat. Later, West et al. compared the increase in EE and the loss in adipose deposition and found
that the increased EE is sufficient to account for the decreased adipose content in CLA fed mice
(41). Another study showed that the percentage of energy utilized or stored in the body
(calculated as: energy intake-[energy expended as heat + energy lost in excreta]) decreased from
1.9% to — 2.3% in mice fed CLA (40). The negative value indicates that in the CLA group there
is no storage but loss of body energy occurring. All these studies showed that increased EE

contributes to the body fat loss.

Uncoupling proteins (UCPs) play a role in energy expenditure and thermogenesis. UCPs
are found in the inner mitochondrial membrane and allow protons to flow from the mitochondrial
inter-membrane space to the matrix, thereby "uncoupling" electron transport from the production
of ATP. The energy of the electrochemical gradient is dissipated as heat. The different
homologs are: UCP1, expressed primarily in the brown adipose tissue; UCP2, expressed
ubiquitously in multiple tissues; UCP3, expressed in skeletal muscle and brown adipose tissue;
and UCP4 and UCPS5, about which not much is known (42, 43). It is possible that these UCPs
are involved in the enhanced energy expenditure in CLA-supplemented animals. West et al.

didn’t detect any effect of CLA on UCP1 expression (41). However, studies have indicated that



increases in UCP1 and UCP3 gene expression don’t relate to changes in energy expenditure (7,
44). Additionally a study has shown that feeding male mice 1.5% CLA caused a decrease in
UCP1 and UCP3 in brown adipose tissue (45). Hence, UCP1 and UCP3 don’t seem to be related
to the increased energy expenditure in CLA-fed animals. It was found that CLA
supplementation caused an increase in UCP2 expression in brown and white adipose tissue and
in skeletal muscle. This increase in UCP2 mRNA was accompanied by a simultaneous decrease
in adipose deposition (45, 46). As UCP2 is the predominant UCP in adipose tissue, an increase
in UCP2 expression may be a mechanism of increased energy expenditure in animals fed CLA

and thus, a mechanism of reduction in adipose deposition.

Lipolysis:

Lipolysis is the process by which TAGs in the fat cells are broken down and non-
esterified fatty acids and glycerol are released. This process is a potential target for several
therapeutics for obesity and inborn errors (i.e. conditions with errors in lipid energy metabolism).
Lipolysis is stimulated by low circulating levels of glucagon and catecholamines and increased
expression of tumor necrosis factor o (TNF-a)). Mature adipocytes have unilocular lipid droplets
(LDs) surrounded by the protein perilipin (Plin). Plin is the main effector of protein kinase A
(PKA) stimulated lipolysis. When stimulated, Plin is phosphorylated by PKA and allows lipases
to act on the TAGs. Hormone sensitive lipase (HSL) and adipocyte triglyceride lipase (ATGL)
are the important adipocyte lipases; collectively they account for about 94% of lipolysis
(characterized by the release of free fatty acids) (47). HSL has greater affinity towards
diacylglycerides than towards TGs. It is activated by phosphorylation in any of four possible
sites (48); upon activation it translocates to the LD surface (49). HSL is also required for normal

adipose tissue function and structure, as HSL-deficient mice have adipocyte hypertrophy and an
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increase in inflammatory infiltrate in white adipose tissue (50). ATGL was recently discovered
to catalyze the first step of TAG hydrolysis; inhibition of ATGL caused a significant decrease in
acyl-hydrolases activity (51). ATGL is associated with both basal and stimulated lipolysis (47).
Comparative gene identification (CGI-58) is a protein associated with the LD and Plin in the
basal state and acts as a co-activator of ATGL (49). In the basal state of lipolysis, CGI-58 is
bound to Plin, when lipolysis is stimulated CGI-58 dissociates from Plin and binds to ATGL thus

activating it.

Chung et al. reported that t10,c12 CLA supplementation increased lipolysis in human
adipocyte cultures (52). They also reported that there was an increase in cytosolic perilipin
accumulation, followed by a decrease in the expression of perilipin and HSL. It was also
reported that along with the decreased expression of Plin there was an increase in adipocyte
differentiation related protein (ADRP) expression when cells where treated with CLA (53).
Similar to Plin, ADRP surrounds the LDs in immature adipocytes which are multilocular, rather
than unilocular as in case of mature adipocytes. Thus, an increase in ADRP expression indicates
an increase in the number of immature adipocytes. Increased immature adipocytes in a culture
system are likely the result of de-differentiation of mature adipocytes. The activation of lipolysis
was found to be induced by the activation of the ERK/MAPK pathway (53), indicating that CLA
may stimulate lipolysis by a cAMP-independent pathway. This could contribute to the decrease

in lipid accumulation in adipose tissue.

In contrast to the above studies, there are also some studies which showed that CLA
didn’t alter lipolysis. Brown et al. found that lipolysis in cultures of human adipose tissue was
unaltered by either of the CLA isomers after a 3-day supplementation (54). This finding was
later supported by others where they observed an inhibition in lipogenesis, but no effect on

11



lipolysis (55-57). This discrepancy may be because the studies in which an effect on lipolysis
was observed, the cultures were serum-starved for 12-24 h prior to supplementation of CLA

which causes a deficiency of fatty acids in the culture.

Apoptosis and cell signaling:

In a study by Evans et al., 3T3-L1 preadipocytes cultured with t10, c12 CLA underwent
apoptosis, reduced preadipocyte differentiation, and thus, decreased adipocyte cellularity (58). It
was found that CLA caused apoptosis and decreased cell viability of 3T3-L1 cells in a dose
dependent manner (59). These effects on preadipocytes were thought to contribute to the anti-
obesity effect of CLA. Confirming this, a study feeding mice with either a CLA mix, or the
isomers alone, found that the CLA mix and the t10, c12 isomer caused an increase in DNA
fragmentation indicating increased apoptosis (17). CLA-induced apoptosis was also confirmed
by increased amounts of cleaved caspase-3 (active form) (60). However, the degree of caspase-3
activation did not correlate with the degree of fat loss. Also, the increased DNA fragmentation
in 3T3-L1 cells was observed only in proliferating cells indicating that preadipocytes are more

sensitive to CLA-induced apoptosis than adipocytes (60).

TNF-a is a cytokine that is known to induce apoptosis. The possible mechanism for
CLA induced apoptosis was investigated and it was found that feeding 1% CLA to mice led to a
12-fold increase in TNF-a expression in adipocytes, which corresponded with increased
apoptosis of adipocyte cells (46). TNF-a has also been found to inhibit synthesis of lipoprotein
lipase (LPL), acetyl CoA carboxylase (ACC), and fatty acid synthase (FAS), enzymes involved

in lipid uptake and de novo fatty acid synthesis (61, 62).
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Prolonged endoplasmic reticulum (ER) stress can also lead to apoptosis. The ER stress
pathway is regulated by 3 transmembrane proteins — protein kinase-like endoplasmic reticulum-
resident kinase (PERK), activating transcription factor 6 (ATF6) and inositol-requiring enzyme
1 (IRE1). On sensing stress these proteins are activated. The mechanism of stress related
apoptosis is not clear but caspase-12 and CHOP (a proapoptotic protein) are found to play an
important role. CLA was found to induce CHOP and thus activate the IRE1 arm of the stress
pathway (63). This could lead to a decrease in cell number and may be one mechanism of

reduction in fat content due to CLA.

