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ABSTRACT

Conjugated linoleic acid (CLA) has been shown to reduce adiposity in humans

and in some animal models. Trans (t)-10, cis (c)-12 CLA can lead to severe fat ablation

and worsen insulin resistance in lean and ob/ob mice as opposed to improving insulin

sensitivity without changes in adiposity i"fo/fo Zucker rats. In order to investigate

whether this is a species or genotype specific effect, seven-week old db/db mice were

randomly assigned to groups fed ad libitum either 0.4%o c9, t I I CLA,0.4o/o tI0, cl2

CLA or a control diet for six weeks. A weight-matched group were fed restricted

amounts of a control diet to match the body weight of the t I 0, c I 2 CLA fed mice. Serum

glucose, insulin, triglycerides and leptin concentrations were assayed and protein levels

of select insulin signalling mediators and leptin in the epididymal adipose tissue were

analyzed b y'Western b lotting.

Mice fed tI0, cI2 CLA ceased to gain weight while simultaneously increasing

their feed intake. HOMA-IR revealed no differences in insulin resistance among any of

the db/db mice. Levels of the phosphorylated p85 subunit of phosphatidylinositol 3-

kinase were highly elevated in epidid5anal fat of db/db mice and were highestinthe tI0,

cI2 CLA fed group. Serum leptin concentrations of c9, tl I CLA fed mice were higher

than both control and tl0, c[2 CLA fed mice. However, the tI0, cI2 CLA-fed mice had

the greatest concentration of leptin when expressed per mass of visceral adipose tissue.

Elevated leptin protein levels were also seen in epididymal adipose tissue of the tl0, cI2

CLA fed mice.



Protein kinase C (PKC) describes a group of enzymes that have gained much

attention for their ability to phosphorylate cell surface receptors and insulin signalling

mediators thereby altering normal insulin signalling. To investigate possible mechanisms

for the action of CLA on insulin signalling, the levels of the protein kinase C (PKC)

isoforms from all classes (conventional, novel and atypical) were quantified in the

epididymal adipose tissue of the mice as well as in mature 3T3-Li adipocytes treated

with CLA. PKCo,, BI, 0, e, p and Ç)"werc all found at varying levels and subcellular

locations in the epididymal adipose tissue of lean and db/db mice and 3T3-L1 adipocytes.

These results demonstrate that the t I 0, c I 2 isomer of CLA depletes adipose tissue

of db/db mice without worsening insulin sensitivity while influencing the activity of a

vanety of PKC isoforms in adipose tissue. This is one of the first studies to determine the

presence of these enzymes in the adipose tissue of db/db mice and their ability to be

modulated by CLA.
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LITERATURE REVIEW

Introduction

The direct health care costs associated with overweight and obesity were

estimated to be $6 Billion annually in Canada in 2006 with Type 2 Diabetes Mellitus

(T2DM) contributing approximately $1.02 Billion (1). With the incidence of T2DM

increasing at an alarming rate, Health Canada now estimates that the annual health care

costs associated with T2DM could be as high as $9 Billion per year (Health Canada,

2006). With the prevalence of T2DM and obesity increasing among youth (2), further

understanding of the pathology of these conditions and their prevention is of great

importance.

' Management of T2DM initiaily involves dietary and lifestyle changes, followed

by the use of oral or injectable agents to control blood glucose levels. This regimen is

followed by insulin injections if pancreatic function has been significantly compromised.

Increased body fat, particularly visceral fat, is a critical risk factor in the development of

diabetes (3). There is a strong link between decreased visceral adipose tissue and

improved insulin sensitivity in both humans and rodents (4,5). As a means to help

control body fat levels or control body weight, many individuals have turned to various

natural health products or nutraceuticals for assistance. The fatty acid isomers of

conjugated linoleic acid (CLA) have been marketed as a weight-loss product for a

number of years; however, CLA has yielded mixed results in human trials. A main

concem regarding the use of CLA has been its potential to reduce insulin sensitivity in

mice as well as in men with insulin resistance (6). Leptin receptor deficientfa/fa Ztcker



rats fed a CLÃ mixture have improved peripheral glucose utilization without any changes

in body weight (7). Conversely, leptin deficient ob/ob mice and lean mice exhibit

lipodystrophy: a significant depletion of adipose tissue depots, redistribution of adipose

tissue to the liver and/or muscle, and increased insulin resistance when given CLA (8, 9).

We propose that the different responses to CLA observed in rodent models may be

explained by the fact that one animal model is leptin receptor deficient while the other is

leptin deficient (ob/ob). Furthermore, the changes in glucose utilization (fa/fa Zucker

rats) in response to CLA may be attributed to an altered leptin feedback mechanism

mediated by Protein Kinase C (PKC). Thus, leptin receptor deficient db/db mice may

show improved glucose utilization along with decreased adiposity following feeding of a

CLA-rich diet, however, this has not been experimentally tested. The following literature

review aims to present the current state of knowledge on this topic.

Adipose tissue as an endocrine organ

Once thought to be strictly a storage site for €xcess energy, white adipose tissue is

now recognizedto be a major secretory endocrine organ that releases a number of

hormones and other signalling molecules called adipokines. Adipokines have been

implicated in the development of T2DM and cardiovascular disease in response to

increased levels of visceral obesity (10-13). A disrupted balance between adipokines

may play a key role in the development of these chronic diseases due to leptin resistance

and the impaired feedback mechanisms that may result from hyperleptinemia.

Interestingly, a deficiency of leptin that results from a iack of adipose tissue can also lead

to insulin resistance; for example, lean mice that are given CLA experience both

lipodystrophy as well as a worsening of glucose utilization (9). Obese individuals or



animals that have become leptin resistant and have extremely high circulating levels of

leptin may also become insulin resistant.

Leptin and the leptin receptor

The ob gene encodes for leptin, an adipokine that triggers the hypothalamus to

suppress appetite. With increased body fat stores, increased leptin secretion from adipose

tissue elevates leptin in the blood and this leads to decreased appetite via certain

anorexigenic peptides in the hypothalamus (14). Conversely, decreased adipose tissue

leads to decreased leptin levels and an increase in appetite.

Leptin is a hormone and, as such, it operates by binding to a cell surface receptor.

ObRb is the rec-ptor isotbrm expressed primarily in the hypothalamus, but it is also

found in the cell membranes of adipocytes, macrophages, pancreatic B-cells, skeletal

muscle, adrenal and liver cells. Due to alternative splicing, five other leptin receptors

(ObRa-f) can be synthesized and these isoforms are present in differing amounts in a

vanety of cell types, yet their functions remained largely unknown (15). ObRa, ObRc

and ObRd possess shortened cytoplasmic domains whose functions remain to be fully

elucidated. ObRe is the soluble circulating leptin binding protein found in the plasma (16,

17).

The long-form receptor (ObRb) is a transmembrane receptor and the only leptin

receptor capable of triggering intracellular signal transduction pathways. It is also the

only leptin receptor required for normal energy homeostasis (18). Interestingly, ObRb is

linked by an unknown mechanism to insulin signalling, since a mutation in the leptin



receptor is a model for T2DM in mice (db/db mice) or for the metabolic syndrome in rats

(fa/fu rats) (14, 15).

ObRb is a member of the class I cytokine receptor family, which may lead to

cross-talk with other cytokines such as interleukin-6 (IL-6) (19). The janus kinase (JAK)

and signal transducers and activators of transcription (STAT) signal transduction pathway

known as JAK/STAT is one of the main signalling cascades activated by leptin (20).

Binding of leptin to the leptin receptor leads to the activation of JAK2, which

phosphorylates numerous ty'osine residues found in the cytoplasmic domain of ObRb

(21). The phosphorylation of Tyrl138 on the leptin receptor leads, in turn, to STAT-3

phosphorylation, an event that promotes STAT <íirnerization and transport to the nucleus

where it acts as transcription factor (20) for various neuropeptides that influence energy

balance and appetite through the melanocortic/melanocortinergic pathway (21).

Another action of phosphorylated STAT-3 is the increased expression of a

suppressor of cytokine signalling (SOCS3) which binds to phosphorylated Tyr985 and

blocks IAK2 activity, thus repressing further leptin receptor signalling. When leptin was

administered peripherally for 48 hours, mRNA coding for SOCS3 was increased four-

fold in the hypothalamus and three-fold in the liver of ob/ob mice (22). STAT-3

phosphorylation was significantly decreased in the livers of db/db mice, although this

was reversed by inhibiting the production of SOCS proteins (23).Increased levels of

SOCS3 may be one of the main mechanisms responsible for leptin resistance; SOCS3

mRNA and protein levels are significantly increased in mice that have lowered leptin

sensitivity fi'om diet-induced obesity (21). Currently, the focus of research regarding



leptin signalling has been limited to the brain and liver, with very little currently known

about leptin signalling in adipose tissue.

Insulin signalling

In response to increased blood glucose and certain amino acids following a meal,

insulin is secreted by B-cells present in the islets of Langerhans of the pancreas.

Circulating insulin binds to insulin receptors that are present in insulin sensitive tissues,

such as muscle, liver and the adipose tissue. The insulin receptor is composed of an

extracellular ligand-binding domain consisting of two o,-subunits and two p-subunits that

make up the intracellular tyrosine kinase (24). Upon binding of insulin to the o-subunit,

the intracellular tyrosine kinase becomes partly activated; it then undergoes

autophosphorylation, which enhances its catalytical activity and serves to form docking

'sites for a variety of different proteins that are responsible for propagating the insulin

response (25).

The primary target substrates for phosphorylation are the insulin receptor

substrate proteins 1-4 (IRS1 to IRS4). IRS proteins initially attach to specific

phosphorylated tyrosines. Once bound to the insulin receptor, the IRS proteins are

phosphorylated by the intrinsic tyrosine kinase of the receptor at multiple tyrosine

residues. The tyrosine phosphorylated sites of IRS enable it to form a complex with the

Src homolo gy-Z (SH-Z) domain of the regulatory p85 subunit of phosphatidylinositol 3-

kinase (PI3K) (26). When PI3K associates with an IRS protein, PI3K is activated and

moves to the plasma membrane where it phosphorylates phophatidylinositol-4-phosphate

(PI4P), creating PI (3, 4) P2 and PI (3, 4, 5) P3 in the cell membrane (24). PI (3, 4) P2

and PI (3,4,5) P3 assist with the recruitment of 3-phosphoinositide-dependent kinase



(PDKI) and protein kinase B (PKB/Akt) to the cell membrane; this exposes threonine

308 on PKB/Akt to phosphorylation from PDK1. When activated by insulin, PKB

phosphorylates glycogen synthase kinase (GSK-3), partially inactivating it; this allows

for the activation of glycogen synthase and leads to increased glycogen synthesis (27).

GSK-3 activity may be constantly elevated in the adipose tissue and skeletal muscle of

diabetic rats and mice (28,29).

Insulin promotes glucose transport into cells through the insulin dependent

glucose transporter-4 (GLUT-4). GLUT-4 resides primarily in intracellular membranes

and moves to the cell surface where it transports glucose into adipose and muscle cells in

the presence of insulin (30). This process can occur over a period of greater than twenty

minutes. When overexpressed, PKB and PI3K have been shown to increase the

movement of GLUT-4 transporters to the plasma membrane (3 1), although there is a

PI3K independent pathway responsible for the recruitment of GLUT-4 to the plasma

membrane that has not yet been fully elucidated. Translocation of GLUT-4 to the

membrane can also occur independently of insulin. Atypical PKC Ç I )thas been shown

to induce translocation of GLUT-4 (32). The roles of PKCs in insulin signalling will be

discussed in detail in a later section.

Leptin and insulin resistance

Obese individuals typically have increased circulating levels of leptin. In parallel

with insulin resistance, which conelates negatively with increased body fat, eievated

serum leptin levels correlate positively with the inhibition of glucose uptake (33). It is

hypothesized that leptin may decrease insulin secretion fi-om pancreatic B-cells by

regulating the amount of triglycerides and fi'ee fatty acids present in these cells (10).



Leptin can modulate insulin signalling in cells that express leptin receptors

through several mechanisms, including: 1) a reduction in insulin dependent tyrosine

phosphorylation of IRS-1 by decreasing IRS mobility, and 2) increased activity of IRS-1-

associated phosphatidylinositol 3-kinase (34). These are changes that may occur in obese

individuals, and further research is needed to examine these mechanisms. In obese

individuals, Ser-3 18 phosphorylation of IRS- 1 in muscle tissue is up-regulated when

leptin levels are elevated. Ser-318 phosphorylation of IRS-1 is suggested to be the key

target for modulating leptin-induced insulin resistance (33). When Ser-318 is

phosphorylated on IRS-1, further stimulation by insulin is hindered in overweight mice

and humans, whereas a response to insulin is still possible in lean humans or mice fed a

low fat diet. This serine phosphorylation site is known to inhibit the coupling of IRS-l to

the insulin receptor which leads to a decrease in the availability of IP.S molecules, thus

hindering insulin signalling (33).

Conjugated linoleic acid (CLA)

CLA is the name for a group of positional and geometrical isomers of linoleic

acid (LA; CI8:2 n-6) in which the two double bonds are conjugated as opposed to being

separated by a methylene (CH2) group. Double bonds separated by a single bond are

considered to be conjugated. CLA can be found naturally in the fat of ruminant animals

and dairy products; it can also be produced synthetically from the partial hydrogenation

of sunflower and safflower oil (35). The majority of CLA obtained from the diet is in the

form of the c9, tI I isomer, or rumenic acid. This isomer, which is abundant in dairy

products, accounts for 90o/o of the dietary CLA intake by humans (36). Of the seventeen

CLA isomers identified, the two isomers that have garnered the majority of attention for



their biological effects are the naturally abundant c9, tl I isomer and the tl0, cI2 isomer

which is predominantly produced synthetically (36). Typically, CLA supplements

contain mixtures consisting of approximately 40Yo of both the c9, tI I andthe tl0, cI2

isomers. The c9, tI I and tI0, cI2 isomers are also available as highly purified (95%)

single isomers and are used largely for research studies. Naturally occurring CLAs are

found in triglyceride form while the synthetic isomers are usually free fatty acids, unless

synthesized into triglyceride form (37).

First identified for their anti-mutagenic properties, fatty acids derived from

linoleic acid present in grilled beef seemed to offer anti-carcinogenic protection rather

than a pro-carcinogenic effect as was €xpected from pan füed hamburger meat (38).

Recent consumer interest regarding CLA has focused on its potential use as a weight loss

agent while research has expanded to investigate the role of CLA in diabetes/insulin

sensitivity, cancer, heart disease and immune function, as well as adiposity.

CLA controversy

CLA has received considerable attention for its various physiological effects, in

particular its ability to reduce body fat gain, enhance lean body mass, decrease

inflammation and ameliorate diabetic synptoms in some rodent models while

exacerbating symptoms in others (39). In humans, several clinical trials have examined

the potential weight loss effects of CLA which has led to a mixture of results regarding

its efficacy. Studies where CLA was found to decrease body fat in humans all utilized

high quality mixtures of CLA containing mostly the c9, tl I and the tI7, c./2 isomers

(>90%) which were administered in doses of 1.8-6 gd (39,40). some studies have

shown moderate decreases in body fat and ev€n an increase in lean body mass, perhaps



leading to an improved overall body composition. The fat loss from CLA has mostly

been attributed to the tI0, cl2 isomer which can result in fat loss between 0 and 1.0 kg,

with 6.0 g of cLA day appearing to be the maximal efficacious dose (35, 40).

Furthermore, the benefits of CLA for weight control may only be occurring in humans

who are gaining body weight and CLA may not have an effect on already accrued

adipose tissue (40,41). The losses in body fat in human studies are quite moderate in

comparison to the losses that occur in some mouse models.