While the above studies show an increase in apoptosis with CLA, a study feeding rats
either 0.25% or 0.5% CLA found that there was a decrease in adipocyte cell size but there was
no difference in cell number between the control and CLA supplemented diets (64). The
difference observed in this study might be due to the fact that they counted the total number of

cells per fat pad and not per unit area, and also, they didn’t assess cell viability.

Peroxisome proliferator activated receptors:

The ligand-activated peroxisome proliferator activated receptors (PPARSs) are a family of
transcription factors that modulate lipid metabolism, belonging to the steroid receptor
superfamily. Three types of PPAR have been found, in amphibians, rodents, fish, and humans,
which are PPAR-a, PPAR-B/6 and PPAR-y. PPAR-a responsive elements have been identified
in regulating regions of various genes like acyl-CoA oxidase (ACO), enoyl-CoA hydratase,
cytochrome P450 4A family (CYP4A1), liver fatty acid binding protein (L-FABP), acyl CoA
synthase, and LPL and are mainly expressed in liver, kidney, and heart. PPAR-/5 is expressed

in almost every tissue. PPAR-y is expressed only in adipose tissue and is required for adipocyte
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differentiation (65). PPAR-y is also essential for glucose uptake and TAG accumulation in
adipose tissue and regulates the expression of genes like sterol regulatory element binding
protein (SREBP), stearoyl-CoA desaturase (SCD), ACC, LPL, and glucose transporter 4
(GLUT4) (66). PPAR-a is activated by hypolipidemic agents of the fibrate family and by
leukotrienes. PPAR-B/3 is activated by fatty acids. PPAR-y is activated by prostaglandins and

thioazolidinediones.

CLA is structurally similar to the ligands of PPARs and has been shown to activate the
PPARs (32, 65, 67). CLA activation of PPAR-a led to the activation of the PPAR responsive
genes ACO, FABP, and CYP4AL1 in vivo (65). This indicates that at least part of the effects of
CLA on cancer, obesity, and atherosclerosis may be mediated by PPAR-a activation. CLA
effects on PPAR-y are variable. Some recent studies have shown that CLA decreases PPAR-y
activity (68) while others have reported that PPAR-y is activated by CLA (32). t10,c12 CLA
was found to decrease ligand-induced activation of PPAR-y and also decrease its protein levels
(68). Further, it caused a reduction in mRNA and protein levels of GLUT4 and LPL. Many
studies have also demonstrated that CLA has the capacity to inhibit the expression and activity of
SCD, a PPAR-y responsive gene (69, 70). As SCD is required for monounsaturated fatty acid
synthesis in mature adipocytes, a reduction in SCD activity may indicate reduced fatty acid
synthesis and hence indicate a reduction in adipocyte differentiation. CLA was found to repress
the differentiation of pre-adipocytes into adipocytes in vitro in mouse 3T3-L1 cultures (71). As
differentiation is required to get mature adipocytes which have the capability to synthesize and
store lipids, a decrease in differentiation might attribute to the lowering in TAG content and body
fat caused by CLA. In contrast to the above studies, some studies have shown that CLA causes

activation of PPAR-y and improves hyperinsulinemia and increases glucose sensitivity (32, 72).
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Most of these studies were done with obese animals. The reason for this discrepancy is not
known but it may be that prolonged treatment in genetically obese animals causes an activation

of PPAR-y while in normal mice its activity is decreased.

METABOLISM OF CLA

Even though the effects of CLA and a few of its mechanisms are known, the fate of CLA
in a biological system is not clear. It is not known if CLA is eliciting its effects directly or
through its metabolites. CLA has a backbone structure similar to oleic acid (18:1) owing to its
conjugated diene double bond system. Hence, it is incorporated into tissues similar to oleic acid,
primarily into neutral lipids in adipose and mammary tissues (73). Despite an incorporation
pattern similar to oleic acid, CLA is metabolized like linoleic acid (LA) (18:2). It has been
shown that CLA can undergo A6 desaturation, elongation, and A5 desaturation and produces
metabolites with a conjugated diene structure in animal and human tissues (74, 75). It has been
reported to form conjugated 18:3, 19:2, 20:2, 21:2, 20:3 and 20:4 fatty acids (75, 76). Rats fed
either a CLA mixture or pure isomers had 18:3 and 20:3 conjugated isomers in liver tissues (75).
The further conversion into 20:4 has been found to occur to a greater extent in animals that were
fed diets low in LA and hence might be dependent on LA/CLA ratio in the diets (11, 73, 75).
CLA has also been found to undergo B-oxidation to yield 12:2, 16:2, 16:3 isomers (76, 77). CLA
isomers may compete with LA for the metabolizing enzymes. This has been supported in a
study where supplementing t10,c12 isomer was found to inhibit the A9 desaturation of stearic
acid into oleic acid and also the A6 desaturation of linoleic acid but only at a high non-

physiological concentration (74). The ¢9,t11 isomer also inhibited the A6 desaturation of linoleic
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acid. Also, another study showed that feeding rats with increasing levels of CLA caused a
significant dose-dependent decrease in the content of LA metabolites in adipose and mammary
tissues (78). However, this decrease in LA metabolites was not observed in liver and plasma
and, above 1% CLA there were no further decreases. This indicates that CLA may compete with

LA, especially in tissues where it is maximally incorporated.

The metabolism the ¢9,t11 and the t10,c12 isomers of CLA appears to be different.
Feeding t10,c12 CLA produces large amounts of 18:3 fatty acid and little 20:3, while c9,t11
CLA is converted to both 18:3 and 20:3 isomers in similar amounts (79). This difference in

metabolism might account for the differential biological effects exerted by the two isomers.

Recently, it has been found that CLA metabolites and other conjugated fatty acids can
also exert potent biological effects. Conjugated eicosadienoic acid (CEA) a 20:2 fatty acid
formed possibly by the elongation of CLA, was found to cause changes in body composition
similar to CLA. CEA caused a significant decrease in body fat content and tended to increase
water and protein content (76). In cultures of 3T3-L1 adipocytes CEA caused an inhibition in
LPL activity, increased glycerol release (indicating increased lipolysis), and reduced total TAG
content. Of the two conjugated isomers of CEA, the t12,c14 isomer was found to be the active
form. However, CEA requires longer incubation periods and/or higher concentrations to give
similar effects to CLA. Conjugated 20:3 Ac8,t12,c14 (CETA), the A6 desaturation and
elongation product of t10,c12 CLA also inhibited LPL activity and enhanced glycerol release but
to a lesser extent than CLA. Conjugated nonadecadienoic acid (CNA), a 19:2 fatty acid was also

found to cause a reduction in body fat content and LPL activity similar to CLA (80).
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The observed effects of CLA may be direct or due to one or more of its metabolites. It is
also possible that the CEA and CETA may be converted back to CLA to cause the effect, since
in cultures supplemented with CEA or CETA there was CLA detected. However, we cannot be
sure if this would occur in animals as conversion of CEA to CLA requires peroxisomal [3-

oxidation and therefore, has to escape from the mitochondrion to elicit its effects.