Several CLA studies have been completed in mice (Table 1). Lean mice seem

particularly susceptible to CLA and can experience excessive r.veight loss and

lipodystrophy (9). Obese, ob/ob mice, which are unable to produce leptin also experience

significant reductions in adipose tissue when fed CLA, however, this can be accompanied

by a worsening of hyperglycemia and hyperinsulinemia (8). Zucker Diabetic Fatty

(ZDF) rats, which lack a functional leptin receptor and are already diabetic, experience a

decrease in body fat in response to I.5% CLA mixture for 14 days along with improved

insulin sensitivity (42). Evenwhen they do not have a significant decrease in body fat

mass, non-diabeticfo/fo Zucker rats showed an improvement in glucose utilization (43)

which may be conelated with a decrease in adipocyte size when fed a 1 .5% CL|mixture

for 8 weeks (a3).

These conflicting results have caused some concern regarding the use of CLA in

humans due to the possibility of increased insulin resistance accompanying potential

weight loss. Although changes in insulin sensitivity have not been seen in healthy

individuals (39), CLA had an adverse effect on fasting glucose levels and insulin

sensitivity in studies of humans with T2DM (44), or metabolic sl,ndrome (6). It is



Table 1: Overview of mouse studies and dieta
Animal
Model

c57BU6J
Lean
nrice

Age,
sample Size,
length of treatment,
gender

7 weeks
5 mice/group
8 months
Female

Ob/ob
mice

Total
Dietary Fat
(Source)
(w/w)

Age unspecified
6/9roup
3 and 11 weeks
Female (Harlan,
UK)

10% High
Oleic
Safflower
oit

Dose of
CLA
(w/w)

CLA1'2

Ob/ob
mice

1%

Isomer,
Form

2.5%
High
Oleic
Sunflower
Oil +
Standard
Chow

Purity

6 weeks
8/group
6 Weeks
Male (Harlan,
rII()

Mixed
FFA

Exp.l:1.5%
Exp.2:2.5%o
Exp.3:2.5o/o
Exp.4:2.5o/o

c9,tI I-34o/o

t10,c12-360/o

Assessments

Mixed
FFA

I3Yo *

Adipose

ITT

Exp.1,2: -
c9,t] I-36%o

t10,cI2-38%
Exp.3:
c9,tl I-90o/o
tI0,cI2-90%
Exp.4: c9,t1 l-
40%o tl0,c12-
40%

058%
0.r1%
0.01%

Results

Ablation of all
adipose tissue
j Insulin
sensitivity

White adipose

9, ll
10, 12

Other
FFA

Reference

OGTT

I Adipose tissue
and body weight
CLA and tl0, c12
isomer.

fAUC in CLA
andtl1,cl2 CLA
fed mice

(e)

HOMA-IR
Adipose
Serum TGs

(47)

J HOMA-rR
No A in adipose

J SerumTGs

(4s)



Animal
Model

Age,
sample Size,
length of treatment,
gender

Ob/ob
mice

12 weeks
1 O/group
4 Weeks
Male (Harlan,
ln<)

Ob/ob
mice

Total
Dietary Fat
(Source)
(ilw)

6 weeks
8/group
4 Weeks
Male (Harlan,
rrK)

Dose of
CLA
(w/w)

Db/db
mice

6s%
Soybean
oit

Isomer,
Form

8 weeks
Tlgrotp
5 and 11 weeks
Male (frstitute of
animal
reproduction,
Japan)

l.s%

6.s%
Soybean
oil

Purity

1.Abbreviations:Epi-fat,epididymaladiposetissue;FFA,freefattyacids;HoMA-IR,homeostasismoG
tolerance test; OGTT, oral glucose tolerance test; MF, modified fat: TG, triacylglycerides. 2. * Not reported

T5% CLA

Mixed
TG

MF Diet +
r.2%
Safflower
oil

c9,t] I-39.2Vo
tI0,c12-38.5%o

Assessments

Mixed
TG

1.2%

c9,t11-39.2%

t[0,c12-38.5%o

Epi-fat
Serum leptin
ITT

Results

Mixed
TG

c9,t11 -35Yo

tI0,c12-38%

Epi-fat
Fasting
glucose
ITT
HOMA-IR

J Epi-fat
No Â leptin
J Insulin
Sensitivity

Reference

White adipose
OGTT
Serum insulin
Serum glucose

J Epi-fat
fFasting glucose

f lnsulin
resistance

(48)

I Adipose tissue
and body weight
f Glucose
tolerance

(46)

(37)

; ITT, insulin



diffrcult to apply the results from animal studies to humans because it is not understood

what the main difference between a mouse and a rat is that leads to these opposing

responses to CLA feeding.

CLA and ob/ob mice

Ob/ob mice have a mutation in the leptin gene that prevents them from producing

and secreting the hormone leptin. Feeding ob/ob mice a c9, tl I CLA-rich diet, however,

has been shown to improve fasting serum glucose, insulin and triacylglycerol

concentrations and increase adipose tissue plasma membrane GLUT-4, with no changes

in body weight or adiposity (45). However, feeding 50:50 mixtures of the trvo CLA

isomers results in decreased body weight and epididymal adipose mass (46). In response

to tI0, cI2 CLA as a single isomer or in CLA mixtures, ob/ob mice exhibit decreased

white adipose tissue mass with increased fasting serum glucose (45,46). These increases

in blood glucose levels are coupled with reduced insulin sensitivity and elevated fasting

insulin concentrations (8, 46).

CLA andfa/fa Zucker rats

Thefa/fa Zucker rat is morbidly obese as well as insulin resistant and considered

a model for the metabolic syndrome was discovered thirty-five years ago. A spontaneous

mutation in the rat,Lep{o results in a dysfunctional ObRb that has reduced binding

affinity for leptin (49). A 50:50 mixture of CLA given to fa/fa Zucker rats does not result

in decreased body weight, however, they still experienced an improvement in oral

glucose tolerance and higher adipose GLUT-4 mRNA levels (7). Studies involving this

animal model have shown that the tI0, cI2 isomer of CLA induces weight loss while

improving muscle glucose transport and decreasing fasting serum glucose and insulin
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concentrations (50). When given the c9, r11 isomer on its own,fa/fa Zucker rats did not

experience any changes in body weight, adiposity, muscle glucose metabolism, or insulin

levels (50). Fa/fa rats fed a CLA mixture had a23o/o reduction in serum leptin vs. the

control, lean Zucker rats. The adipoctûes of thefa/fa control rats were also significantly

larger than those of the CLA fedfo/fu ruts (43). Decreased adipocfie size suggests an

improvement adipocyte function, as shown by improved ability to mobilize stored lipids

(43), and secrete adipokines such as leptin that regulate appetite, and increased fatty acid

oxidation in muscle and liver (21). There also exists a strong relationship between

smaller adipocytes and increased insulin sensitivity (51,52).

Although they exhibit a similar phenotype, ob/ob mice andfa/fu Zuckq rats are of

different species, and they also have different mutations. Which factor underlies the

opposite effects observed when they are fed CLA is not known. A more suitable mouse

model for comparing the effects of CLA between rats and mice is the db/db mouse,

which has a mutation that leads to a shortened cytoplasmic domain on the ObRb

rendering them unable to propagate a proper leptin signal resulting in a similar phenotype

to that of thefa/faZucker.

CLA and db/db mice

C57BL\6J mice with a mutation in the leptin receptor (Leprdb) are characterized

by obesity, hyperglycemia, hyperinsulinemia, hyperleptinemia and dyslipidemia. The

db/db mice also show insulin resistance according to glucose tolerance tests (53). The

autosomal recessive db/db mutation thus makes C57BL|6J mice a suitable model for

severe T2DM (15).
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There is only one known study in which 8 week old db/db mice were given a I.2

% CLA mixture for 11 weeks (37;Table 1). Although they utilized the triglyceride (TG-

CLA) fonn of CLA, it is accepted to be equivalent to the free fatty acid form of CLA (54)

that is most frequently employed in animal studies. The db/db mice experienced

significant weight loss consistent with the results for ob/ob mice. Epididymal and

abdominal fatpad weight was decreased in the db/db mice along with an increase in liver

weight (8, 37). The db/db mice fed CLA had improved blood glucose and plasma insulin

levels during an oral glucose tolerance test. Interestingly, these improvements are

consistent with the results obtained with the administration of a CLA mixturetofa/fu

Zucker rats (43) rather than ob/ob mice.

Unfortunately, the study done by Hamura et al. (2001) did not use a paired-weight

control group of db/db mice matched to the body weight of the CLA-fed db/db mice.

This makes it more diffrcult to determine whether the improvements in oral glucose

tolerance and insulin ievels were due to the CLA and not due to a decrease in body

weight. The study also failed to explore any of the mechanisms behind the improved

glucose and insulin levels or any changes regarding insulin signalling. Important

adipokines that originate from adipose tissue, such as leptin, also were not measured,

therefore leaving fuither questions that have yet to be addressed.

CLA and 373-LI adipocytes

Fully differentiated 3T3-L1 adipocytes are a useful cell model to evaluate insulin

action and other cellular responses in adipocytes. Mouse-derived immature pre-

adipocytes are identical to fibroblasts; however, when treated with insulin, 1-methyl-3-

isobutylxanthine (MIX) and dexamethasone (DEX), 3T3-L1 adipocytes will differentiate
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over a four to six day period into mature fat cells. Over this time, lipid droplets appear

inside the cell as an indication that the cells are differentiating (55).

Nine days after inducing differentiation, 3T3-Ll adipocytes treated with 100 pM

of the tI), cl2 isomer of CLA showed both reduced expression of leptin mRNA as well

as decreased leptin secretion (56), similar to the reduced serum leptin levels seeninfa/fu

rats following administration of a CLA mixture (43). This is in contrast to the results

obtained by Brown et al. (2004), who found that treatment with 30 ¡rM of tl0, cI2 isomer

of CLA fotI,2 and 3 weeks increased leptin gene expr€ssion along with a time-

dependent decrease in triglyceride accumulation in newly differentiated human

adipocytes from stromal vascular cells (57). Ciglitazonq an activator of peroxisome

proliferator activated receptors (PPAR)-y and an anti-hyperglycemic agent that leads to

triglyceride accumulation was used to treat the 3T3-L1 adipocytes in conjunction with the

tI0, cI2 CLA. The ciglitazone-induced triglyceride accumulation was inhibited by the

tl0, cl2 isomer in 3T3-L1 adipocytes, which the researchers hypothesized was due to the

isomer blocking preadipocyte differentiation through a PPAR-y dependent mechanism

(58).

In 3T3-Ll adipocytes, the c9, 11l isomer of CLA may improve insulin-stimulated

glucose transport though an anti-inflamrnatory mechanism or through improved

translocation of GLUT-4 to the cellular membrane, which then promotes the shuttling of

glucose into the cell (45). 3T3-L1 adipocytes treated with a mixture of c9, tI I (40%) and

tI0, cI2 (40%) CLA isomers at concentrations of 50-200 pM decreased basal glucose

uptake 20-30% over a time fi'ame up to 96 hours. However, insulin-stimulated glucose

uptake was only inhibited slightly at200 ¡rM, the highest concentration of CLA
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employed in the study (59). Although CLA and its effects on leptin and glucose transport

in 3T3-Ll adipocytes have been studied, there is a lack of investigation as to the

particular cell signalling mechanisms that are stimulated by treatment with CLA.

Proposed mechanisms for differential responses to CLA

Despite the conflicting results among different animal models and cell types in

response to treatment with CLA, a consistent mechanism that explains the action of CLA

has yet to be fully elucidated. Several mechanisms have been examined in an attempt to

explain the effects of CLA on lipid metabolism. Proposed mechanisms involving PPAR

and the sterol regulatory element binding protein (SREBP) have received the most

attention.

PPARs (o, B/ô and y) are nuclear receptors that function as transcription factors

when activated by endogenous signals like fatty acids to regulate a number of genes

important to lipid and triglyceride metabolism (60). The distribution of the various

PPAR targets varies among tissues; PPARc is abundant in liver, muscle and brown

adipose tissue, while PPARy is highest in adipose tissue (61). Due to their unique

chemical structure, CLA isomers may be important signalling molecules through their

ability to act as ligands for multiple PPARs. PPARy seems to be activated solely by the

tI0, cI2 isomer while PPARo may be activated by both the tI0, cI2 andthe c9, tI I

isomer (47). Activation of PPARI by CLA is thought to have an insulin sensitizing effect

similar to the PPARy agonists, the thiazolindinediones, which are used as drugs in the

management of T2DM. Unfortunately these drugs lead to triglyceride accumulation in

adipocytes, which is not seen with CLA treatment (47,56,51). Infa/fa Zucker rats, CLA

did not alter the gene or protein ievels of two of PPARy's targets: uncoupling protein 2
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(UCP-2) and lipoprotein lipase (LPL) (43). CLA's mechanism of action may also be due

to the activation of hepatic PPARo which enhances hepatic fatty acid oxidation (62). In

the liver of ob/ob mice, neither PPARc nor one of its target genes, camitine palmitoyl

transferase-lo, showed differences in mRNA expression between CLA isomer fed and

control mice (46). The mechanisms involving either PPARo or PPARy and CLA do not

appear to explain the different responses observed in mice and rats; however, they may

still play a large role in the some of the effects of CLA on adiposity.

SREBP-Ic belongs to a group of nuclear transcription factors (SREBPs) found in

insulin sensitive tissues like the liver, muscle and adipose tissue. When activated by

insulin, SREBP-1 regulates a number of genes involved in lipid metabolism and glucose

utilization (63). SREBP-1c can also be activated by the Liver-X-Receptor-a, (D{R-o)

that is stimulated by cholesterol derivatives (63). Elevated SREBP-1c activity leads to

states of lipid accumulation or lipodystrophy as well as insulin resistance; however,

SREBP-Ic knock-out mouse models have lower fasting glucose levels (63).

Overexpression of SREBP- lc is found in the livers of ob/ob mice, fa/fu Zucker rats and

db/db mice (23,63). Because of the link between increased lipids and decreased insulin

sensitivity, SREBP-1c maybe an important transcription factor that could explain the

effects seen in mice and rats if it is regulated differently between the two species in

response to CLA. In ob/ob mice, the c9, /11 isomer has been shown to improve serum

lipid profiles; this maybe due to reduced activation of hepatic SREBP-1c and LXR-g

mRNA expression. The tl), cI2 isomer had no effect on hepatic SREBP-Ic or LXR-o

mRNA levels in the ob/ob mice which may explain the hyperlipidemia as well as the

increased diabetic effect seen with this treatment (8). Stringer (2006) found that in the
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fed state, dietary CLA isomers had no effect on hepatic SREBP-1 activation although

there was improved hepatic steatosis in-fa/fa Zucker rats. Full length SREBP-1 was

significantly increased in the liver of fed -statefa/fa Zucker rats given c9, tl I and tI0, cl2

CLA isomers, however, the amount of activated SREBP-I did not change due to CLA

(64). Because CLA did not increase SREBP-1 levels in multiple animal models, there is

no obvious way to explain the genotype or species-specific responses to CLA. Therefore,

the mechanism of how CLA improves insulin resistance and hepatic lipid levels i"fo/fo

Zucker rats requires further exploration.

Protein kinase C (PKC)

A group of isoenzymes known as PKC is gaining attention for their ability to

influence insulin signalling (65). At this point, the direction of the cellular response,

specifically whether insulin signalling is downregulated or upregulated, appears to be

dependent upon which isoforms are either present or activated within the particular cell

type. Furthennore, exploration into the effects of CLA on PKC within the context of

insulin signalling has been extremely limited to date.

PKC is a family of eleven or more isozymes, some of which are able to regulate

the insulin signalling pathways by either promoting or inhibiting insulin's actions (65).