SUMMARY

CLA has been found to cause multiple biological effects including anti-inflammatory,
anti-obesity and anti-carcinogenic effects. The complete mechanisms are not yet clear but,
several possible mechanisms explaining the effect of CLA on body composition have been
reported (Figure 1). CLA has been found to cause alterations in both adipose tissue and liver. In
the adipose tissue CLA has been found to increase lipolysis, and decrease adipocyte cell number,
accumulation of TAG, and glucose uptake. There was also an increase in body energy
expenditure. These effects are largely due to alterations in the expression of different proteins.
Dietary CLA may cause an increase in lipolysis by inducing signaling through the MAPK/ERK
pathway, and in a few studies have also been found to lower perilipin expression. CLA causes
an increase in UCP2 expression, causing an increase in energy expenditure. It has also been
found that consumption of CLA lowers the expression of PPAR-y, which in turn causes a
decrease in differentiation of adipocytes and also effects the expression of several proteins that

lower TAG accumulation and hence adipocyte size.

In the liver, CLA has decreased FAS and increased CPT1 expression, which cause a

decrease in fatty acid synthesis and an increase in f-oxidation. It has also been found to alter the
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expression of PPAR-a, increasing its expression which in turn causes an increase in fatty acid

oxidation by causing an increase in ACO and CYP4A1 expression.

The isomers of CLA are metabolized differentially and hence may be the basis for the
different effects of the isomers. Some of the conjugated metabolites of CLA have been found to
lower body fat and to effect lipolysis. Consequently, more research is needed on the mechanism

of action of CLA to fully understand its beneficial and any potential detrimental effects.

18



CETA— — 1Lipolysis

CLA 4_,—’ CEA- > | LPL

L FAS TCPT1| | ppAR- 1U Tmﬁm +TNF-a | || CERP« | || PPARS
L SREBP1 1 LFL j;l —F ERK I Il
3 |
o] = L [
1FA md,um"“llm expenditure !
s,nm T /

/ | Adipocyte cell
L numnber
BODY FAT CONTENT I TG 1 SRERP, | SCD,
scconmnlation JACC, | LPL

| Adipocyte |

1 Gincose npiake lGLUTA

Fig 1. Possible mechanisms by which CLA causes body fat loss. — Represents mechanism
reported by several studies, — — represents mechanism reported by just one study. FAS, fatty
acid synthase; SREBP, sterol regulatory element binding protein; CPT, carinitine palmatoyl
transferase; LPL, lipoprotein lipase; PPAR, peroxisome proliferator-activated receptor; ACO,
acyl-CoA oxidase; CYP4Al, cytochrome P450IV Al; FABP, fatty acid binding protein; UCP,
uncoupling protein; Plin, perilipin; TNF, tumor necrosis factor; SCD, stearoyl CoA desaturase;
ACC, acetyl CoA carboxylase; GLUT, glucose transporter; C/EBP, CCAT enhancer binding
protein; FA, fatty acid; TG, triacylglycerides.
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CHAPTER 2: COCONUT OIL ENHANCEMENT OF CONJUGATED LINOLEIC ACID

INDUCED BODY FAT LOSS AND LIPOLYSIS IN MICE
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INTRODUCTION:

Conjugated linoleic acid (CLA) refers to a group of positional and geometric isomers of
linoleic acid. CLA was first discovered in grilled beef and was found to have anti-carcinogenic
properties (1). Since then, dietary CLA has been found to have anti-inflammatory (2), anti-
atherogenic (3-5), anti-carcinogenic (1, 10, 11), and anti-obesity effects (6, 7). The 18:2 ¢9, t11
and t10, c12 isomers are the two biologically active isomers known to date. The t10, c12 isomer

is solely responsible for the induction of body fat loss (10, 17).

The loss of body fat induced by dietary CLA can be enhanced when mice are fed a
coconut oil (CO) containing diet compared to mice fed a soybean oil (SO) containing diet (29).
CO is composed of a higher concentration of short and medium chain saturated fatty acids (12 to
16 carbons) and is deficient in the essential fatty acids linoleic acid and a-linolenic acid,
compared to SO which has mostly saturated and unsaturated 18 carbon fatty acids and an
abundant supply of linoleic acid. We have also reported increased sensitivity to CLA-induced
body fat loss in mice consuming fat free diets (30), indicating that something in SO, and not in
CO, interferes with the full effect of CLA. The mechanism behind the enhanced response with

CO feeding is not yet completely known.

Preliminary data from our laboratory indicated that dietary CLA caused an increase in
basal lipolysis, in CO- and fat free-fed mice, but not in SO-fed mice (31). This is in agreement
with several cell culture studies that have shown that CLA supplementation causes an increase in
lipolysis (52, 53). Lipolysis can be stimulated by low circulating levels of glucagon and
catecholamines and increased expression of tumor necrosis factor o (TNF-a) (81). Mature

adipocytes have unilocular lipid droplets (LDs) surrounded by the protein perilipin (Plin). In the
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basal state of lipolysis, perilipin and comparative gene identification-58 (CGI-58) form a
complex on the LD, adipose triglyceride lipase (ATGL) is localized partially to the LD, and
hormone sensitive lipase (HSL) is localized to the cytoplasm (49). When lipolysis is stimulated,
cAMP-dependent protein kinase (PKA) activation results in phosphorylation of HSL and
perilipin. Phosphorylation of perilipin causes the release of CGI-58, which binds ATGL,
activating ATGL, and initiating lipolysis. Phosphorylated HSL translocates to the LD, associates
with phosphorylated perilipin, and degrades diacylglycerol (DAG). CLA has been found to
cause an increase in cytosolic perilipin (activated form of perilipin), while causing a decrease in

HSL and total perilipin expression (52).

Adipose tissue is composed of multiple cell types including preadipocytes, immature
adipocytes, and mature adipocytes. Immature adipocytes are multilocular with adipocyte
differentiation related protein (ADRP) surrounding the LDs instead of perilipin. It has also been
reported that there is an increase in ADRP expression with a simultaneous decrease in perilipin
expression in CLA-treated adipocytes, indicating that cells are undergoing de-differentiation
(52). It is unclear if this also occurs in vivo. In the current study, we determined the effect of
base oil and CLA on lipolysis, the expression and activation of perilipin and associated lipases,

and if CLA caused any de-differentiation of adipocytes in vivo.

METHODS AND PROCEDURES:

Animal protocol
All animal procedures were approved by the West Virginia University Animal Care and

Use Committee. Weanling male mice (n = 80; 3 wks old; ICR) were obtained from Harlan Inc.
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Madison, WI and housed in a temperature-controlled animal room with a 12 h light:dark cycle.
Mice were fed a purified base diet containing (g/kg): isolated soy protein (200), L-cystine (2.54),
L-methionine (2.54), cornstarch (395.406), maltodextrin (132), cellulose (100), soybean oil (70),
AIN-93G mineral mix (35), AIN-93G vitamin mix (10), choline bitartrate (2.5) (Harlan Teklad,
Madison, WI). A modification of the purified AIN-93G diet with soy protein instead of casein
was used so as to avoid possible intake of CLA from the casein. For the coconut oil (CO) diet,
soybean oil was replaced by fully hydrogenated coconut oil (wt/wt). CLA replaced the base oil
(wt/wt) and was added in the diets to provide 0.5% CLA isomers in the diet. The CLA mixture

contained an equal amount of c9,t11 and t10,c12 (Nu-Check-Prep, Elysian, MN).

Mice were housed four per cage for weeks 1 - 5 and then were individually caged during
weeks 6 - 8. Animals were randomly assigned to base diets: SO (soy oil) or CO (coconut oil).
After 6 wks, half of each of these two groups was given a 0.5% CLA diet for a period of 12 days.
Body weight and feed intake were measured weekly. At the end of 54 days, the mice were killed
by carbon dioxide asphyxiation. Epididymal and retroperitoneal fat pads, livers, and blood were
collected and tissues were weighed. One fat pad pool, consisting of one epididymal and one
retroperitoneal fat pad, for eight mice from each diet was utilized for lipolysis analysis and the
remaining tissues were flash frozen in liquid nitrogen. A body fat index was calculated as:

[(epididymal + retroperitoneal fat pad weights)/ total body weight] * 100.

Lipolysis

One each of retroperitoneal and epididymal fat pads per mouse (n = 8/diet) were pooled,
minced, and incubated in 0.8 ml of DMEM (containing 1 Kunits/ml adenosine deaminase) for 3 h
at 37 C in a shaking water bath. This was done in triplicate for both baseline and stimulated

lipolysis (10 uM isoproterenol). Media samples were collected and analyzed for non-esterified
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fatty acids (NEFA- HR kit, Wako Chemicals, Richmond, VA) and glycerol (free glycerol
reagent, Sigma-Aldrich Inc., St Louis, MO) by colorimetry. NEFA and glycerol concentrations

were corrected for tissue weight and reported as pmol released per gram tissue.

Blood was centrifuged at 2,000 x g for 20 min at 4* C. The serum was collected and the

concentration of NEFA was analyzed similar to the method above.

Western blotting

One fat pad pool per mouse (n = 12/diet) was homogenized in 1 ml of lysis buffer (25
mM HEPES, 5 mM EDTA, 5 mM MgCl,, 10 pul/ml of protease and phosphotase inhibitor mix
(Thermo Scientific, Rockford, IL)) and centrifuged at 14,000 x g for 20 min at 4" C. Protein
content was analyzed by the BCA method (BCA kit, Thermo Scientific, Rockford, IL). Equal
amounts of protein (5pg) were resolved on a 12.5% polyacrylamide gel and transferred to a
nitrocellulose membrane. The membranes were probed with antibodies for perilipin, ATGL,
ADRP (Santa Cruz Biotechnology, Santa Cruz, CA), phospho-PKA substrate (for phosphor-
perilipin), HSL, and phospho-HSL (Cell Signaling Technology, Danvers, MA). Then the
membranes were probed with a HRP-conjugated secondary antibody. Membranes probed with
B-actin (Santa Cruz Biotechnology, Santa Cruz, CA) were used for normalization.
Chemiluminescence was produced using SuperSignal West Pico chemiluminescent substrate
(Thermo Scientific, Rockford, IL). The density of the bands obtained was analyzed by

densitometry.

Statistical analysis
All data were analyzed by a two-way analysis of variance (ANOVA) using a fixed model

testing the main effects of oil source (SO vs. CO), CLA, and the interaction of oil source x CLA.
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F tests, least-squares means, and standard errors of means (SEMs) were calculated using the
mixed procedure of SAS (SAS Institute Inc., Cary, NC). For all tests p < 0.05 was considered

significant.

RESULTS

Body weight, feed intake, and body composition

Body weight was not affected by diet except on the last week where there was an oil
source x CLA interaction (P < 0.05), where CLA caused a 6% increase in weight in SO fed mice
while causing a 5% decrease in CO fed mice (Table 1). Feed intake was not affected by oil
source until week 6, but during the last 2 wks there was a main effect of oil source (P < 0.05)
where CO fed mice had a 5% higher feed intake compared to SO fed mice. Also, on the final
measurement there was oil source x CLA interaction (P < 0.05) where CLA caused a decrease in

feed intake, but only in CO-fed mice.

There was no significant interaction on the body fat index, but both CO (P <0.001) and
CLA (P <0.05) caused decreases in the body fat index (Fig 2). CO caused a 32% decrease in the

body fat index while CLA caused a 20% decrease in body fat index.

Lipolysis

The effect of treatments on lipolysis were determined by the release of NEFA and
glycerol during a 3-h period of baseline and isoproterenol incubation of the fat pads. There was
an interaction of oil source x CLA (P < 0.05) on the amount of NEFA released under basal
conditions. CLA caused a 3-fold increase in NEFA release in CO-fed mice, while the increase in
SO-fed mice due to CLA was not significant (Fig 3a). There was no significant effect on the
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amount of glycerol released, although it followed the same trend as NEFA release (Fig 3b).

There were no differences in either NEFA or glycerol release under stimulated conditions.

The NEFA concentration in serum was not affected significantly by any dietary
treatment, though CO fed mice tended (P = 0.07) to have higher serum NEFA levels compared to

the SO fed mice (Fig 3c¢).

Protein expression

Since the lipolysis data indicated an effect of diet on NEFA release we also determined
the effect of diets on the expression of proteins involved in lipolysis. The western blots showed
that the total protein concentration of perilipin was affected by oil source (P < 0.05) alone where
CO-fed mice had a decreased expression of perilipin (Fig 4a). The activation of perilipin
(concentration of p-perilipin) had a tendency toward an interaction of CLA x oil source (P =
0.08), as CLA tended to increase the amount of p-perilipin but only in SO-fed mice (Fig 4b).
SO+CLA-fed mice had a 255% of the p-perilipin expression found in SO-fed mice, while
CO+CLA-fed mice had only 76% of the p-perilipin expression found in CO-fed mice (Fig 4b).
HSL expression and activation weren’t altered by CLA, but there was a decrease in total HSL
expression in CO fed mice (P < 0.05) (Fig 4c,d). ATGL expression was decreased in CO-fed
mice (P <0.01) but there was no effect of CLA (Fig 4¢). ADRP expression was not altered

significantly by any of the four diets (Fig 4f).
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DISCUSSION

It has previously been reported that feeding coconut oil enhanced the CLA-induced body
fat loss in mice (29, 30). In support of this, mice in this study fed coconut oil and supplemented
with CLA had the lowest body fat index (Fig 2). The enhanced body fat loss appears to involve
CLA-induced lipolysis in CO-fed mice. Some studies have reported that CLA enhances lipolysis
in adipocyte cultures (52). In our study we observed an enhanced lipolysis in CO+CLA-fed mice

compared to SO+CLA-fed mice.

In this study we saw that CO diets caused a decrease in body fat even without CLA
supplementation, which is in contrast to the previous reports (29, 30). Therefore, we did not
detect a significant interaction of oil source x CLA, as was seen in previous studies. The reason
for this is not known but possible explanations could be that these where a different strain of
mice compared to those used in previous studies (ICR vs a four strain composite of ICR,
C57BL/6, NIH Swiss, CF-1). Also, in this study the mice didn’t consume as much food or gain
as much as weight as previous experiments. In contrast to previous coconut 0il-CLA studies, a
study in which mice were fed different fat sources after a period of energy restriction, reported
that the coconut oil-fed group had a lower body fat compared to groups fed other high fat diets
(82). In fact, the level of body fat, and serum cholesterol were similar to mice fed low fat diets.
Later another study showed that there was an increase in UCP1 expression in energy restricted
and coconut oil fed mice, which may be a possible mechanism for the cause of lower body fat
with coconut oil feeding (83). Coconut oil is deficient in essential fatty acids and this has been
hypothesized to be the reason for the enhanced response to CLA, but a previous study showed
that adding essential fatty acids at the level of their requirement to CO diets didn’t affect the

enhanced response to CLA (30). Hence the enhanced effect of CO is not dependent on a true
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deficiency of essential fatty acids. SO, however, contains large amounts of linoleic acid, well in

excess of the dietary requirement, that could still interefere with the actions of CLA.