The PKC isoforms have been placed into three different groups according to the

substrates that they require for activation. The classical or conventional PKCs (cPKCs)

include the isoforms u, BI, BII and y which are activated by a product of lipid oversupply,

diacylglycerol (DAG), as well as intracellular Caz* and phosphatidylserine (PS). These

isoforms are widespread throughout the body. Novel (npKC) pKC isoforms, ô

(widespread), e (brain, heart), q (heart, skin, and lung), 0 (muscle, brain, blood cells) and
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p (lung epithelial cells) are activated by DAG and PS but do not require Ca2*. The

atypical PKC (aPKC) isoforms ( (widespread) and /I (kidney, brain, and pancreas) do

not require Ci* or DAG for activation (66). The isoforms found in adipose tissue,

however, have not been well charactenzed. Consequently, their role in insulin or leptin

signalling in adipocytes has also not been adequately defined.

PKC isoforms are able to interact with various upstream and downstream targets

of the insulin signalling cascade which can lead to various effects on glucose utilization

(65) as surnmarized in Table 2.The activation of DAG-sensitive PKC isoforms

(conventional and novel) may provide a link between impaired lipid metabolism and

decreased insulin sensitivity and glucose utilization. Activated atypical PKC isoforms

have been shown to act downstream of PI3K and may provide an insulin sensitizing

effect in adipocytes (66).

Table 2: Effect of PKC isoforms on insulin signalling

PKC Isomer Insulin Sisnalline
Substrate

Effect on Glucose Utilization

PKCa Insulin receptor substrate
(rRS)

I Glucose uptake and flnsulin resistance

PKCPI
PKCPII

lnsulin receptor
GLUT-4 transporter

flnsulin resistance

I Glucose uptake

PKCô Insulin receptor, IRS f Glucose uptake, f Úrsulin receptor
endocytosis

PKCe Glycogen synthase kinase
(GSK), PKB/Akr

Hinders glucose uptake, f Insulin resistance

PKCE lnsulin receptor f Insulin resistance

PKCVI IRS
PKB/Akt, GLUT-4 vesicle

Jlnsulin resistance

f Glucose uptake independently of insulin

Adapted from Sampson et al (2006)
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Effects of CLA on PKC

There is limited evidence to support the view that CLA will affect PKC activity in

regards to insulin resistance. Based on two studies using prostate and mammary

epithelial cells, CLA has been shown to activate several PKC isoforms (a, õ, p and o

(67). Song et al (2004) showed that the c9, tI I and tl}, cl2 isomers were equipotent in

stimulating changes in PKC distribution in human prostate cancer cells. Activation of the

oPKC and nPKC isoforms occurs when they are localized in the membrane, and cytosolic

PKC is typically considered inactive (68). However, in normal rat mammary epithelial

tissue, CLA was found to have no effect on the distribution of various PKC isoforms

(69). In the same study, CLA treatment was shown to increase PKC a, ô, e and r'¡ in

membrane fractions when administered to adipocytes isolated from marnmary gland

tissue. These results indicate that various PKCs can be modulated by CLA; however, the

effects of CLA on PKC isoforms that are present in adipose tissue as well as their

relationship with insulin sensitivity remain to be explored.

Effects of leptin on PKC

Few studies have investigated whether leptin is able to alter the activity of PKC

with respect to insulin signalling, especially in adipocytes. Leptin appears to activate

PI3K through JAK2 which leads to the association of IRSl or IRS2 to p85-PI3I(, thereby

enhancing glucose uptake (18). Stimulating HEK-293 kidney cells with leptin results in

increased levels of phosphorylated PKCô and PKCe, with no rise in intracellular Ca2*,

which is to be expected as these novel PKCs are not dependent on Ca2* for activation.

Interestingly, the second messengers PI (3, 4) P2 and PI (3, 4, 5) P3 that are

phosphorylated by active PI3K, have been shown to activate both PKCô and PKCe in
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insect cells (95), which may suggest a PKC mediated mechanism for leptin and insulin

signalling pathways to communicate. Further investigation into how these two signalling

pathways may cross-talk and can influence insulin sensitivity through an ObRb-PI3K-

PKC pathway is required especially in adipose tissue and other insulin sensitive tissues.

Summary of current state of knowledge

PKC isoforms, leptin and CLA have all been shown to modulate insulin

sensitivity (Figure 1) in various conditions. On the other hand, the evidence regarding

the effects of CLA on PKC and leptin remain to be fully explored. Some evidence

indicates that CLA is able to alter the activity of some PKC isoforms as well as reduce

the secretion of leptin from adipose tissue. CLA appears to have an insulin sensitizing

effect in rats (f"/fq) and mice (db/db) that lack a leptin receptor while it appears to

promote insulin resistance in mice (ob/ob) that cannot produce leptin. The mechanism

for this difference is currently unknown. The differences in insulin sensitivity may be

due to differences in secreted leptin, mediated by changes in PKC as a result of feeding

CLA isomers.
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Figure 1: Potential direct and indirect effects of CLA on insulin sensitivity
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STUDY DESIGN,A.ND RATIONALE

This study will include in vitro and in vivo models to investigate how CLA improves

glucose utilization with or without reducing adiposity due to changes in leptin that are

potentially mediated by various PKC isoforms. The db/db mouse, a model for obesity

and T2DM, will be used to study the effects of CLA on mice that do not have a

functional leptin receptor. The effects of CLA on the mouse-derived 3T3-L1 adipocytes,

which do have a functioning leptin receptor, will be used to compare how CLA may

modulate leptin levels and PKC activity in adipocytes.

The dietary study (in vivo) model will last for six weeks and will involve four

groups of leptin receptor deficient, db/db mice: i) a control group fed 0o/o CLA, ii) group

f€d 0.4 % (wlw) c9, tI I CLA, iii) group fed 0.4 % (wlw) tI0, cI2 CLA and iv) paired

weight control gtoup. The study will also include a lean control group that will receive

fhe 0o/o CLA diet. Both isomers will be compared, as it is the tI0, cI2 isomer that has

been labeled as being responsible for decreased adiposity while simultaneously inducing

insulin resistance, although, both tI0, cI2 and c9, tI I CLA isomers are typically

available in equal amounts when taken as a nutraceutical. The paired weight control

group will receive the control diet and will not be fed ad libitum. This group will have

their calories adjusted so that their body weight is equivalent to the CLA group with the

lowest body weight. That way, if the db/db mice experience changes in glucose

utilization or leptin levels that are significantly different from the control groups the

changes be attributed to the CLA and not just frorn changes in body weight and adiposity.

Changes in levels of serum and adipose leptin are important and may indicate that intake

of CLA results in decreased production of leptin even in animals that lack a leptin
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receptor, suggesting an altered feedback mechanism. Changes in adiposity will be

assessed by weighing peri-renal and epididymal adipose tissue.

To examine whether changes in glucose utilization have occurred, fasting blood

will be collected to measure serum insulin and glucose. The homeostasis model of

insulin resistance (HOMA-IR) will be used to calculate the level of insulin resistance

using the fasting levels of serum glucose and insulin; this will give us an overall view of

the glucose utilization of db/dbmice given CLA. Although it would be preferable to

assess oral glucose tolerance, the repeated blood sampling of fasted mice via the

,sephaneous vein is very difficult. Any changes in insulin sensitivity will be explained at

the molecular level by assessing the levels of phosphorylated PKB/Akt, PI3K and PDK-I

in adipose tissue; this will help to determine whether there are any changes in insulin

signailing as a result of CLA feeding.

Activation of certain isoforms of PKC by CLA in adipose tissue or in 3T3-L1

adipocytes has been relatively unexplored. The PKC isoforms o, F, ô, e,0, Ç)"have all

been shown to have both inhibitory and stimulatory effects on insulin signalling by acting

on various substrates of the insulin signalling pathway (65); CLA has been shown to

activate PKC a, B, ô and ( in prostate cancer cells as well as in mammary gland tissue

adipocytes (67,69). Exploration of the effects of CLA on PKC o, F, ô, e,0, Ç), in mature

3T3-L1 adipocytes and adipose tissue of the rnice will provide further information as to

how changes in insulin signalling may occur as a result of CLA. In order to measure the

level of PKC activation, cytosolic and membrane PKC have to be separated from each

other and then compared as membranous PKC is regarded as being the activated form

(68).
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The pairing of these two models will help to explain the mechanism for the

changes in insulin sensitivity that accompany fat loss in rodents fed CLA.
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IIYPOTHESES

1. The tI}, cI 2 isomer of CLA will reduce weight gain and adiposity as well as

improve glucose utilization in db/db mice, an effect similar to what occurs in-fo/fo

Zucker rats. These effects will be due to their genotype (leptin receptor mutation)

and not due to differences between species (rat vs. mouse).

2. Activation of PKC in adipose tissue will contribute to the mechanism whereby the

tl0, cl2 CLA isomer improves utilization of glucose in adipose tissue due to a

dysfunctional leptin receptor.
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OBJECTIVES

1. To investigate the effects of a dietary c9, tI I or tI0, cI2 CL{isomers onbody

weight, adiposity, fasting serum glucose, insulin and leptin. Epididymal adipose

tissue of db/db mice will be explored for the protein levels of leptin, key

mediators in insulin signaling (p-Akt, p-PI3K and p-PDK-1) and PKC o, B ô, e, 0,

¡t andÇ)".

2. To compare the effects of leptin, linoleic acid and c9, tI I or tI0, cI2 CLA on

PKC o, F ð, t, p and Ç)', and leptin levels in treated 3T3-L1 adipocytes.
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MATERIALS AND METHODS

STUDYl-ANIMALSTUDY

Animals and díet

Six-week old male C5TBLKS/J mice, homozygous for the diabetes spontaneous

mutation (Leprdb) ldb/dbmicel, and ten CSTBLKS/J mice fiean controls; InCTL] were

obtained from the Jackson Laboratory (JAX Mice and Services, Bar Harbor, Maine). The

experiment was designed for n:l0 per group (40 db/db + 10 lean controls), however,

Jackson Laboratories sent one extra db/db mous€ which was assigned to the tI0, cl2

CLA group. The mice were allowed to acclimatize for 5-9 days to the housing conditions

(stainless steel hanging cages, 12 hour light/dark cycle with controlled humidity and

temperature) and diet (control diet containing 0% CLA) [Table 3]. The db/db mice were

randomly assigned to diets containing 0% cL^ ldbcrLl, 0.4% {w/w) c9, tI I cLA

fdbc9, tl1] or 0.4o/o (wlw) tl0, cI2 cLAldbtl\, cl2l and fed ad libitum, or were

randomly assigned to the paired weight control group ldbPWl fed the O% CLAdiet in

restricted amounts to maintain a body weight equivalent to the tI0, cl 2 CLA-fed mice.

The InCTL group was fed the 0o/o CLA diet ad libitum. Fresh diet was provided three

times weekly. The dbPW mice received restricted amounts of 0o/o CLA diet daily,

beginning on the second week. Weekly body weights were obtained, with the dbtI¡, c12

CLA and dbPW groups being weighed more often in order to determine the degree of

diet restriction required. The dietary intake of the dbPW mice was not different from the

InCTL group. In order to more accurately measure the feed intake of the mice, the diet

was mixed with water creating a paste diet. The diet was stored in small portions at -Z1oC

and thawed before feeding. Feed intake was corrected for spillage by weighing any
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spilled diet undemeath the individual mouse cages. Water was freely available

throughout the study. The dietary intervention lasted for 6 weeks. The protocol for the

animal care procedures was approved by the University of Manitoba Protocol

Management and Review Committee and met the guidelines of the Canadian Council on

Animal Care (70).

Table 3: Diet formulation

Ingredients (g/kg Diet)

Cornstarchl

Maltodextrin2

Sucrose2

Egg White2

Cellulose2

AIN-93MXG - Mineral Mix2

AIN-93VX - Vitamin Mix2
Choline2

Biotin Mix (200 mg biotin/kg
cornstarch)2
Tert-butylhydroquinone3
Soy Oil2

c9, tI I CLA (90% pure)
cat #: 10-1 823-90 lot #: G438:12
tI1, cI2 CLA (90% pure)
cat #: l0-1826-90 lot#:I-267:8

Control
Diet
363

t32
100

212.5

50

35

10

2.5

10

0.014
85

0

0

c9. tI I
Diet

363

132
100

2r2.5
50

35

10

2.5

10

0.014
80.57

4.44

0

t[0. cI2
Diet
363

132
100

212.5

50

35

10

2.5

10

0.014
80.s7

0

4.44

tCasco Inc. Etobicoke, Ontario
2[arlanTeklad 2826 Latham Drive Madison, WI
3Sigma-Aldrich, St. Louis, Mo
aLarodan, Malmo, Sweden

Tíssue collection

At the end of the study period, the mice were fasted from 07:00 to 13:00 and

euthanized by asphyxiation with carbon dioxide and cervical dislocation. Trunk blood

was drained and collected from the mice immediately following cervical dislocation and

placed on ice. The blood was centrifuged (Eppendorf Centrifuge 5804, Hamburg,
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Germany) at 5000 rpm for 10 minutes at 4oC, and the serum aliquoted and stored at -

80oC. Epididymal and peri-renal fat pads, liver, kidneys and pancreas were dissected,

weighed, and flash frozen in liquid nitrogen and stored at -80oC.

Serum biochemistry

i. Glucose

Fasting glucose was analyzed using a commercial kit (Cat. # 220-32,1ot: 34381,

Diagnostic Chemicals Ltd., Charlottetown, P.E.I.), the principle of which is modified

from the Trinder glucose oxidaseþeroxidase method (71):

1. Glucose a Oz + HzO glucose oxidase , gluconic acid + hydrogen peroxide

(Hroz)

2. H2O2 + hydroxybenzoate + 4-aminoantipyrine peroxidase , quinoneimine dye

+ H2O

Reagents used:

o Glucose colour reagent: a solution, reconstituted with ddHzO, containing a buffer

(pH7.25 at25oC),0.25 mmol lL 4-aminoantipyrine, 20 mmol p-hydroxyb enzoate,

>40 000 u/L glucose oxidase (Aspergìllus niger), >2000 u/L horseradish

peroxidase, and preservatives.

o Glucose Standard: solution containing 5 mmol/L glucose and preservatives,

serially diluted to produce 3 additional standalds (0.625,I.25, and2.5 mmollL).

Serum from the lean mice was diluted 5 times and serum from the db/db mice was

diluted 10 times with ddHzO. Five pL of ddH2O, glucose standards, serum samples,

and quality control were pipetted, in triplicate, into a 96-well microplate (Costar
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EIA/RIA 96-well polystyrene plate, Fisher Scientific, Whitby, ON). Two-hundred

¡tL of the reconstituted glucose colour reagent was then added to each well. After

gentle shaking, the plate was incubated at room temperature for 10 minutes. The

absorbance of the colour was read at 505 nm with a microplate reader (SpectraMax

340, Molecular Devices Corp., Sunnyvale, CA) using SOFTmax Pro software

(version 1.2.0., Molecular Devices Cotp., Sunnyvale., CA). The mean result for each

sample as multiplied by the dilution factor to obtain the final serum glucose

concentration in mmoVl. The standard curve of all assays had a minimum

correlation coefficient of 0.9.

ii. Triacylglycerides

Serum triacylglycerides were quantified using a commercial kit{Cat #210-75,

Diagnostic Chemicals Ltd., Charlottetown, P.E.I.) with a method adapted from Fosssati

& Prencipe (1982).

l Triglycerides Lipase , Glycerol + Fatty Acids

2. Glycerol + ATP Glvcerol Kinase, Glycerol-l-phosphate + ADP

3. Glycerol- I -phosphate + Oz L-u-slycerol phosphate oxidase , H2O, + Dihydroxyacetone Phosphate

4. 4-aminoantipy'ine + H2Or + 3,5-dicholoro-2-hydroxy-benzenesulfonic acid peroxidase,

Quinoneimine Dye + HCI + 2H2O

The formation of the quinoneimine dye turns the samples red, the intensity of which

is directly proportional to the concentration of total triacylglycerides in the sample.