In support of our preliminary data (31), we observed a CLA-induced increase in basal
lipolysis in CO-fed mice, but not SO-fed mice. This differential effect of CLA likely contributes
to the overall enhanced body fat loss. The CLA supplemented CO diets caused a tremendous
increase in NEFA release but a significant effect was not detected on the amount of glycerol
released. This might be because the overall amount of lipolysis occurring was relatively low and
differences between diets are more pronounced in NEFA release than glycerol as their
concentration would be at a 3:1 ratio. We detected no differences in stimulated lipolysis,
indicating no differences in the total amount of lipases present in the cell, because under these
conditions all available protein should be activated. Several studies have shown that CLA causes
an increase in lipolysis (52, 53), while others have reported no effect of CLA on lipolysis (55-
57). The difference between these studies may be that, those studies in which there was an effect
of CLA, the cells were serum starved prior to supplementation of CLA. This is similar to our
treatment with CO, as serum starving makes the cultures devoid of fatty acids. Explants cultures
of CLA-fed pigs didn’t have any CLA induced increase in lipolysis (55), similar to our

SO+CLA-fed mice.

Based on the lipolysis data we expected an increase in the activation of the lipases and
perilipin. However, we found that CLA did not increase lipolysis associated protein expression
in CO-fed mice. We found that CLA caused an increase in expression of p-perilipin but only in
SO-fed mice. There was no effect of CLA on any of the other proteins. We hypothesize that the
effect of CLA is time-dependent and feeding CLA first causes an increase in lipase activation,

followed by decrease in the expression or activation, as this has been reported in a cell culture
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study (52). CLA was supplemented to human adipocytes, causing an increase in lipolysis and in
cytosolic perilipin, indicating activation, following 12 hr. This was followed by a decrease in the
expression of perilipin and HSL by 24 hrs. It is possible that after 12 days of CLA consumption
our mice were beginning to experience a decline in perilipin and lipase expression. Similar to
the body fat index, there was an effect of CO itself on the expression of perilipin, HSL, and

ATGL.

Some previous studies have shown that CLA caused a de-differentiation of mature
adipocytes, as they observed a simultaneous increase in ADRP expression with a decrease in the
expression of perilipin (52, 53). Immature adipocytes are characterized by having multilocular
lipid droplets surrounded by ADRP. In this study we didn’t observe any effect of CLA on
ADRP expression. This might be because unlike cell cultures, there are an abundance of
immature adipocytes in vivo and any slight alterations in their number due to CLA might not be

detectable.

In conclusion, coconut oil enhances the anti-obesity effect of CLA and this effect is, at
least in part, due to enhanced lipolysis. The effects of CLA on the expression and activation of
lipases and other lipolysis-related proteins may be time-dependent and therefore, were not clear
in the current experiment. Further studies evaluating the effect of different feeding durations of

CLA might be helpful in determining the mechanism of CLA action on lipolysis.
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Table 1. Effect of oil source and/ or CLA on feed intake, and body weight

Diets' P-values
SO SO+CLA CO CO+CLA SEM Oil CLA  Oil x CLA
Body weight (g)
Initial® 9.62 9.42 9.58 9.53 0.07 0.64
Before CLA? 31.73 328 32.75 31.65 0.76  0.76
Final® 33.60°°  35.88° 35.05°  33.31° 0.86 051 075  0.02
Feed intake (g/day)
Intial® 2.85 2.82 2.83 2.87 0.02 0.59
Before CLA? 4.05 421 433 4.41 0.11  0.03
Final® 2.88°  3.04% 3.25° 2.99° 0.09 0.09 061 0.04

" Diets:SO- (7% Soy oil); SO+CLA (6.5% soy 0il+0.5% CLA); CO (7% coconut oil); CO+CLA (6.5% coconut
0il+0.5% CLA)

? Initial = Day 0; Before CLA = Day 42; Final = Day 57.

? Intial is feed intake measured from day 0 to day 7.

% Different letters within a row indicate significant differences, P < 0.05
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Fig 2. Effect of dietary CLA and oil source on body composition. Body fat index = ((Retrperitoneal +
Epididymal fat pad weights)/body weight) x 100; n = 20/diet. Data is shown as mean + SEM. Different
letters indicate significant differences between treatments. Oil source, P <0.001; CLA, P <0.05. Diets:
SO (7% soy oil); SO+CLA (6.5% soy 0il+0.5% CLA); CO (7% coconut oil); CO+CLA (6.5% coconut

0il+0.5% CLA).
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Fig 3. Effect of dietary CLA and oil source on lipolysis. Fat pads were cultured for 3 hrs ex vivo. Basal =

0 and Stimulated = 10 uM Isoproterinol; n = 8/diet. (A) NEFA release, expressed as umol/g tissue.
Oil*CLA, P <0.05. (B) Glycerol release, expressed as pmol/g tissue. (C) Serum NEFA, expressed as
mmol/l. Data is shown as mean = SEM. Different letters indicate significant differences between
treatments. Diets: SO (7% soy oil); SO+CLA (6.5% soy 0il+0.5% CLA); CO (7% coconut oil); CO+CLA
(6.5% coconut 0il+0.5% CLA).

32



Perilipin/B—actin

P-Perilipin/B—actin

HSL/B-actin

1.8

1.6

1.4 4

124

1.0 4

0.8 1

0.6

0.4 +

0.2 1

"

0.0

SO SO+CLA

Cco CO+CLA

P-HSL/B-actin

1.4

1.2

1.0 1

0.8 4

0.6 1

0.4 4

0.2 4

4|U‘

&\L@

0.0

SO SO+CLA

ATGL/B—actin

CO CO+CLA

1.8

1.6 A

1.4

1.2

1.0 1

0.8

0.6

0.4 4

0.2 4

ab

ADRP/B—-actin

0.0

SO SO+CLA

Cco CO+CLA

1.2

1.0 A

0.8

0.6 4

0.4 4

0.2

0.0

1.4

124

1.0 4

0.8

0.6 1

0.4 1

0.2 1

0.0

14

124

1.0 4

0.8 1

0.6 1

0.4 1

0.2

0.0

A\

SO

SO+CLA

CO+CLA

SO

SO+CLA

CO+CLA

SO

SO+CLA

CO+CLA

Fig 4. Effect of dietary CLA and oil source on adipose tissue protein expression. Densitometry analysis
of each protein, relative to B-actin was performed; n = 12 /diet. (A) Perilipin expression, Oil source, P <
0.05. (B) P-Perilipin expression, Oil source*CLA, P = 0.08. (C) HSL expression, Oil source, P < 0.05;
CLA P =0.05. (D) P-HSL expression. (E) ATGL expression, Oil source, P < 0.01. (F) ADRP expression.

Data is shown as mean + SEM. Different letters indicate significant differences between treatments.
Diets: SO (7% soy oil); SO+CLA (6.5% soy 0il+0.5% CLA); CO (7% coconut oil); CO+CLA (6.5%

coconut 0il+0.5% CLA).
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CHAPTER 3: FUTURE DIRECTIONS
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FUTURE RESEARCH

We have established, with the current work, that coconut oil enhances the body fat
lowering effects of CLA, also that this involves an enhanced lipolysis. In a future study, we
would like to determine the effect of CLA on the expression and activation of proteins involved
in lipolysis by feeding CLA for different periods of time. This would let us determine the
effective time period of feeding CLA to elicit the required response on lipolysis and also if
feeding longer than this time period causes any harmful effects. We hypothesize that there
would be a time-dependent effect based on a cell culture study, which reported that
supplementation with CLA to the adipocyte cultures caused an increase, followed by a decrease,

in expression of perilipin (52).

The reason for the effect of CO enhancement is not known clearly; hence another future
study would concentrate on validating the effect of coconut oil on the metabolism of CLA. We
would like to determine if there are differential effects of the base oil on the amount of CLA
being metabolized. This was thought to be possible based on a study where inhibiting A6-
desaturase prevented the CLA-induced reduction of body fat, implying that a metabolite of CLA
causes this anti-obesity effect (84). If there is any difference in metabolism of CLA between the
two base oils, then further studies feeding mice the metabolites and assessing their effects on
body fat and lipolysis would give us a better picture of how CO is able to enhance the effect of
CLA. Some previous studies have shown that CLA can be metabolized similar to linoleic acid.
These conjugated metabolites when supplemented have also been shown to cause a significant
decrease in body fat content. Hence it might be possible that the different base oils are affecting

metabolism of CLA.

35



These studies would give a better understanding of the effective time of supplementation
of CLA to elicit a good effect on the loss of body fat and an understanding of how CO enhances
the CLA induced fat loss. This would add to the knowledge of the possible mechanisms of
action of CLA. It might be helpful in devising a possible treatment of obesity with CLA or

another compound in the future.

36



REFERENCES

1 Pariza MW, Hargraves WA. A beef-derived mutagenesis modulator inhibits initiation of mouse
epidermal tumors by 7,12-dimethylbenz[alanthracene. Carcinogenesis 1985;6:591-3.

2 Cook ME, Miller CC, Park Y, Pariza M. Immune modulation by altered nutrient metabolism:
nutritional control of immune-induced growth depression. Poult Sci 1993;72:1301-5.

3 Lee KN, Kritchevsky D, Pariza MW. Conjugated linoleic acid and atherosclerosis in rabbits.
Atherosclerosis 1994;108:19-25.

4 Munday JS, Thompson KG, James KA. Dietary conjugated linoleic acids promote fatty streak
formation in the C57BL/6 mouse atherosclerosis model. Br J Nutr 1999;81:251-5.

5 Nicolosi RJ, Rogers EJ, Kritchevsky D, Scimeca JA, Huth PJ. Dietary conjugated linoleic acid reduces
plasma lipoproteins and early aortic atherosclerosis in hypercholesterolemic hamsters. Artery
1997;22:266-77.

6 ParkY, Karen J. Albrighta, Wei Liua, Jayne M. Storksona, Mark E. Cooka, Parizaa MW. Effect of
Conjugated Linoleic Acid on Body Composition in Mice. Lipids 1997;32:853-8.

7 West DB, Delany JP, Camet PM, Blohm F, Truett AA, Scimeca J. Effects of conjugated linoleic acid on
body fat and energy metabolism in the mouse. Am J Physiol 1998;275:R667-72.

8 Parodi PW. Cows' milk fat components as potential anticarcinogenic agents. J Nutr 1997;127:1055-
60.

9 Griinari JM, Bauman DE, Mossoba MM, Kramer JKG, Pariza MW. Advances in conjugated linoleic acid
research. 1999;1:180-200.

10 ParkY, Storkson JM, Albright KJ, Liu W, Pariza MW. Evidence that the trans-10,cis-12 isomer of
conjugated linoleic acid induces body composition changes in mice. Lipids 1999;34:235-41.

11 Ip C, Banni S, Angioni E, et al. Conjugated linoleic acid-enriched butter fat alters mammary gland

morphogenesis and reduces cancer risk in rats. J Nutr 1999;129:2135-42.

37



12

13

14

15

16

17

18

19

20

21

Sisk MB, Hausman DB, Martin RJ, Azain MJ. Dietary conjugated linoleic acid reduces adiposity in lean
but not obese Zucker rats. J Nutr 2001;131:1668-74.

Yamasaki M, lkeda A, Oji M, et al. Modulation of body fat and serum leptin levels by dietary
conjugated linoleic acid in Sprague-Dawley rats fed various fat-level diets. Nutrition 2003;19:30-5.
de Deckere EA, van Amelsvoort JM, McNeill GP, Jones P. Effects of conjugated linoleic acid (CLA)
isomers on lipid levels and peroxisome proliferation in the hamster. Br J Nutr 1999;82:309-17.
Tischendorf F, Schone F, Kirchheim U, Jahreis G. Influence of a conjugated linoleic acid mixture on
growth, organ weights, carcass traits and meat quality in growing pigs. J Anim Physiol Anim Nutr
(Berl) 2002;86:117-28.

Ostrowska E, Suster D, Muralitharan M, et al. Conjugated linoleic acid decreases fat accretion in
pigs: evaluation by dual-energy X-ray absorptiometry. Br J Nutr 2003;89:219-29.

Hargrave KM, Li C, Meyer BJ, et al. Adipose depletion and apoptosis induced by trans-10, cis-12
conjugated linoleic Acid in mice. Obes Res 2002;10:1284-90.

Thiel-Cooper RL, Parrish FC, Jr., Sparks JC, Wiegand BR, Ewan RC. Conjugated linoleic acid changes
swine performance and carcass composition. J Anim Sci 2001;79:1821-8.

Swan JE, Parrish FC, Jr., Wiegand BR, Larsen ST, Baas TJ, Berg EP. Total body electrical conductivity
(TOBEC) measurement of compositional differences in hams, loins, and bellies from conjugated
linoleic acid (CLA)-fed stress-genotype pigs. J Anim Sci 2001;79:1475-82.

Eggert JM, Belury MA, Kempa-Steczko A, Mills SE, Schinckel AP. Effects of conjugated linoleic acid on
the belly firmness and fatty acid composition of genetically lean pigs. J Anim Sci 2001;79:2866-72.
Ramsay TG, Evock-Clover CM, Steele NC, Azain MJ. Dietary conjugated linoleic acid alters fatty acid

composition of pig skeletal muscle and fat. J Anim Sci 2001;79:2152-61.

38



22

23

24

25

26

27

28

29

30

31

Demaree SR, Gilbert CD, Mersmann HJ, Smith SB. Conjugated linoleic acid differentially modifies
fatty acid composition in subcellular fractions of muscle and adipose tissue but not adiposity of
postweaning pigs. J Nutr 2002;132:3272-9.

Ostrowska E, Muralitharan M, Cross RF, Bauman DE, Dunshea FR. Dietary conjugated linoleic acids
increase lean tissue and decrease fat deposition in growing pigs. J Nutr 1999;129:2037-42.

Blankson H, Stakkestad JA, Fagertun H, Thom E, Wadstein J, Gudmundsen O. Conjugated linoleic acid
reduces body fat mass in overweight and obese humans. J Nutr 2000;130:2943-8.

Smedman A, Vessby B. Conjugated linoleic acid supplementation in humans--metabolic effects.
Lipids 2001;36:773-81.