Reagents used:

o RI Enzyme colour solution
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u Triglyceride standard: Solution containingZ.O mmol/L triglyceride standard

diluted with a 0.9Yo saline solution to produce 5 additional standards (0.0625,

0.125, 0.25, 0.5, 1.0 mmol/L).

Serum from db/db mice fed c9, tl I CLA was diluted 5x while the serum from all

other groups were diluted 10x with a0.9Yo saline solution. Ten pL of 09% saline

solution, triglyceride standards, serum samples and quality control were pipetted in

triplicate into the wells of a microplate (Costar EIA/R.IA 96-well polystyrene plate,

Fisher Scientitìc, Whitby, ON). One hundred ¡rL of RI enzyme colour solution was

added to each well followed by 140 ¡tL of ddHzO, and the plate was mixed and incubated

for 5 minutes at 37oC in a microplate reader (SpectraMax 340, Molecular Devices Corp.,

Sunnyvale, CA). The plate was mixed and the absorbance read at a wavelength of 515

nm using SOFTmax Pro software (version 1.2.0., Molecular Devices Corp., Sunnyvale.,

CA). The mean result for each sample was multiplied by the dilution factor to obtain the

final serum triglyceride concentration in mmol/L. The standard curve of all assays had a

correlation coefficient of0.9 or greater.

iíi. Cholesterol

Fasting serum.cholesterol was quantified using a coÍrmercial kit (Cat. #225-26,

Diagnostic Chemicals Ltd., Charlottetown, P.E.I), which has been adapted from Allain et

al (97$ and Roschlau et al (197$:

1.

2.

J.

Cholesterol Esters Cholesterol esterase >Cholesterol + Fatty Acids

Cholesterol + 02 Cholesterol oxidase ¡Cholesterol-3-one + HzOz

HzOz + 4-aminoantipyrine + Phenol Peroxidase -Quinoneimine + 4HzO
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The quinoneimine dye turns the samples a colour, the intensity of which is directly

proportional to the concentration of total cholesterol in the sample.

Reagents used:

o Cholesterol colour reagent: solution containing phosphate buffer (pH 6.7 at

25oC),1.6 mM 4-aminoantipyrine, >5560 U/L horseradish peroxidise, >400 U/L

cholesterol oxidase (Norcardia sp.), apreservative, and a stabilizer.

o Cholesterol phenol reagent: solution containing 40 mM phenol, a surfactant, and

a stabilizer.

" Cholesterol working reagent: equal volumes of cholesterol colour reagent and

cholesterol phenol reagent, mixed gently.

o Cholesterol standard: solution of 5 mM cholesterol, a surfactant, and a

preservative; serially diluted to produce 3 additional standards (0.625, I.25,2.5

mM).

Serum samples were diluted 2x using 1x PBS (Cat#37572, Thermo Scientific,

Rockford, IL) working solution. Ten ¡rL of cholesterol standards, serum samples, ddH2O

and the quality control were pipetted, in triplicate, into the wells of a microplate (Costar

EIA/RIA 96-well polystyrene plate, Fisher Scientific, Whitby, ON). Two-hundred pL of

working reagent was added to each well, and the plate was mixed for 30 seconds before

being incubated at3loc for 5 minutes. The absorbance of the colour in each well was

rcad at 505 nm using a microplate reader (SpectraMax340, Molecular Devices Corp.,

Sunnyvale, CA) using SOFTmax Pro software (version 1.2.0., Molecular Devices Corp.,

Sunnyvale., CA). The mean result for each sample was multiplied by the dilution factor
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to obtain the final serum cholesterol concentration in mmol/L. The standard curve of all

assays had a correlation coefficient of 0.9 or greater.

Enzyme immunoassay

i. Leptin

Fasting serum leptin was quantified using a mouse/rat enzyrne immunoassay kit

(Cat# 22-LEPMS-EO1, Alpco Diagnostics., Salem, New Hampshire).

Reagents used:

c 96-well microtiter plate coated with anti-mouse/rat leptin antibody

o Antibody conjugate: Biotinylated anti-mouse/rat leptin antiserum, diluted 1:100

with dilution buffer. Also contains a preservative.

o Enzpe conjugate: Horse-radish peroxidase conjugated streptavidin diluted

1 :100 with the dilution buffer immediately before use. Also contains a

preservative.

o wash buffer: Diluted 1:20 with ddH2o just prior to use. Also contains a

preservative.

c Tetramethylbenzidine(TMB) substratesolution

o Stop solution: 0.2M Sulfur Acid (HzSO+)

e Standards A-G: Each reconstituted with 1 mL dilution buffer to yield

concentrations of 25, 50, 100, 200, 400,800, and 1600 pglmL of recombinant

mouse leptin.
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ø Control: Lyophtlized mouse serum, reconstituted with dilution buffer. Actual

leptin concentration of 1265 * 190 pglml.

Fasting termination serum from db/db mice was diluted 100x and serum from lean

mice was diluted 10x with dilution buffer. One hundred ¡rL of dilution buffer, standards

(A-G), quality control and diluted samples are were pipetted in duplicate into the wells of

the 96-well microtiter plate that was coated with anti-mouse/rat leptin antibody, and

incubated for one hour on an orbital shaker (DS-500, VWR, Henry Troemner, Thorofare,

NJ), rotatin g at 90 rpm. After the incubation period, the plate was washed 3 times with

250 ¡tL of wash buffer with a microplate washer (Wellwash AC 870, Ref # 5161020,

Thermo Labsystems, Woburn, MA). One hundred pL of antibody conjugate was pipetted

into each well and the plate was incubated for another hour while being shaken at 90 rpm.

The plate was washed 3 times with 250 pL of,wash buffer with the microplate washer

(Wellwash AC 870, Ref # 5161020, Thermo Labsystems, Woburn, MA). One hundred

¡rL of the enzyme conjugate solution was pipetted into each well. The microtiter plate

was covered, and shaken at 90 rpm for 30 minutes before being washed 3 times with 250

pL of wash buffer. In the dark, 100 pL of the TMB substrate solution was added to each

well and incubated for 30 minutes. The reaction was terminated with 100 pL of the stop

solution and the absorbance was read with a ThermoMax microplate reader (Molecular

Devices Co.p, Sunnyvale, CA) at 450 nm with a reference filter of >590 nm. The

standard curye regression line was described using a four parameter logistic lin-log

curve-fit calculated by Softmax Pro Software (Version 2.34,Molecular Devices Corp,

Sunnyvale, CA). The absorbance values of the samples, when multiplied with their

respective dilution values, were used to calculate the leptin concentrations of the mouse
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serum samples. The correlation coefficient of the standard curve was ) 0.95. The

determined and calculated concentration of the recombinant mouse leptin control was

between 1075 and 1455 pglmL.

ii. Insulín

Fasting serum insulin concentrations were determined using a mouse insulin high

range enzpe immunoassay (Cat. # 8O-INSMSH-EO1, Alpco Diagnostics., Salem, New

Hampshire)

Reagents used:

o Insulin microplate: 96 well plate coated with mouse monoclonal anti-insulin

antibody

. Antibody conjugate: Horseradish peroxidase labeled monoclonal anti-insulin

antibody

o Wash buffer: Diluted 1:20 with ddH2O just prior to use. Also contains a

preservative.

. Tetramethylbenzidine (TMB) substrate solution

e Stop solution: 0.2 M Sulfur Acid (H2SOa)

. Insulin standards A-E: Each reconstituted with 1 mL dilution buffer to yield

concentrations of 3, 7 .5, 30, 75, I 50 nglmL and zero standard (0 nglml.)

. Mammalian insulin high control: lyophilized insulin reconstituted with 0.6 mL of

ddHzO; yields a concentration of 4.77 nglmL (3.61-5.91 ng/mL) insulin.

Five pL of the standards (A-E), high insulin control and diluted serum samples were

pipetted in duplicate into the 96-well microplate. Seventy-five pL of working strength

conjugate was pipetted into each well and the plate was placed on the orbital shaker (DS-
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500, VWR, Henry Troemner, Thorofare, NJ) and agitated at 90 rpm at room temperature.

After a2hour incubation period, the plate was washed six times with 250 pL of the

reconstituted wash buffer with a microplate washer (Wellwash AC 870, Ref # 516T020,

Thermo Labsystems,'Woburn, MA). One hundred pL of the TMB substrate was pipetted

into each well and incubated at room temperature on an orbital shaker while being

agitated at 90 rpm. After 15 minutes, the reaction was terminated with 100 ¡rL of the stop

solution. The microplate was read with a ThermoMax microplate reader (Molecular

Devices Co.p, Sunnyvale, CA) at the absorbance wavelength 450 nm with a reference

wavelength of 620-650 nm. Using Softmax Pro Software (Version 2.34, Molecular

Devices Corp, Sunnyvale, CA), the standard curve was plotted on a log/log scale and the

sample concentrations were determined by plotting the absorbance of each unknown

sample against the standard curve.

HOMA-IR

The fasting serum insulin and glucose concentrations were used to calculate the

level of insulin resistance with the homeostasis model assessment fonnula (74).

fFasting glucose (mmol/L)] x fFasting insulin (pU/mL)] / 22.5.

Fasting serum insulin was converted from nglmL to pU/mL:

Insulin (nglml) / 0.0417: Insulin (pU/mL)

Western blotting

Western blotting was used to identify the proteins of interest using polyclonal and

monoclonal antibodies with a method adapted from Gallagher et al (2008). The adipose

tissue samples are solubilised and separated by sodium dodecylsulfate polyacrylamide gel

electrophoresis (SDS-PAGE). The samples are then transferred to polyvinylidene
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difluoride (PVDF) membrane which allows access for the primary antibodies to bind to

the proteins of interest, after non-specific binding sites have been blocked with bovine

serum albumin. The antigen-antibody complexes are then tagged with horseradish

peroxidase that is attached to a secondary antibody. The protein of interest can then be

illuminated using the appropriate chemiluminescent substrates and captured on

autoradiographic film.

í. Protein extractíonfrom whole epididymal adipose tissue

In order to quantifu the levels of various proteins present in the adipose tissue of

the mice, the protein is first released from the tissue by homogenization in a detergent-

containing solution and this is then followed by centrifugation to remove insoluble

materials and make the proteins available for analysis by western blotting.

Reagents used:

o 3x Sample Buffer: 3% SDS, 30%o glycerol,0.2 M Tris-HCl pH 6.8, ddH2O

. Liquid Nz

In a mortar, 200 mg of epididymal adipose tissue is covered in liquid Nz and allowed

to freeze so that it can be ground into a fine powder with a pestle. Three times sample

buffer was added to the powder, and this was stirred into a uniform paste which was then

allowed to sit for a minimum of 15 minutes to permit lysis of the cells. One and a half mL

of the suspension was pipetted into a microfuge tube and centrifuged (Eppendorf

Centrifuge 5804, Hamburg, Germany) at 12000 rpm for 5 minutes. The supernatant was

removed and put into another tube and sonicated (Sonic dismembrator, Model 100,

Thermo Fisher Scientific Inc., Ottawa, ON) for 15 seconds to shear the DNA in the

sample and thus decrease its viscosity. The samples were stored at -80oc.
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íí. Subcellular fractionation of epididymal adip os e tis sue

In order to identify the distribution of the various PKCs in the epididymal adipose

tissue of the mice, the cellular components were fractioned so that the microsomal

(activated) and cytosolic (inactive) PKCs were separated from each other.

Reagents used:

Homogenization Buffer:

" 0.25 M Sucrose
. 0.5 mM Tris
o 3 mM CaCIz
. 1 mM EDTA
e 0.5 mM EGTA
c 25o/o Glycerol

Nuclear Extraction Buffer:

c 175 mM KzHPO+
o 0.1 mM EDTA

Protease Inhibitor Cocktail Set III (Cat# 539134, EMD Sciences, [NC., Darmstadt,
Germany)

o AEBSF, Hydrochloride
o Aprotinin, Bovine Lung, Lyophilized
o Bestatin
c E-64, Protease Inhibitor
o Leupeptin,Hemisulfate
e Pepstatin

Two hundred mg of epididymal adipose tissue was suspended in homogenization

buffer approximately 2.5x the volume of the tissue sample. For every 10 mL of

homogenization buffer,2 ¡tL of set III protease inhibitor cocktail (Cat#539134, EMD

Sciences, [NC., Darmstadt, Germany) was added to prevent the breakdown of the cellular

proteins. The tissue and homogenization buffer were then homogenized (Polytron PT
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1600 E, Kinematica AG, Littau-Lucerne, Switzerland) on low speed for 10-15 seconds.

The samples were then centrifuged (Eppendorf Centrifuge 5804, Hamburg, Germany) at

2000 rpm for 10 minutes at 4oC. The supematant was transferred to an ultracentrifuge

(Beckman Coulter Optimax Max Ultracentrifuge) tube and spun at 38000 rpm for 40

minutes. The supernatant, which consists of the cytosolic fraction, was collected and

stored at -80oC. The remaining pellet, which consists of the microsomal fraction, was

resuspended in 100 ¡rL of homogenization buffer and stored separately at -80oC.

iii. Quantificatíon of protein samples

A protein assay was used to quantiÛr the protein concentration of the epididymal

adipose tissue and 3T3-L1 adipocyte whole cell and subcellular fractions. The reaction

between the reagents and proteins produces a coloured product whose colour intensity,

when measured by spectrometric analysis at 550 nm, is directly proportional to the

amount of protein in each sample. The results from each assay are compared to a

standard calibration curve in order to calculate the quantity of protein.

Reagents used:

Pierce protein assay reagent A (Cat #23223, Thermo Scientific, Rockford, IL):

sodium bicarbonate, bicinchoninic acid and sodium tartratein0.2 M sodium

hydroxide

Pierce protein assay reagent B (Cat #23224, Thermo Scientific, Rockford, IL):

cupric sulphate

Protein standard: 2mg/mL bovine serum albumin standard (Cat#23209, Thermo

Scientific, Rockford, IL) diluted with ddH2O for tissue samples or with 2x
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sample buffer for cell lysates to produce 6 standards (0.2, 0.4,0.6, 0.g, 1.0 and

2.0 mg/mL)

n ddHzO

o 2x sample buffer (0.5 M Tris HCI pH 6.8; t0% sDS; Glycerol (cat#Bpz29-1,

Fisher, )

The protein extracts derived from the adipose tissue were diluted with ddH2O.

Subcellular fractions and samples from the 3T3-L1 adipocles were diluted with 2x

sample buffer. Ten microlitres of ddH2O or 2x samples buffer, the standards and samples

were pipetted, in triplicate, into the wells of a 96-well microplate (Cat#167008, Nunclon,

Roskilde, Denmark). A ratio of 22I pL of reagent A to 4 ¡tL of reagent B was mixed in a

volume to allow 200 ¡tL to be pipetted into each well. The plate was incubated at37oC

for 30 minutes. The plate was read at 550 nm on a microplate reader (Thermomax,

Molecular Devices Cotp, Sunnyvale, CA) and Softmax Pro Software (Version 2.34,

Molecular Devices Cotp, Sunnyvale, CA) was used to determine the final protein

concentration in each sample.

iv. So dium do decylsulfate po lyacrylamide gel electrophores is

After quantification of the protein extracts from the adipose tissue, SDS-pAGE

was used to separate the various proteins according to their molecular mass.

Polyacrylamide gel with SDS, loaded with the tissue or cell samples has a cunent passed

through it that draws the denatured and negatively charged proteins though the gel; the

higher molecular mass proteins migrate slower through the gel than those that have a

lower molecular mass.