Riserus U, Arner P, Brismar K, Vessby B. Treatment with dietary trans10cis12 conjugated linoleic acid
causes isomer-specific insulin resistance in obese men with the metabolic syndrome. Diabetes Care
2002;25:1516-21.

Mougios V, Matsakas A, Petridou A, et al. Effect of supplementation with conjugated linoleic acid on
human serum lipids and body fat. J Nutr Biochem 2001;12:585-94.

Whigham LD, Watras AC, Schoeller DA. Efficacy of conjugated linoleic acid for reducing fat mass: a
meta-analysis in humans. Am J Clin Nutr 2007;85:1203-11.

Hargrave KM, Meyer BJ, Li C, Azain MJ, Baile CA, Miner JL. Influence of dietary conjugated linoleic
Acid and fat source on body fat and apoptosis in mice. Obes Res 2004;12:1435-44.

Hargrave KM, Azain MJ, Miner JL. Dietary coconut oil increases conjugated linoleic acid-induced
body fat loss in mice independent of essential fatty acid deficiency. Biochim Biophys Acta
2005;1737:52-60.

Hadenfeldt TJ, Hargrave KM, Miner JL. The interaction of dietary conjugated linoleic acid and fat

source on triglyceride turnover in adipose tissue of mice. J Anim Sci 2005.

39



32

33

34

35

36

37

38

39

Houseknecht KL, Vanden Heuvel JP, Moya-Camarena SY, et al. Dietary conjugated linoleic acid
normalizes impaired glucose tolerance in the Zucker diabetic fatty fa/fa rat. Biochem Biophys Res
Commun 1998;244.678-82.

Choi JS, Jung MH, Park HS, Song J. Effect of conjugated linoleic acid isomers on insulin resistance and
mMRNA levels of genes regulating energy metabolism in high-fat-fed rats. Nutrition 2004;20:1008-17.
Hargrave KM, Azain MJ, Kachman SD, Miner JL. Conjugated linoleic acid does not improve insulin
tolerance in mice. Obes Res 2003;11:1104-15.

Roche HM, Noone E, Sewter C, et al. Isomer-dependent metabolic effects of conjugated linoleic acid:
insights from molecular markers sterol regulatory element-binding protein-1c and LXRalpha.
Diabetes 2002;51:2037-44.

Riserus U, Vessby B, Arnlov J, Basu S. Effects of cis-9,trans-11 conjugated linoleic acid
supplementation on insulin sensitivity, lipid peroxidation, and proinflammatory markers in obese
men. Am J Clin Nutr 2004;80:279-83.

Kloss R, Linscheid J, Johnson A, et al. Effects of conjugated linoleic acid supplementation on blood
lipids and adiposity of rats fed diets rich in saturated versus unsaturated fat. Pharmacol Res
2005;51:503-7.

Stangl GI, Muller H, Kirchgessner M. Conjugated linoleic acid effects on circulating hormones,
metabolites and lipoproteins, and its proportion in fasting serum and erythrocyte membranes of
swine. Eur J Nutr 1999;38:271-7.

Tischendorf F, Mockel P, Schone F, Plonne M, Jahreis G. Effect of dietary conjugated linoleic acids on
the distribution of fatty acids in serum lipoprotein fractions and different tissues of growing pigs. J

Anim Physiol Anim Nutr (Berl) 2002;86:313-25.

40



40

41

42

43

44

45

46

47

48

49

Terpstra AH, Beynen AC, Everts H, Kocsis S, Katan MB, Zock PL. The decrease in body fat in mice fed
conjugated linoleic acid is due to increases in energy expenditure and energy loss in the excreta. J
Nutr 2002;132:940-5.

West DB, Blohm F, Truett AA, Delany JP. conjugated linoleic acid persistently increases total energy
expenditure in AKR/J mice without increasing uncoupling protein gene expression. J Nutr
2000;130:2471-7.

Adams SH. Uncoupling protein homologs: emerging views of physiological function. J Nutr
2000;130:711-4.

Ricquier D. Neonatal brown adipose tissue, UCP1 and the novel uncoupling proteins. Biochem Soc
Trans 1998;26:120-3.

Ohnuki K, Haramizu S, Oki K, Ishihara K, Fushiki T. A single oral administration of conjugated linoleic
acid enhanced energy metabolism in mice. Lipids 2001;36:583-7.

Takahashi Y, Kushiro M, Shinohara K, Ide T. Dietary conjugated linoleic acid reduces body fat mass
and affects gene expression of proteins regulating energy metabolism in mice. Comp Biochem
Physiol B Biochem Mol Biol 2002;133:395-404.

Tsuboyama-Kasaoka N, Takahashi M, Tanemura K, et al. Conjugated linoleic acid supplementation
reduces adipose tissue by apoptosis and develops lipodystrophy in mice. Diabetes 2000;49:1534-42.
Schweiger M, Schreiber R, Haemmerle G, et al. Adipose triglyceride lipase and hormone-sensitive
lipase are the major enzymes in adipose tissue triacylglycerol catabolism. J Biol Chem
2006;281:40236-41.

Kraemer FB, Shen WJ. Hormone-sensitive lipase: control of intracellular tri-(di-)acylglycerol and
cholesteryl ester hydrolysis. J Lipid Res 2002;43:1585-94.

Granneman JG, Moore HP, Granneman RL, Greenberg AS, Obin MS, Zhu Z. Analysis of lipolytic

protein trafficking and interactions in adipocytes. J Biol Chem 2007;282:5726-35.

41



50

51

52

53

54

55

56

57

Hug AH, Lovell RS, Ou CN, Beaudet AL, Craigen WJ. X-linked glycerol kinase deficiency in the mouse
leads to growth retardation, altered fat metabolism, autonomous glucocorticoid secretion and
neonatal death. Hum Mol Genet 1997;6:1803-9.

Zimmermann R, Strauss JG, Haemmerle G, et al. Fat mobilization in adipose tissue is promoted by
adipose triglyceride lipase. Science 2004;306:1383-6.

Chung S, Brown JM, Sandberg MB, Mclntosh M. Trans-10,cis-12 CLA increases adipocyte lipolysis
and alters lipid droplet-associated proteins: role of mTOR and ERK signaling. J Lipid Res 2005;46:885-
95.

Moon HS, Lee HG, Seo JH, et al. Lipolysis is stimulated by PEGylated conjugated linoleic acid through
the cyclic adenosine monophosphate-independent signaling pathway in 3T3-L1 cells: activation of
MEK/ERK MAPK signaling pathway and hyper-secretion of adipo-cytokines. J Cell Physiol
2008;214:283-94.

Brown JM, Halvorsen YD, Lea-Currie YR, Geigerman C, McIntosh M. Trans-10, cis-12, but not cis-9,
trans-11, conjugated linoleic acid attenuates lipogenesis in primary cultures of stromal vascular cells
from human adipose tissue. J Nutr 2001;131:2316-21.

Jose AA, Gama MA, Lanna DD. Effects of trans-10, cis-12 conjugated linoleic acid on gene expression
and lipid metabolism of adipose tissue of growing pigs. Genet Mol Res 2008;7:284-94.

Perfield JW, 2nd, Bernal-Santos G, Overton TR, Bauman DE. Effects of dietary supplementation of
rumen-protected conjugated linoleic acid in dairy cows during established lactation. J Dairy Sci
2002;85:2609-17.