Reagents used:
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7 .5-I2% separating gel:

ø 20o/o acrylamide

" 10% SDS
o 1.5 M Tris-HCL pH 8.8
ø ljYo ammonium persulfate

' N, N, N', N'-Tetramethylethylenediamine (TEMED) (Cat # 805615, MP
Biomedicals, Solon, OH)

u ddHzO

5-7.5% stacking gel

c 20o/o (wlv) acryiamide
ø l0o/o (wt/v) SDS

" 0.5 M Tris-HCL pH 6.8
o l0%o (wt/v) ammonium persulfate
. TEMED (Cat# 805615, MP Biomedicals, Solon, OH)
. ddHzO

o HzO-saturatedbutanol
o 10o/o Bromophenol blue

" Z-mercaptoethanol (Cat # 6010, Omnipur, U.S.A)
o SDS-PAGE electrode buffer: 0.125 M Tris, 0.96 M glycine, 0.5% SDS

One or 1.5 mm spacers were placed between alarge and a small glass plate. The

plates were inserted into a sandwich clamp assembly and then placed into a casting stand.

The 7 .5-12% separating gel was prepared and poured between the glass plates. A Pasteur

pipette was used to gently layer a small amount of HzO-saturated butanol over top of the

separating gel to make sure that the top of the gel is even. The gel was left to polymerize

for approximately thirty minutes, after which the HzO-saturated butanol was poured off

and the gel rinsed with ddHzO. The stacking gel reagents were prepared and poured on

top of the separating gel. A 10 or 15 well comb was inserted and the gel was left to

polymerize for 30 minutes.

'When the stacking gel had polymerized, the sandwich clamp assembly was

transferred to the electrophoresis apparatus and placed in a transparent buffer tank. SDS-
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PAGE electrode buffer was poured into the middle of the electrophoresis apparatus as

well as into the buffer tank.

The concentration of protein determined from the protein assay was used to

calculate the appropriate volume of each sample. Each protein sample was mixed 1 to 1

with a solution of bromophenol blue and 2-mercaptoethanol. The bromophenol travels

with the smallest proteins in the sample and helps to determine when the procedure

should be stopped. The 2-mercaptoethanol, a reducing agent, removes secondary and

l'r.lfüary structures of the sample's proteins. The samples were heated in a 90oC water bath

for 5 minutes to further denature the proteins. Ten ¡-rg of protein per sample of whole

epididymal adipose tissue sample was loaded into each well. Samples from the

subcellular fractions of the adipose tissue or from the 3T3-Li adipocytes contained i5 Fg

of protein. The tissue samples, an internal loading control (a tissue sample which was

repeated on all gels to control for different intensities on different gels), a reference

control sample to ensure that aresponse could be detected , and amolecular mass marker

were loaded into the wells of the stacking gel using a syringe. The electrophoresis

apparatus was connected to a power supply and electrophorrsis conducted at 20 mA (per

gel) for approximately 90 minutes, until the bromophenol blue had reached the bottom of

the gel.

v. Gel transfer

After the proteins had separated by size in the polyacrylamide gel they were

electrophoreticaliy transferred to a 6.8 cm x 8 cm polyvinylidene difluoride membrane.

Reagents used:
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Transfer Buffer: 20%o methanol, 0.25

5x Tris-buffered saline in Tween-2O

mM Tris pH, 130 mM glycine, ddH2O

(TBST) 0.1 M Tris-HCl pH 7.4,0.25%

Tween-20

1x TBST: 7 parI5x TBST and 4 parts ddH2O

Methanol (Fisher Scientific, Fair Lawn, NJ)

The glass plates from the SDS-PAGE were separated and the stacking gel discarded.

The gel was removed from the glass plate by attaching it to a piece of blotting paper. The

PVDF membrane was placed on top of the membrane while immersed in transfer buffer

after the PVDF membrane had been equilibrated in the transfer buffer for 5 minutes. The

membrane was covered with a piece of blotting paper and both sides were covered with a

fiber pad. Any bubbles were pressed out and the components were placed inside a

transfer cassette in the transfer buffer solution. The cassette was latched closed and

placed in the electrode module with the negative side of the cassette facing the negative

side of the module. The transfer buffer solution was poured into the tank after addition of

an ice pack and a stir bar. The apparatus was placed on a magnetic stirrer with the stir

speed at 200 rpm. Electrode wires were attached to the electrode module and current

applied at 100 volts for 60 minutes. Membranes with the transferred proteins were

removed and placed in a covered container with 1x TBST covering the membrane and

stored at 4oC.

vi. Identification of proteins

Western blotting was used to probe for the proteins of interest on a PVDF

mernbrane by cornplexing them with a primary antibody followed by a secondary

antibody that is conjugated to horseradish peroxidase (HRP). When exposed to a
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chemiluminescent reagent, the HRP catalyzes the oxidation of luminol which, as it

decays, emits light; the intensity of the light is proportional to the amount of the targeted

protein that is present.

Reagents used:

o I xTBST

3% BSA in TBST (Bovine serum albumin fraction v, cat #10735080001, Roche

Diagnostics, Mannheim, Germany)

1% BSA in TBST

Lumigen PS-3 detection reagent (Ref # RPN2132 Vl +V2, Lumigen PS3, GE

Health, Piscataway, NJ)

Primary (1o) antibody

' Horseradish peroxidase linked secondary (2o) antibody

The membrane was placed into a black blotting box and covered with 10 mL of 3o/o

BSA in TBST and agstated on an orbital shaker for t hour. The primary antibody was

added to the 3% BSA-TBST at a ratio of 1:1000 and agitated for another hour. After one

hour, the 1o antibody aliquot was poured into a test tube for re-use and stored at -20oC.

The membrane was washed with I xTBST and agitated for 5 minutes; this was repeated

four times. A horseradish peroxidase-linked secondary antibody, specific to the animal

source of the primary antibody, was added to 1%o BSA in TBST ataratio of 1:i0,000.

After one hour, the 2o antibody solution was poured off and discarded. The membrane

was then washed with I xTBST by agitating it for 5 minutes; this step was repeated four

times.
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During the final wash, 2 mL of chemiluminescent agent (Ref # RPN2132 Vi +

Y2,Lumigen PS3, GE Health, Piscataway, NJ) was prepared. After the membrane was

finished washing, it was covered with the chemiluminescent reagent and agitated for 30-

60 seconds. The membrane was removed from the reagent, and placed between two

acetate sheets. Any excess air or liquid was pressed out gently. The membrane, still

between the acetate sheets, was placed into an autoradiography cassette.

Autoradiographic film was placed on top of the acetate sheet and the autoradiography

cassette closed; a timer was used to record the exposure time.

Band intensity was quantified by scanning densitometry (trace analysis with a GS

800 imaging densitorneter, Bio-Rad Laboratories, Hercules, California) using Quantity

One software (version 4.5.0, Bio-Rad Laboratories, Hercules, California). Data for each

protein w€re expressed as an arbitrary unit by calculating the ratio of the trace analysis

value of the protein of interest to trace analysis value of the Ponceau S staining or of p-

Tubulin on the same blot. When multiple gels were used for adipose tissue samples, the

mean for the InCTL samples was set to i and the ratio for all other groups v/as adjusted

accordingly. If multiple gels were used for the adipose tissue or 3T3-L1 adipocyte

samples, an intemal loading control sample was used to adjust for differences in band

intensity (trace analysis of protein of interest/trace analysis of intemal control/trace

analysis of B-Tubulin).

vií. Loading control staín:

Ponceau solution was applied to the membrane after the gel transfer to stain

proteins on the membrane and was rinsed with ddHzO and allowed to dry before
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quantiflcation. The membranes were then rehydrated with methanol and I xTBST prior

to blocking with3o/o BSA-TBST and incubation with the primary antibody.

c Ponceau S Solution: Cat#P7I10-1L, Sigma-Aldrich, St. Louis, MO)

viii. Primary antibodies :

o Leptin (Cat # ablT 629-100, Abcam, Inc., Cambridge, MA.), Rabbit PC, 1 : 1000

o ACRP3O (Cat # ab107920, Abcam, Inc., Cambridge, MA.), Rabbit PC, 1:1000

c PKCg (H-7) (Cat# SC-8393, Santa Cruz Biotechnology, Inc., Santa Cruz, CA.)

Mouse MC, 1:1000

o PKCFI (C-16) (Cat# SC-209, Santa Cruz Biotechnology, Inc., Santa Cruz, CA.)

Rabbit PC, 1:1000

. PKCð (G-9) (Cat# SC-8402, Santa Cruz Biotechnology, Inc., Santa CruzCA.)

Mouse MC, 1:1000

. . PKCe (Cat# CS-2683s, Cell Signalling Technologies, Inc., Danvers, MA.) Rabbit

MC, 1:1000

. PKCO (Cat# 15170-L2, BD Transduction Labs, San Jose, CA) Mouse MC,

1:1000

n PKCp (Cat# SC-638, Santa Cruz Biotechnology, Inc., Santa Crvz, CA.) Rabbit

PC, 1:1000

o p-PKCo/BII (Cat # 9375s,lot: 3, Cell Signaling Technologies, Inc., Danvers,

MA.) Rabbit PC, 1:1000

o p-PKCI¡, (Thr410/403) (Cat # CS-9378s lot: 7, Cell Signaling Technologies,

Inc., Danvers, MA.) Rabbit PC, 1 :1000
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o p-ct-Akt (Ser473) (Cat# CS-9277, Cell Signaling Technologies, Inc., Danvers,

MA.) Rabbit PC, 1:1000

o p-PDK-1 (cat # cs-306i., cell signaling Technologies, Inc., Danvers, MA.)

Rabbir PC, 1:1000

. o p-p85ø-PI3K (Cat #SC-129291otL2403, Santa Cruz Biotechnology, Inc., Santa

Cruz, CA.) Goat PC, l:1000

o STAT-3 (Cat# CS-9132 lot:6, Cell Signaling Technologies, Inc., Danvers, MA.)

Rabbir PC, 1:1000

' p-STAT-3 (Y705) (382) (Cat# 9138s, Cell Signaling Technologies, Inc., Danvers,

MA.) Mouse MC, 1:1000

o B-Tubulin (loading control)(cat# ab6046-100., Abcam Inc., cambridge, MA.),

Rabbit PC, 1 :1000

ix Secondøry antibodies

. HRP Goat: Peroxidase-conjugated chrom-pure Goat IgG (Cat # 005-030-003,

Jackson Immunoresearch Laboratories, West Grove, pA)

" HRP Mouse: Blotting grade affinity purified goat Anti-Mouse IgG (H + L) HRP

(Cat# 110-6516, Bio-Rad Laboratories, Hercules, CA)

c HRP Rabbit: Blotting grade goat anti-rabbit IgG (H + L)(Human IgG adsorbed)

HRP (Cat # 170-6515, Bio-Rad Laboratories, Hercules, CA)

x. Stripping of membrane blots

After probing for the primary antibody, the PVDF membrane was stripped and

washed so that it could be re-probed for a new antibody and loading control.
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Reagents used:

. Stripping buffer: i0% SDS; 0.5 M Tris HCI pH 6.8; ddHzO

o Z-mercaptoethanol

o IxTBST

ø l0%o Bleach

The PVDF mernbrane was covered with 25 mL of stripping buffer per membrane. In

the fume hood, 80 ¡tL of 2-mercaptoethanol was added for every 10 mL of stripping

buffer. The container was sealed and placed in a larger container which was sealed to

help reduce odour. The solution was agitated overnight. The solution was poured down

the sink in the fume hood, and the membrane placed in a new container and covered with

lxTBST. The membrane was washed by agitation for 5 minutes; the washing was

repeated until no odour was present. The old containers were rinsed with T0% bleach and

left in the fume hood until the odor dissipated.

Støtistical analysis

One-way analysis of variance (ANOVA) was used to analyze serum and Westem

blot data, as well as end point data for body weight and organ weights. Repeated

measures ANOVA was used for analyzing weekly feed intake and weekly body weights

of the mice. Duncan's multiple range test was used for multiple comparisons among

groups. Statistical analysis was performed with Statistical Analysis Software (Version

9-7.3, SAS Institute Inc., Cary, NC.). The level of significance was set at P<0.05. Data

are expressed as the mean t standard error of the mean (SEM).
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STUDY 2 _ CELL CULTURE MODEL

The effects of c9, tl I and tI0, cl2 CLA isomers on the levels of leptin, p-STAT-

3, PKCo, PKCBI, PKCe, PKCp, p-PKCÇt and p-PKCo/BII were determined in mature,

fully differentiated 3T3-L I adipocytes.

Culturíng of 373-LI adipocytes

The 3T3-L1 mouse embryo fibroblasts (pre-adipocyte) (Cat # CL-173, American

Type Culture Collections, Manassas, VT) were seeded on 12-well plates and grown to

confluence at3'/oC in Dulbecco's Modified Eagles Medium (DMEM) withl}Yo bovine

calf serum (Cat# 16170-086, Invitrogen Corporation, Grand Island, N.Y.) [10% CS-

DMEM]. Two days post-confluency (Day 0), the bovine calf serum was replaced with

fetal bovine serum (Cat# 12483-020,Invitrogen Corporation, Grand Island, N.Y.) U0%

FBS-DMEMI and the peadipocytes were stimulated with a cocktail containing 1 ¡rM

insulin (DIN # 02024233,Novolin, Nordisk Canada Inc, Mississauga, ON), 0.25 ¡tM

Dexamethasone (Cat #D2915, Sigma-Aldrich, St. Louis, MO) and 0.5 mM 3-iso butyl-l-

methyl xanthine (Cat# 15879 Sigma-Aldrich, St. Louis, MO). On day 2, the medium was

replaced with 10o/o FBS-DMEM and 1 ¡rM insulin. On day 4 and every second day

afterwards the media was replaced with 10% FBS-DMEM until the adipocytes were fully

differentiated.

Addition of CLA to 373-Ll adipocytes

Twelve to sixteen days after inducing differentiation, the adipocytes were treated for

0,1,2,4, 8 and 24 hours with:

o 6.25 nM Leptin
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6 60 p,M tI}, c12 CLA (Cat# 90145, Calrnan Chemical Company, Ann Arbor,
Michigan)

ø 60 ¡tl|d c9, tl I CLA (Cat# 90140, Cayman Chemical Company, Ann Arbor,
Michigan)

' 60 pM linoleic acid (cat # 90150, cayman chemical company, Ann Arbor,
Michigan)

" 60 pM of a 1:1 mixture of c9, tlI andtl7, cI2 CLA
o 60 pM of a 1:1 mixture of linoleic acid and tI0, cI2 CLA ,
e 60 ¡rM of a 1:1 mixture of linoleic acid and c9, tII CLA

" 2 WL of ethanol (vehicle control)

Sixty ¡rM was previously determined in our laboratory as an effective concentration

for treating 3T3-11 adipocytes with CLA and linoleic acid. Linoleic acid was regarded as

a treatment control while leptin was used to compare the effects of leptin and CLA on

leptin and PKC levels in 3T3-Ll adipocytes. Each treatment was performed in triplicate

with each experimental plate containing a vehicle control designated as zero.

Cell lysing

To terminate the treatments prior to analysis, the media was aspirated and the

cells were washed twice with 2 mL of 1x Phosphate Buffered Saline (PBS) (Cat# 37572,

Thermo Scientifìc, Rockford, IL). Two hundred pL of 2x sample buffer was added to the

cells and they were allowed to lyse. The cells and the solubilised material were pipetted

into separate test tubes and sonicated to shear the DNA. The samples were then stored at

-900c.

Western blotting

i. Primary antibodies

Leptin (Cat# abL7629-I00., AbCam lnc., Cambridge, MA.), Rabbit pC, 1:1000

PKCcr (H-7) (Cat # SC-8393, Santa Cruz Biotechnology, Inc., Santa Cruz, CA)

Mouse MC, 1:1000
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o PKCPI (c-16) (cat# sc-209, Santa cruz Biotechnorogy, Inc., santa cruz, cA.)

Rabbit PC, 1 :1000

o PKCe (Cat# CS-2683s, Cell Signaling Technologies, Inc., Danvers, MA.) Rabbit

MC, 1:1000

ô PKCP (cat# sc-638, santa cruz Biotechnorogy, Inc., santa cruz, cA.) Rabbit

PC,1:1000

c p-PKCo/BII (cat # 9375s,1ot: 3, cell Signaling Technologies, Inc., Danvers,

MA.) Rabbit PC, 1:1000

o p-PKCUX (Ttv4l0/403) (Cat # CS-9378s lot: 7, Cell Signaling Technologies,

Inc., Danvers, MA.) Rabbit PC, l:1000

o STAT-3 (Cat# CS-9132 lot: 6, Cell Signaling Technologies, Inc., Danvers, MA.)

RabbitPC, 1:i000

' p-STAT-3 (Y705) (382) (Cat# 9138s, Cell Signaling Technologies, Inc., Danvers,

MA.) Mouse MC, 1:1000

o B-Tubulin (loading control) (cat# ab6046-100., Abcam Inc., cambridge, MA.),

Rabbit PC, 1:1000

íi. Secondary antíbodies

o HRP Goat: Peroxidase-conjugated chrom-pure Goat IgG (cat# 005-030-003,

Jackson Immunoresearch Laboratories, West Grove, pA)

o HRP Mouse: Blotting grade affinity purified goat Anti-Mouse IgG (H + L) HRp

(Cat# 170-6516, Bio-Rad Laboratories, Hercules, CA)

c HRP Rabbit: Blotting grade goat anti-rabbit IgG (H + L)(Human IgG adsorbed)

HRP (Cat # 170-6515, Bio-Rad Laboratories, Hercules, CA)
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StatÌstical analysís

One-way analysis of variance (ANOVA) was used for Westem blot analysis.

Repeated measures ANOVA was used for analyzing leptin levels over 24 hours.

Duncan's multiple range test was used for multiple comparisons among groups.

Statistical analysis was performed with Statistical Analysis Software (Version 9.1.3, SAS

Institute Inc., Cary, NC.). The level of significance was set at P<0.05. Data are

expressed as the mean + standard error of the mean (SEM).

53



RESULTS

STUDYl-ANIMALSTUDY

Body weight and feed intake

Before the experimental diet began, all of the db/db mouse groups weighed

approximately 7 gmore than the InCTL group, thus indicating that obesity was already

present (Figure 2). After one week on the experimental diet, the dbtI\, ci2 mice

weighed significantly less than the dbCTL, dbPW and dbc9, tl1 mice, suggesting weight

gain had ceased. By the sixth and final week of the experiment , the dbtIo, cl¡mice

weighed significantly less than the dbCTL, dbc9, tl1 and even the InCTL group (Figure

3). At week 5 and 6, the dbPW mice (fed restricted amounts of diet) weighed no

different that the InCTL or the dbtl\, clT mice. The body weight of the dbc9, t1 i mice

was not different from dbCTL throughout the study. There was an n:9 for the dbc9, tIl

group due to a mouse that had overgrown teeth and could not eat. There was also a

dbcrL mouse that did not complete the study which resulted in an n:9.

There was no difference in feed intake between the InCTL and. dbPW groups

during weeks 2 to 4 of the study (Figure 4). Interestingly, weekly feed intake of the

dbtl\, cl2mice climbed steadily throughout the study even as body weight diminished

and it was greater than the dbc9, tl1 group during weeks 4,5 and,6 despite the large

disparity in body weight between the two groups. Consequently, by the final two weeks

of the study, the dbtI}, cl2had higher feed intake than all of the other groups except for

the dbCTL group. There was also no difference in feed intake or body weight between

the dbc9, tl l or dbCTL groups.
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Figure 2: Weekly body weight. Weekly body weight data arc presented as means.
SEMwas +0.3,0.8, 1.i, 1.0 and0.7 atweek -1;+.0.4,0.7,I.7,1.0and0.5atweek0;+
0.4,0.6,0.9, 0.6 and 0.5 at week i; + 0.6, 0.5, 0.8, 0.9 and 0.6 at week 2; + 0.7,0.4, 0.8,
0.9,0.4 and 0.7 at week 3; +. 0.7,0.4,0.9,0.7 and 1.0 at week 4; + 0.6,0.5, 7.2,0.7 and
1.0 at week 5; + 0.6, 0.5, 1.3, 0.8 and 0.9 at week 6 for the lnCTL, dbCTL, dbc9,tll,
dbtl0,c72 and dbPW groups respectively (not shown in figure). LnCTL: lean mice fed
0 % CLA diet, dbCTL : db/db mice fed 0 % CLA diet, dbc9, tlI : db/db mice fed 0.4 %
c9, tII CLA diet, dbtIj, cI2 : db/db mice fed 0.4 % t70, c12 CLA, dbPW : db/db mice
fed 0 o/o CLA in restricted amounts. Statistical differences among means (p50.05) at each
week are indicated by different lower case letters.
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Figure 3: Final body weight. Body weights after 6 weeks of dietary intervention are
presented as means + sEM; n:9 for dbcrL, n:iO for dbc9,trl, dbpw, lncrl and n:l1
for dbt70, crz. Lncrl: lean mice fed 0 % cLA diet, dbcrL: db/db mice fed 0 %
cLA diet, dbc9,trl : db/db mice fed 0.4 % c9, tl i cLA diet, dbtr\, cr2: db/db mice
fed 0.4 o/otl}, clL cLA, dbPw: db/db mice fed 0 % cL{in restricted amounts.
Statistical differences among means (p50.05) are indicated by different lower case letters.
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Figure 4: Weekly feed intake. Weekly feed intake data are presented as means. SEM
was * 4, 2, 2, 3 and 4 at week 1 ; t 5, 3, 4, 3 and 2 at week 2; t 3, 4, 3, 5 and 1 at week 3;
+ 4,6,4,4and 1 atweek 4;L4,6,7,5 and 1 atweek 5; +6,6,6,5 and 2 atweek 6 for
the lnCTL, dbCTL, dbt10,cI2, dbc9,tIl and dåPW groups respectively (not shown in
figure). LnCTL: lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 % CLA diet,
dbc9, tll: db/db mice fed 0.4% c9, tl I CLA diet, dbtl0, c72: db/db mice fed 0.4 %
t70, cl2 CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical
differences among means (pS0.05) at each week ale indicated by different lower case

letters.
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Liver weight

Liver tissue from the lean and db/db mice was dissected and weighed at

termination (Figure 5a). There was no difference in absolute liver weight among the

dbCTL, dbc9, tl1 and cíbtl}, cl2groups. The dbPW group that was diet restricted had a

reduction in liver size compared to the other db/db groups. Even so, dbPW liver still

weighed more than the InCTL goup.

When the liver was represented as a percentage of body weight, the livers of the

db10, cl2 groups were far greater than all other groups (Figure 5b). There was no

difference in liver as a percentage of body weight among the dbCTL, dbc9, tl l and

dbPW groups. The relative liver weight of the InCTL group was lower than ail other

groups.
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Figure 5: Liver weight. a) Absolute liver weight and b) liver weight as a percentage of
body weight are presented as mean * sEM; n:9 for dbcrL, n:10 for dbc9,t!1, dbpw,
lncrl and n:lr for dbt10, c12. Lncrl: lean mice fed 0 % cLA diet, dbcrL: db/db
mice fed 0 % cLA diet, dbc9, tll : db/db mice fed 0.4 % c9, tl 1 cLA diet, dbtl\, cl2:
db/db mice fed 0.4 % tl}, cr2 CLA, dbPw : db/db mice fed 0 % cLA in restricted
amounts. Statistical differences among means (pS0.05) are indicated by different lower
case letters.
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Pancreas weight

At termination, the pancreas from the lean and db/db mice was dissected and

weighed (Figure 6a). There was no difference in absolute weight of the pancreas among

the dbCTL, dbc9, t11 and dbtI), cl2mice. The pancreas weight of the InCTL group did

not differ from the dbtl}, cl\or dbCTL groups; however, the pancreas weight of the

dbc9, t11 group's was greater than the InCTL group. The dbPW group had the lowest

pancreas weight, although there was no difference between the InCTL and dbPW group.

When conected for body weight there were no differences among the lnCTL,

dbCTL, dbc9, tl1 or dbPW mice (Figure 6b). The pancreas as a percentage of body

weight was higher in the dbt1.0, cl2group than all other groups.
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Figure 6: Pancreas weight. a) Absolute pancreas weight and b) pancreas as a

percentage of body weight are presented as mean + SEM; n:9 for dbCTL, n:10 for dbc9,

tll, dbPW, InCTL and n:lI for dbtI\, cI2. LnCTL: lean mice fed 0 % CLA diet,

dbCTL : db/db mice fed 0 % CLA diet, dbc9,tII : db/db mice fed 0.4 % c9, tI I CLA
diet, dbt10, cl2 : db/dbmice fed 0.4 % tl}, cI 2 CLA, dbPW : db/db rnice fed 0 % CLA
in restricted amounts. Statistical differences among means (p50.05) are indicated by
different lower case letters.
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Kidney weight

At termination the left and right kidneys were collected and weighed prior to

being frozen and stored at -80oC. The weight of the left and right kidneys of the dbtI\,

c12 mice was greater than all other groups (Figure 7a and 7c). There was no difference

in the weight of the kidneys between the dbCTL and dbc9, ti 1 mice. The left kidney

weight of the InCTL and dbPW groups was lower than the other three groups although

there was no difference between the InCTL and dbPW mice.

When corrected for body weight, no difference was found among the lnCTL,

dbCTL, dbc9, tl l or dbPW groups for the left kidney. The right kidney of the dbPW as a

percentage of the body weight was higher than the lnCTL, dbCTL and dbc9,tl I groups.

The left and right kidney of the dbt|}, c12 group remained higher than all other groups.
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Figure 7: Kidney weight. a) Absolute left kidney weight, b) left kidney as a percentage
of body weight, c) absolute right kidney weight and d) right kidney as a percentage of
body weight are presented as means + SEM; n:9 for dbCTL, n:10 for dbc9,tll, dbPW,
InCTL and n:l I for dbtIj, cL2. LnCTL : lean mice fed 0 % CL1t diet, dbCTL: db/db
mice fed 0 % CLA diet, dbc9, tII : db/db mice fed 0.4 % c9, tI I CLA diet, dbtI}, cI2 :
db/db micefed 0.4%t10, cI2 CLA, dbPW:db/db micefed 0%CLAinrestricted
amounts. Statistical differences among means (pS0.05) are indicated by different lower
case letters.
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Adipose tissue weight

Peri-renal and epididymal adipose tissue from the lean and db/db mice was

dissected and weighed at termination. Epididymal fat pad mass was greatest in dbc9, tII

and dbCTL groups, while it was significantly lower in the dbPW mice who had greater

epididymal fat than the InCTL group. The dbtI\, cl2 group had the least amount of

epididymal fat (Figure 8a). There was no difference in epididymal fat pad mass,

expressed as a percentage of body weight, among the dbcTL, dbc9, tl1, and dbpw

groups (Figure 8b). The InCTL and dbt10, cl2groups had less epididymal adipose tissue

relative to their body weight than the other three groups. Absolute levels of peri-renal

adipose tissue were greatest in the dbc9, tl1 and dbCTL mice. The dbPW group had

decreased peri-renal fat which did not differ significantly from the InCTL group. The

dbtl}, cl2 mice had the lowest amount of total peri-renal fat, although it was not

signif,rcantly lower than that of the InCTL group. Peri-renal adipose tissue relative to

body weight was greatest in the dbCTL and dbc9, tl l groups and was lower in the dbPV/

group (Figure 8d). The InCTL and dbtI\, cl2had less peri-renal adipose tissue relative

to body weight than the other groups.

Visceral fat was calculated as the sum of the peri-renal and epididymal white

adipose tissue depots. Visceral adipose tissue was greatest in the dbc9, tl i group,

although it did not differ from the dbCTL group (Figure 9). The dbPW had less visceral

fat relative to body weight than the dbc9, tl1 but it not differ from the dbCTL group.

Visceral fat relative to body weight of the InCTL was less than the former three groups.

The dbtl}, cl2 group had severely depleted white adipose tissue and had less total

visceral adipose tissue relative to body weight than all other groups.
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Figure 8: Epididymal and peri-renal adipose tissue. a) Absolute epididymal adipose

tissue b) epididymal (as a percentage of body weight) c) Absolute peri-renal adipose

tissue and d) per-renal adipose tissue (as a percentage of body weight) are presented as

mean + SEM; n:9 for dbCTL,n:l0 for dbc9,tII, dbPW, InCTL and n:lI for dbtl),
c12. LICTL : lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 o/o CLA diet,
dbcg,tTT:db/db micefed 0.4%c9, tII CLAdiet, dbtIj,cIZ:db/db micefed 0.4%
tl}, cI2 CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical

differences among means þf0.05) are indicated by different lower case letters.
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Figure 9: Visceral adipose tissue. Visceral adipose tissue: epididymal + peri-renal
adipose tissue; n:9 for dbCTL, n:10 for dbc9,tll, dbPW, InCTL and n:lI for dbtl},
cTZ. LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 % CLA diet,
dbc9,tIl: db/db mice fed 0.4% c9, tII CLA diet, dbtIj,cl2: db/db mice fed 0.4%
tI], cl2 CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical
differences among means (pf0.05) for visceral fat are indicated by different lower case

letters.
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Serum biochemistry

Serum glucose

Fasting serum glucose of the lean and db/db mice was measured using a

commercial spectrophotometric kit. There was no difference in fasting semm glucose

levels among the db/db mice (Figure 10). Serum glucose of the lean mice was

significantly lower than all of the db/db mice.

Serum insulin

Fasting serum insulin from the lean and db/db mice was measured using a

commercial EIA kit. Serum insulin was highest in the dbc9, tl1 group although it did not

differ from the dbCTL group (Figure 11). Serum insulin was greater in the dbc9,tll

group than the dbt70, cl}, dbPW, and InCTL groups although the serum insulin levels of

the dbPW and dbtl\, ci2groups did not differ from the dbCTL mice. The serum insulin

level of the InCTL group was lower than the dbCTL group.

HOMA-IR

When fasting serum glucose and insulin was used to calculate the HOMA-IR,

there were no difference in insulin sensitivity among any of the db/db mice (Figure 12).

The HOMA-IR values of the db/db mice were -6 fold greater than the lean mice.

Serum triacylglyc erides

Fasting serum triacylglycerides from the lean and db/db mice were measured

using a commercial spectrophotometric kit. Serum triacylglycerides were significantly

higher in the dbtI\, cl2group than the dbc9, tl1 group; however, neither group was

significantly different from the dbCTL or dbPW mice (Figure 13). Serum
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triacylglycerides were significantly lower in the InCTL mice than all of the db/db mice

groups.

Serum cholesterol

Serum total cholesterol of the lean and db/db mice was measured using a

commercial spectrophotometric kit. No changes in total cholesterol levels were seen

among the dbCTL, dbc9, t11 or the dbtl\, cl2groups (Figure 14). The dbPw group that

was diei-restricted had a modest decrease in serum total cholesterol, as was to be

expected. The InCTL had lower total cholesterol levels than all of the db/db mouse

gloups.

Serum leptin

Fasting serum leptin concentrations from lean and db/db mice were measured

using a commercial EIA kit. Serum leptin levels were significantly higher in the dbc9,

tl1 group than all other groups (Figure 15). There were no differences in fasting serum

leptin levels among the dbCTL, dbtl\, clz or dbPW mice. Expectedly, the InCTL group

had the lowest fasting serum leptin concentrations.