Xu X, Storkson J, Kim S, Sugimoto K, Park Y, Pariza MW. Short-term intake of conjugated linoleic acid
inhibits lipoprotein lipase and glucose metabolism but does not enhance lipolysis in mouse adipose

tissue. J Nutr 2003;133:663-7.

42



58

59

60

61

62

63

64

65

66

67

Evans M, Geigerman C, Cook J, Curtis L, Kuebler B, McIntosh M. Conjugated linoleic acid suppresses
triglyceride accumulation and induces apoptosis in 3T3-L1 preadipocytes. Lipids 2000;35:899-910.
Moon HS, Lee HG, Seo JH, et al. Down-regulation of PPARgamma2-induced adipogenesis by
PEGylated conjugated linoleic acid as the pro-drug: Attenuation of lipid accumulation and reduction
of apoptosis. Arch Biochem Biophys 2006;456:19-29.

Hargrave KM, Miner JL. Conjugated linoleic acid-induced apoptosis in adipose tissue and 3T3-L1
preadipocytes. Adipocytes 2006.

Pekala PH, Kawakami M, Angus CW, Lane MD, Cerami A. Selective inhibition of synthesis of enzymes
for de novo fatty acid biosynthesis by an endotoxin-induced mediator from exudate cells. Proc Nat!
Acad Sci U S A 1983;80:2743-7.

Semb H, Peterson J, Tavernier J, Olivecrona T. Multiple effects of tumor necrosis factor on
lipoprotein lipase in vivo. J Biol Chem 1987;262:8390-4.

Oul,WuY, Ip C, Meng X, Hsu YC, Ip MM. Apoptosis induced by t10,c12-conjugated linoleic acid is
mediated by an atypical endoplasmic reticulum stress response. J Lipid Res 2008;49:985-94.

Azain MJ, Hausman DB, Sisk MB, Flatt WP, Jewell DE. Dietary conjugated linoleic acid reduces rat
adipose tissue cell size rather than cell number. J Nutr 2000;130:1548-54.

Moya-Camarena SY, Vanden Heuvel JP, Blanchard SG, Leesnitzer LA, Belury MA. Conjugated linoleic
acid is a potent naturally occurring ligand and activator of PPARalpha. J Lipid Res 1999;40:1426-33.
MacDougald OA, Lane MD. Transcriptional regulation of gene expression during adipocyte
differentiation. Annu Rev Biochem 1995;64:345-73.

Moya-Camarena SY, Van den Heuvel JP, Belury MA. Conjugated linoleic acid activates peroxisome
proliferator-activated receptor alpha and beta subtypes but does not induce hepatic peroxisome

proliferation in Sprague-Dawley rats. Biochim Biophys Acta 1999;1436:331-42.

43



68

69

70

71

72

73

74

75

76

Kennedy A, Chung S, LaPoint K, Fabiyi O, Mclntosh MK. Trans-10, cis-12 conjugated linoleic acid
antagonizes ligand-dependent PPARgamma activity in primary cultures of human adipocytes. J Nutr
2008;138:455-61.

Brown JM, Boysen MS, Jensen SS, et al. Isomer-specific regulation of metabolism and PPARgamma
signaling by CLA in human preadipocytes. J Lipid Res 2003;44:1287-300.

Choi YJ, Kim YC, han YB, park Y, pariza MW, Ntambi JM. the trans-10, cis-12 isomer of conjugated
linoleic acid downregulates stearoyl-CoA desaturase gene expression in 3T3-L1 adipocytes. J Nutr
2000;130:1920-4.

Brodie AE, Manning VA, Ferguson KR, Jewell DE, Hu CY. Conjugated linoleic acid inhibits
differentiation of pre- and post- confluent 3T3-L1 preadipocytes but inhibits cell proliferation only in
preconfluent cells. J Nutr 1999;129:602-6.

Zhou XR, Sun CH, Liu JR, Zhao D. Dietary conjugated linoleic acid increases PPAR gamma gene
expression in adipose tissue of obese rat, and improves insulin resistance. Growth Horm IGF Res
2008;18:361-8.

Banni S, Carta G, Angioni E, et al. Distribution of conjugated linoleic acid and metabolites in different
lipid fractions in the rat liver. J Lipid Res 2001;42:1056-61.

Bretillon L, Chardigny JM, Gregoire S, Berdeaux O, Sebedio JL. Effects of conjugated linoleic acid
isomers on the hepatic microsomal desaturation activities in vitro. Lipids 1999;34:965-9.

Sebedio JL, Juaneda P, Dobson G, et al. Metabolites of conjugated isomers of linoleic acid (CLA) in
the rat. Biochim Biophys Acta 1997;1345:5-10.

Park Y, Storkson JM, Albright KJ, Liu W, Pariza MW. Biological activities of conjugated fatty acids:
conjugated eicosadienoic (conj. 20:2delta(c11,t13/t12,c14)), eicosatrienoic (conj.
20:3delta(c8,t12,c14)), and heneicosadienoic (conj. 21:2delta(c12,t14/c13,t15)) acids and other

metabolites of conjugated linoleic acid. Biochim Biophys Acta 2005;1687:120-9.

44



77

78

79

80

81

82

83

84

John
H.
Hagen

Banni S. Conjugated linoleic acid metabolism. Curr Opin Lipidol 2002;13:261-6.

Banni S, Angioni E, Casu V, et al. Decrease in linoleic acid metabolites as a potential mechanism in
cancer risk reduction by conjugated linoleic acid. Carcinogenesis 1999;20:1019-24.

Sebedio JL, Angioni E, Chardigny JM, Gregoire S, Juaneda P, Berdeaux O. The effect of conjugated
linoleic acid isomers on fatty acid profiles of liver and adipose tissues and their conversion to
isomers of 16:2 and 18:3 conjugated fatty acids in rats. Lipids 2001;36:575-82.

Park Y, Pariza MW. The effects of dietary conjugated nonadecadienoic acid on body composition in
mice. Biochim Biophys Acta 2001;1533:171-4.

Langin D, Arner P. Importance of TNFalpha and neutral lipases in human adipose tissue lipolysis.
Trends Endocrinol Metab 2006;17:314-20.

Dulloo AG, Mensi N, Seydoux J, Girardier L. Differential effects of high-fat diets varying in fatty acid
composition on the efficiency of lean and fat tissue deposition during weight recovery after low food
intake. Metabolism 1995;44:273-9.

Portillo MP, Serra F, Simon E, del Barrio AS, Palou A. Energy restriction with high-fat diet enriched
with coconut oil gives higher UCP1 and lower white fat in rats. Int J Obes Relat Metab Disord
1998;22:974-9.

Hargrave-Barnes KM, Azain MJ, Miner JL. Conjugated linoleic acid-induced fat loss dependence on

Delta6-desaturase or cyclooxygenase. Obesity (Silver Spring) 2008;16:2245-52.

Digitally signed by John
H.Hagen

DN: cn=John H. Hagen,
o=West Virginia
University Libraries,
ou=Acquisitions
Department, email=John.
Hagen@mail.wvu.edu,
c=Us 45
Date: 2009.07.15 13:12:59
-04'00"



	Coconut oil enhancement of conjugated linoleic acid induced body fat loss and lipolysis in mice
	Recommended Citation

	Coconut oil enhancement of conjugated linoleic acid induced body fat loss and lipolysis in mice

		2009-07-15T13:12:59-0400
	John H. Hagen