When leptin levels were expressed relative to peri-renal or epididymal fat (Figure

16), the dbt10, cIZhad significantly higher leptin levels than all other groups. There was

no difference seen among the dbCTL, dbc9, tl1 or dbPW groups. Leptin levels per mg

of peri-renal or epididymal fat was still lowest in the InCTL group.
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Figure 10: Serum glucose. Fasting serum glucose from lean and db/db mice was

measured using a commercial spectrophotometric kit. Samples were assayed in
duplicate. Data arc presented as mean + SEM; n : 10 for InCTL and dbtl}, clZandn: 9

for dbCTL, dbc9, tl1 and dbPW. LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db
mice fed 0 % CLA diet, dbc9, tII : db/db mice fed 0.4 % c9, tlI CLA diet, dbtlj, cl2 :
db/db mice fed 0 .4 % tl} , cIZ CLA, dbPW : db/db mice fed 0 % CLA in restricted
amounts. Statistical differences among means þf0.05) are indicated by different lower
case letters.
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Figure 11: Serum insulin. Fasting serum insulin from lean and db/db mice was
measured using a commercial EIA kit. Samples were assayed in duplicate. Data are
presented as mean + SEM; n : 11 for dbtI\, cI2, n: 10 for lnCTL, dbc9, tl1 and dbpw
and n: 9 for dbcrL all groups. Lncrl: lean mice fed 0 % cLA diet, dbcrL: db/db
mice fed 0 % cLA diet, dbc9, tll : db/db mice fed 0.4 % c9, tl 1 cLA diet, dbtl\, clT :
db/db mice fed 0.4 % tl}, c72 CLA, dbPw : db/db mice fed 0 % cLA in restricted
amounts. Statistical differences among means (pS0.05) are indicated by different lower
case letters.
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Figure 12: Homeostasis model assessment-insulin resistance. Homeostasis model
assessment-insulin resistance (HOMA-IR) was calculated using fasting serum from lean
and db/db mice measured for insulin using a commercial EIA kit and glucose using a

commercial spectrophotometric kit. All samples were assayed in duplicate. Data are
presented as mean + SEM; n: 10 for dbtI}, cI2, dbCTL, lnCTL, n: 9 for dbc9, tl1 and
dbPW. LnCTL : lean mice fed 0 % CLA diet, dbCTL : db/db mice fed 0 Yo CLA, diet,
dbc9, tll : db/db mice fed 0.4 % c9, t1 I cLA diet, dbtl\, clT : db/db mice fed 0.4 %
t70, cl2 CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical
differences among means (pS0.05) are indicated by different lower case letters.
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Figure 13: Serum triacylglycerides. Fasting serum triacylglycerides from lean and
db/db mice was measured using a cornmercial spectrophotometric kit. Sampies were
assayed in duplicate. Data are presented as mean + SEM; n: 10 for dbtI\, cIZ,n:9 for
dbCTL, n : 8 for InCTL and dbc9, tl 1 and n:7 for dbPW. LnCTL : lean mice fed 0 %
CLA diet, dbCTL: db/db mice fed 0 % CLA diet, dbc9,tll : db/db mice fed 0.4 %o c9,
t11 CLA diet, dbt10, clZ: db/db mice fed 0.4 % tI}, clZ CLA, dbPW : db/db mice fed
0 % CLA in restricted amounts. Statistical differences among fireans (p<0.05) are
indicated by different lower case letters.
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Figure 14: Serum cholesterol. Fasting serum total cholesterol from lean and db/db mice
was measured using a commercial spectrophotometric kit. Samples were assayed in
triplicate. Data are presented as mean + SEM; n: 5 for all groups. LnCTL : lean mice
fed 0 %o CLA diet, dbCTL : db/db mice fed 0 % CLA diet, dbc9, tII : db/db mice fed
0.4 % c9, tl 1 CLA diet, dbttj, cIZ : db/db mice fed 0.4 % tI}, cl2 cLA, dbpw : db/db
mice fed 0 % CLA in restricted amounts. Statistical differences among means þf0.05)
are indicated by different lower case letters.
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Figure 15: Serum leptin. Fasting serum leptin from lean and db/db mice was measured
using a commercial EIA kit. Samples were assayed in duplicate. Data are presented as
mean+ sEM; n:11 for dbt70,c12,n:10 forlncrl anddbpw,n:9 for dbcrLandn: 8 for dbc9,tl 1. Lncrl : lean mice fed 0 % cLI^ diet, dbcrL : db/dbmice fed 0 %
cLA diet, dbc9, tll : db/db mice fed 0.4 % c9, trr cLA diet, dbtr\, cl2 : db/db mice
fed 0.4 yo t70, c12 cLA, dbPw : db/db mice fed 0 % cLLin restricted amounts.
Statistical differences among means (pS0.05) are indicated by different lower case letters.
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Figure 16: Serum leptin per mg adipose tissue. a) Fasting serum leptin per mg
epididymal adipose tissue and b) fasting serum leptin per mg peri-renal adipose tissue are

presented asmean+ SEM; n:11 for dbtl0,c12,n:10 forlnCTL anddbPW, n:9 for
dbCTL and n : 8 for dbc9,tll. LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db

mice fed 0 % CLA diet, dbc9, tll : db/db mice fed 0.4 % c9, t1I CLA diet, dbtIj, cIZ :
db/db mice fed 0.4 % t70, c12 CLA, dbPW : db/db mice fed 0 % CLA in restricted
amounts. Statistical differences among means (pS0.05) are indicated by different lower
case letters.
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Adipose tissue adipokines

The levels of the adipose-derived hormones leptin and adiponectin were measured

by Westem blotting in the adipose tissue to compare with the serum levels of leptin that

were measured by a commercial kit.

Leptin

Leptin protein levels in epididymal adipose were measured by Westem blotting of

tissue samples from the lean and db/db mice (Figure I7). There was no difference

between epididymal leptin levels of the lean and db/db mice except for the dbtl\, cl2

group that had highly elevated leptin levels in epididymal far.

Adiponectin (ACRP 30)

Adiponectin levels were measure in epididymal adipose tissue samples from lean

and db/db mice. The InCTL group had the highest levels of adiponectin; however, they

were not significantly higher than the dbCTL, dbc9, tl1 or dbPW groups (Figure 18).

The dbt10, cl2 group had significantly lower adiponectin tissue levels than the InCTL

group. There was, however, a trend of lower adiponectin levels in the db/db mice

compared to the InCTL group.
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Figure 17: Leptin protein levels in epididymal adipose tissue. Leptin protein levels
were measured in epididymal adipose tissue samples from lean and db/db mice by
Western blot analysis. A) Representative'Western blot and b) conesponding graph

obtained by scanning densitometry of the bands in arbitrary units. Data were derived by
calculating the ratio of Leptin to Ponceau S staining and are expressed as mean + SEM,
with the mean of the InCTL group set to 1; n:6 for all groups. LnCTL: lean mice fed 0

% CLA diet, dbCTL : db/db mice fed 0 % CLA diet, dbc9, tII : db/db mice fed 0.4 %
c9, tll CLA diet, dbtl\, cl2 : db/db mice fed 0.4 % tl}, cIZ CL^, dbPW : db/db mice
fed 0 Yo CLA in restricted amounts. Statistical differences among means (p<0.05) are

indicated by different lowercase letters.
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Figure 18: ACRP3O protein levels in epididymal adipose tissue. Adiponectin
(ACRP30) protein levels were measured in epididymal adipose tissue samples from lean
and db/db mice by Western blot analysis. a) Representative'Westem blot ánd b)
conesponding graph obtained by scanning densitometry of the bands in arbitrary units.
Data were derived by calculating the ratio of ACRP 30 to Ponceau S staining and are
expressed as mean + SEM, with the mean of the InCTL group set to 1; n:6 for all groups.
LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 % CLA diet, dbc9,III: db/db mice fed 0.4 % c9, tll cLA diet, dbtt\, cl2 : db/dbmice fed 0.4 % t10, cl2
CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical differences
among means (pr0.05) are indicated by different lowercase letters.
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Phospho-sígnal transducers and actívators of transcription

The ability of leptin to regulate food intake is dependent on signalling through the

signal transducers and activators of transcription (STAT-3) in the hypothalamus. [n

peripheral tissues, the levels of phospho-STAT-3 (p-STAT-3) can be used to determine

the level of activation of STAT-3 by leptin. Levels of p-STAT-3 that had been

phosphorylated at TyrosineT05 were measured in epididymal adipose tissue samples from

lean and db/db mice (Figure 19). The dbc9, tl 1 mice had significantly higher levels of p-

STAT-3 than the dbtl\, cl2rnice, although neither group differed from the dbCTL group.

The lnCTL, dbPW and dbtl}, c12 groups had the lowest levels of p-STAT-3.
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Figure L9: Signal transducers and activators of transcription phosphorylation at
Tyr705 in epididymal adipose tissue. Signal transducers and activators of transcription
(p-STAT-3) phosphorylation at Tyr705 protein levels were measured in epididymal
adipose tissue samples from lean and db/db mice by Western blot analysis. a)

Representative Western blot and b) corresponding graph obtained by scanning
densitometry of the bands in arbitrary units. Data were derived by calculating the ratio of
p-STAT-3 to B-Tubulin and are expressed as mean t SEM, with the mean of the InCTL
group set to 1 ; n:4 for all groups. LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db
mice fed 0 % CLA diet, dbc9, tI| : db/db mice fed 0.4 % c9, tl 1 CLA diet, dbtlj, cl2 :
db/db mice fed 0.4 % tI}, c72 CLA, dbPW : db/db mice fed 0 % CLA in restricted
amounts. Statistical differences among means (pf0.05) are indicated by different
lowercase letters.
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Insulin signalling

In the fasting state, the levels of key-mediators of insulin signalling, AklProtein

kinase B, p85o,-PI3K and PDK-1, are phosphorylated in the epididymal adipose tissue of

the lean and db/db mice as measured by Western blotting. These enzymes can be

activated downstream of the insulin receptor as well as ObRb and can be key contributors

to cross-talk between insulin and leptin signalling.

Phospho-Ah (Serine 4 7 3)

Levels of Phospho-Akt that had been phosphorylated at Serine 473 were

measured in the epididymal adipose tissue of lean and db/db mice. No significant

changes in the level of phospho-Akt were obseled among any of the groups (Figure 20).

P ho sp h o - p 8 5 o.:-p ho sp hat i dy lino s íto I 3 -kínas e (Ty r o s ine 5 0 8)

Levels of phosphatidylinositol 3-kinase that had been phosphorylated at

Tyrosine5OS on the p85o regulatory sub-unit (p-p85o, PI3K) were measured in

epididymal adipose tissue samples from lean and db/db mice. The levels of p-p85o PI3K

were highly elevated in the dbCTL, dbc9, tl1 and dbtl\, cl2 compared to the InCTL

mice (Figure 2I). Levels of p-p85o PI3K were significantly higher in the epididymal

adipose tissue of dbtT 0, cLZ than the dbCTL and dbPW groups.

Phospho-phosphoinositide dependent protein kínase- I (Seríne 24 I )

Levels of pho spho-phosphoinositide dependent protein kinase- 1 (p-PDK- 1 )

phosphorylated at Serine 241 were measured in the epididymal adipose tissue of lean and

db/db mice. The InCTL group had the highest levels of p-PDK-1 although they were not

significantly higher than the dbCTL group (Figure 22). The dbc9,tII, dbtl}, clL, utd
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the dbPW had lower levels of p-PDK-1 than the dbCTL Broup, although only the levels

measured in the dbtl}, clT and dbPW groups differed significantly from InCTL and

d6CTL.
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Figure 20: Akt phosphorylation at Ser473 in epididymal adipose tissue. Phospho-
Akt (Ser473) (p-Akt) levels were measured in epididymal adipose tissue samples from
lean and db/db mice by Western blot analysis. a) Representative Western blot and b)
corresponding graph obtained by scanning densitometry of the bands in arbitrary units.
Data were derived by calculating the ratio of p-Akt to Ponceau S staining and are
expressed as mean + SEM, with the mean of the InCTL group set to 1; n:4 for all groups.
LnCTL : lean mice fed 0 % CLA díet, dbCTL : db/db mice fed 0 % CLA diet, dbc9, tIl
: db/db mice fed 0.4 % c9, t7 I CLA diet, dbtl\, cI2 : db/db mice fed 0.4 % tI}, cl2
CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical differences
among means (pf0.05) are indicated by different lowercase letters.
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Figure 21: (p85tl) Phosphatidylinositol3-kinase phosphorylation at Tyr508 in
epididymal adipose tissue. Levels of phosphatidylinositol 3-kinase (p-pS5 PI3K) that
are phosphorylated at the tyrosine 508 residue on the 85 kDa regulatory subunit were
measured in epididymal adipose tissue samples from lean and db/db mice by Westem
blot analysis. a) Representative Westem blot and b) corresponding graph obtained by
scanning densitometry of the bands in arbitrary units. Data were derived by calculating
the ratio of PI3-K to B-Tubulin and are expressed as mean + SEM, with the mean of the
InCTL group set to 1; n:4 for dbcTl and n:6 for all other groups. LncTL: lean mice
fed 0 o/o cLA diet, dbCTL : db/db mice fed 0 % CLA diet, dbc9, trr : db/db mice fed
0.4 % c9,tll CLA diet, dbtI}, cTZ: db/db mice fed 0.4 % tl}, clT CLA, dbpw : db/db
mice fed 0 % CLA in restricted amounts. Statistical differences among means (pS0.05)
are indicated by different lowercase letters.
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Figure 22: Phosphoinositide dependent protein kinase 1 phosphorylation atSer} l
in epididymal adipose tissue. Phosphoinositide dependent protein kinase (p-PDK-1)
phosphorylated at Ser241 protein levels were measured in epididymal adipose tissue

samples from lean and db/db mice by Western blot analysis. a) Representative Westem
blot and b) corresponding graph obtained by scanning densitometry of the bands in
arbítrary units. Data were derived by calculating the ratio of p-PDK-1 to Ponceau S

staining and are expressed as mean + SEM, with the mean of the InCTL group set to 1;

n:4 for all groups. LnCTL: lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 %
CLA diet, dbc9, tlI : db/dbmice fed 0.4 % c9, tll CLA diet, dbtl\, cT2 : db/db mice
fed 0.4 o/o t10, clT CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts.
Statistical differences among means (pSO.05) are indicated by different lowercase letters.
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Isoforms of protein kinase C in epididymal adipose tissue

An increase in lipid availability can lead to the chronic activation of a variety of

PKCs which can lead to unregulated phosphorylation of a number of mediators of insulin

signalling. This study is one of the first to demonstrate that all three classes

(conventional, novel, and atypical) of PKC are indeed present in whole and subcellular

fractions of epididymal adipose tissue of db/db mice (see Table 4) as well as their lean

counterparts. It is also one of the first to show that both the levels of PKC and their

subcellular distribution can be changed by both isomers of CLA.

Table 4. Protein kinase C isoforms detected in epididymal fat of db/db mice

PKC Isoform Present in adipose
tissue

Epi-fat levels
in dbcg,tllr

Epi-fat levels
in dbtl},clzr

Detected in
subcellular
fractions

PKCa YES No difference No difference NO,

PKCPI YES No difference No difference YES

p-PKCU/pII YES No difference J Not Tested

PKCy NO NO NO NO

PKCô YES No difference No difference Not Tested

PKCq Not Tested Not Tested Not Tested Not Tested

PKCE YES No difference No difference YES

PKCe YES No difference 1 Not Tested

PKCp YES No difference No difference YES

PKCIr NO NO NO NO

p-PKCÇÀ YES No difference No difference Not Tested

l. PKC levels comparedto dbCTL group. 2. Isoform undetected.
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Conventional protein kinase C isoforms

Protein kinase C-alpha

Levels of protein kinase C-alpha (PKCa) were measured in the epididymal

adipose tissue samples from lean and db/db mice. There was no difference in the levels

of PKCa between the lean and db/db mice (Figure23). However, the dbPW group had

significantly higher levels of PKCo than the dbCTL and dbtll,cl2groups.

Protein kinase C-betat

Levels of protein kinase C-betar GKCpù were measured in epididymal adipose

tissue samples from lean and db/db mice. Levels of PKCB¡ were significantly higher in

the InCTL group than all of db/db mice except for the dbc9, tl1 group (Figure 24). There

were no significant differences in PKCB¡ levels among any of the db/db mice. When

epididymal adipose tissue samples were subjected to subcellular fractionation, levels of

PKCPr in the cytosolic fraction of the dbcTLmice were greater than in all other groups

(Figure 25). All other groups had a greater level of PKCB¡ in the microsomal fraction of

the epididymal adipose tissue.

Phospho-protein kinase C-alpha/betan

Levels of phospho-protein kinase C-alpha/beta¡¡ (Thr638/641) (p-PKCo/B¡¡) were

measured in epididymal adipose tissue samples obtained from lean and db/db mice.

Levels of p-PKCa/B¡y were significantly higher in the InCTL group vs. all of the db/db

mice (Figurc26). The dbc9, tl1 had significantly higher levels of p-PKCa/B¡¡ than the

dbPW and the dbtI\, cl2groups. Although higher, the p-PKCU/prr levels of the dbc9,tI1,

group were not significantly higher than the dbCTL group.
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Figure 23: Protein kinase C-alpha protein levels in epididymal adipose tissue.
Protein kinase C-alpha (PKCo) protein levels were measured in epididymal adipose
tissue samples from lean and db/db mice by Western blot analysis. a) Representative
Western blot and b) corresponding graph obtained by scanning densitometry of the bands
in arbitrary units. Data were derived by calculating the ratio of PKCa to Ponceau S

staining and are expressed as mean + SEM, with the mean of the InCTL group set to 1;

n:4 for all groups. LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 %
CLA diet, dbc9, tlI : db/db mice fed 0.4 % c9, tll CLA diet, dbtlj, c12 : db/db mice
fed 0.4 o/o t70, cIZ CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts.
Statistical differences among means (pf0.05) are indicated by different lowercase letters.
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Figure 24: Protein kinase C-BetaI protein levels in epididymal adipose tissue.
Protein kinase C-Beta¡ (PKCBù protein levels were measured in epididymal adipose
tissue samples from lean and db/db mice by Westem blot analysis. a) Representative
Western blot and b) corresponding graph obtained by scanning densitometry of the bands
in arbitrary units. Data were derived by calculating the ratio of PKCB¡ to Ponceau S

staining and are expressed as mean t SEM, with the mean of the InCTL group set to 1;
n:4 for all groups. LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 %
CLA diet, dbc9,tII : db/db mice fed 0.4 % c9,tll CLA diet, dbtl\, cI2: db/db mice
fed 0.4 o/of10, clT CLA, dbPw : db/db mice fed 0 % CLA in restricted amounts.
Statistical differences among means (pSO.05) are indicated by different lowercase letters.
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Figure 25: Protein kinase C-betal levels in subcellular fractions of epididymal
adipose tissue. Protein kinase C-betar (PKCPù protein levels were measured in
epididymal adipose tissue samples from lean and db/db mice that underwent subcellular
fractionation to yield cytosolic and microsomal fractions which were analyzedby
Westem blotting. a) Representative Western blot, C:cytosolic fraction M=nicrosomal
fraction, b) corresponding graph obtained by scanning densitometry of the bands in
arbitrary units expressed as a ratio of cytosolic to microsomal fractions and c)

corresponding graph representing the levels of PKCFI in each fraction expressed as a

percentage. Data were derived by calculating the ratio of PKCB¡ in each fraction to B-
Tubulin and are expressed as mean * SEM, n:3 for all groups. LnCTL: lean rnice fed 0
% CL^ diet, dbCTL: db/db mice fed 0 % CLA diet, dbc9, tll : db/db mice fed 0.4 %
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c9, tl7 CLA diet, dbt10, clT: db/db mice fed 0.4 % tl}, c72 CLA, dbPw : db/db mice
fed 0 o/o CLA in restricted amounts. Statistical differences among means þ<0.05) are

indicated by different lowercase letters.
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Figure 26: Protein kinase C-alpha/betall phosphorylation at Thr638/641in
epididymal adipose tissue. Protein kinase C-alpha/beta¡¡ (p-PKCo/B¡¡) phosphorylated at
Thr638.641 levels were measured in epididymal adipose tissue samples from lean and
db/db mice by Western blot analysis. a) Representative Westem blot and b)
corresponding graph obtained by scanning densitometry of the bands in arbitrary units.
Data were derived by calculating the ratio of p-PKCo/B¡¡ to Ponceau S staining and are
expressed as mean + SEM, with the mean of the InCTL group set to 1; n:4 for all groups.
LnCTL: lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 % CL^ diet, dbcg,tll
: db/db mice fed 0.4 % c9, tll CLA diet, dbtt\, clT : db/db mice fed 0.4 % tl}, cIZ
CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical differences
among means þf0.05) are indicated by different lowercase letters.
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Novel protein kinase C isoforms

Protein kinase C-delta

Levels of protein kinase C-delta (PKCô) were measured in the epididymal adipose

tissue samples from lean and db/db mice. No differences were seen between the InCTL

and the db/db mice or among any of the db/db mice (FigureZ7).

Protein kínase C-epsilon

Levels of protein kinase C-epsilon (PKCe) were measured in the epididymal

adipose tissue samples from lean and db/db mice. There was no difference between the

InCTL and dbCTL groups (Figure 28). The dbtI}, cl2 group was significantly higher

than all of the other db/db mice as well as the lean mice.

Protein kinase C+heta

Levels of protein kinase C-theta (PKCO) were measured in the epididymal adipose

tissue samples from lean and db/db mice. The levels of PKCO were greater in the dbc9,

tl1 group than the lnCTL, dbtI\, cl2 and dbPW groups (Figure 29). The dbc9, t11 group

was not significantly higher than the dbCTL mice. Subcellular fractions of the

epididymal adipose tissue revealed no differences in microsomal PKC0 levels among any

of the db/db mice (Figure 30). The only group that differed from the InCTL group was

the dbtIo, cl2 mice which had significantly higher microsomal PKCO levels.

Protein kinase C-mu/protein kinase D

Levels of protein kinase C-mu (PKCp) were measured in the epididymal adipose

tissue samples from lean and db/db mice. No differences were seen between the InCTL

and the db/db mice or among any of the db/db mice (Figure 31). However, when
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epididymal adipose tissue samples underwent subcellular fractionation, levels of PKC¡r

were highest in the cytosolic fraction of the dbPW mice (Figure32). Microsomal levels

of PKC¡r were higher in the dbCTL and dbt70, cI2 mice, compared to dbCTL but none of

these groups were different from the InCTL group.
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Figure 27: Protein kinase C-delta protein levels in epididymal adipose tissue.
prãtein kinase C-delta (PKCô) protein levels were measured in epididymal adipose tissue

samples from lean and db/db mice by Western blot analysis. a) Representative Western

blot and b) corresponding graph obtained by scanning densitometry of the bands in

arbitraryunits. Dãta were derived by calculating the ratio of PKCô to Ponceau S staining

and are-expressed as mean + SEM, with the mean of the InCTL group set to 1; n:6 for all

groups. t-nCU. : lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 o/o CLA diet,

ãU"g, tII : db/dbmice fed 0.4 % cg, tll CLA diet, dbtl\, cIZ : db/db mice fed 0.4 yo

tI1, cIZ CLA, dbPW : db/db mice fed 0 % CLAin restricted amounts. Statistical

differences among means þf0.05) are indicated by different lowercase letters.
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Figure 28: Protein kinase C-epsilon protein levels in epididymal adipose tissue.
Protein kinase C-epsilon (PKCe) protein levels were measured in epididymal adipose
tissue samples from lean and db/db mice by Western blot analysis. a) Representative
Western blot and b) corresponding graph obtained by scaruring densitometry of the bands
in arbitrary units. Data were derived by calculating the ratio of PKCc to B-Tubulin and
are expressed as mean + SEM, with the mean of the InCTL group set to 1; n:4 for all
groups. LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 %o CLA diet,
dbc9, tII : db/db mice fed 0.4 % c9, tII CLA diet, dbt10, cI2 : db/dbmice fed 0.4 %
tl0, cl2 CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical
differences among means (pS0.05) are indicated by different lowercase letters.
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Figure 29: Protein kinase C-theta protein levels in epididymal adipose tissue.
Protein kinase C-theta (PKC0) protein levels were measured in epididymal adipose tissue
samples from lean and db/db mice by Westem blot analysis. a) Representative Western
blot and b) corresponding graph obtained by scanning densitometry of the bands in
arbitrary units. Data were derived by calculating the ratio of PKC0 to Ponceau S staining
and are expressed as mean + SEM, with the m€an of the InCTL group set to 1; n:6 for all
groups. LnCTL : lean mice fed 0 % CLl^ diet, dbCTL: db/db mice fed 0 o/o CLA diet,
dbc9,tlI: db/db mice fed 0.4% c9, t11 CLA diet, dbtlj,c12: db/db mice fed 0.4%
t70, c12 CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical
differences among means (pf0.05) are indicated by different lowercase letters.
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Figure 30: Protein kinase C-theta levels in subceltular fractions of epididymal

adipose tissue. Protein kinase C-theta (PKCO) protein levels were measured in

epiåidymal adipose tissue samples from lean and db/db mice that underwent subcellular

fractionation to yield cytosolic and microsomal fractions which werc analyzed by

Westem blotting. a) Representative Westem blot, C:cytosolic fraction M:microsomal

fraction, b) corresponding graph obtained by scanning densitometry of the bands in

arbitrary units expressed as a ratio of cytosolic to microsomal fractions and c)

correspônding graph representing the levels of PKCO in each fraction expressed as a
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percentage. Data were derived by calculating the ratio of PKC0 in each fraction to B-
Tubulin and are expressed as mean + SEM; n:3 for all groups. LnCTL: lean mice fed 0
% CL1' diet, dbCTL : db/db mice fed 0 % CLA diet, dbc9, tll : db/db mice fed 0.4 %
cg,tll cLA diet, dbt10, c12: db/db mice fed 0.4 %t10, c72 cLA, dbPw : db/db mice
fed 0 o/o CLA in restricted amounts. Statistical difÊerences among means þ<0.05) are

indicated by different lowercase letters.
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Figure 31: Protein kinase C-mu protein levels in epididymal adipose tissue. Protein

kinase C-mu (PKC¡r) protein levels were measured in epididymal adipose tissue samples

from lean and db/db mice by Westem blot analysis. a) Representative Western blot and

b) corresponding graph obtained by scanning densitometry of the bands in arbitrary units.

Data were derived by calculating the ratio of PKC¡r to Ponceau S staining and are

expressed as mean + SEM, with the mean of the InCTL group set to 1; n:6 for all groups.

LnCTL : lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 % CLA diet, dbc9, tII
: db/db mice fed 0.4 % c9, tI I CLA diet, dbtI\, cI2 : db/db mice fed 0.4 % tI}, cl2
CLA, dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical differences

among means (p50.05) are indicated by different lowercase letters'

lbt19g?

100



InCTL
CM

dbCTL dbc9,tl1
CMCM

dbrl0,ci2 dbPw
CMCM

a)

b)

PKCp

B-Tubulin

dbc9,t11 dbt10,ci2

Figure 32: Protein kinase C-mu levels in subcellular fractions of epididymal adipose
tissue. Protein kinase C-mu (PKCp) protein levels were measured in epididymal adipose
tissue samples from lean and db/db mice that underwent subcellular fractionation to yield
cytosolic and microsomal fractions which were analyzedby Westem blotting. a)
Replesentative Westem blot, C:cytosolic fraction M=nicrosomal fraction, b)
corresponding graph obtained by scanning densitornetry of the bands in arbitrary units
expressed as a ratio of cytosolic to microsomal fractions and c) corresponding graph
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representing the levels of PKCp in each fraction expressed as a percentage. Data were
derived by calculating the ratio of PKCp in each fraction to B-Tubulin and are expressed
as mean + SEM, n:3 for all groups. LnCTL : lean mice fed 0 % CLA diet, dbCTL:
db/db mice fed 0 % CLA diet, dbc9, tIl : db/db mice fed 0.4 % c9, tll CLA diet, dbt|\,
cl2 : db/db mice fed 0.4 % tI}, cl2 CLA, dbPW : db/db mice fed 0 % CLA in restricted
amounts. Statistical differences among means (pS0.05) are indicated by different
lowercase letters.
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Atypical protein kinase C isoforms

Phospho-proteín kínase C-zeta/lambda

Levels of phospho-protein kinase C-zetallambda (p-PKCÇ)v) were measured in

the epididymal adipose tissue samples from lean and db/db mice. The levels of p-PKCÇ),

were greater in the dbc9, tl1 group than the InCTL mice but they were not significantly

higher thanany of the db/db mice groups (Figure 33).
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Figure 33: Protein kinase C-zeta/lambda phosphorylation at Thr410/403 in
epididymal adipose tissue. Protein kinase C-zetalIambda (p-PKCÇI) phosphorylated at
Thr410/403 protein levels were measured in epididymal adipose tissue samples from lean
and db/db mice by Western blot analysis. a) Representative Westem blot and b)
corresponding graph obtained by scanning densitometry of the bands in arbitrary units.
Data were derived by calculating the ratio of p-PKCq)t to B-Tubulin and are expressed as

mean + SEM, with the mean of the InCTL group set to 1 ; n:4 for all groups. LnCTL :
lean mice fed 0 % CLA diet, dbCTL: db/db mice fed 0 % CLA diet, dbc9, tll : db/db
mice fed 0.4 % c9, tl1 cLA diet, dbt10, cIZ: db/db mice fed 0.4 % tT}, cl2 cLA,
dbPW : db/db mice fed 0 % CLA in restricted amounts. Statistical differences among
means (p50.05) are indicated by different lowercase letters.
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STUDY 2 _ CELL CULTURE MODEL

CLA treated 3T3-Ll adiPocYtes

In order to investigate how CLA affects the levels of leptin, p-STAT-3 and PKC

in adipose tissue and how these actions may be mediated through ObRb, mouse-derived,

mature 3T3-Li adipocytes that do have a functional leptin receptor were treated with

leptin and the individual isomers of CLA, mixed isomers, as well as linoleic acid and

linoleic acid mixed with the two isomers of CLA.

Leptin

Levels of leptin were measured at 0, 1,2,4, 8 and 24 hours after treatment of

mature 3T3-L1 adipocytes with 6.25 nM leptin, 60 ¡rM c9, tl I CLA, 60 pM tI0, cl2

CLA,60 pM linoleic acid, 60 pM (50:50) mixture of c9, tI I CLAand tI0, cI2 CLA

(MIX), 60 pM (50:50) mixture of linoleic acid and tl0, cl2 CLA (LA + t10, cI2) or

linoleic acid and c9, tI I CLA (LA * c9,tll) with ethanol serving as the vehicle control.

After two hours of treatment with LA+ tI7, cl2 CLL,leptin protein levels increased

significantly higher (4-fold) than all other groups (Figure 34)'

P ho spho -s ignal trans ducers and activators of trans cription

Levels of signal transducers and activators of transcription phosphorylation at

TyrosineTgs (p-STAT-3) were measured after aone hour treatment with leptin, 60 ¡rM

c9, tl I CLA, 60 pM tl0, cl2 CLA,60 pM linoleic acid, 60 ¡rM (50:50) mixture of c9, tl I

CLA and tl7, cI2 CLA (MIX), 60 ¡rM (50:50) mixture of linoleic acid and tI}, c12 CLA'

(LA + tl1, cl1) or linoleic acid and c9, tI I CLA (LA * c9,t11) with ethanol being used

as a vehicle control. Changes in p-STAT-3 were all relative to the vehicle control which
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was set as the baseline. The c9, tI l CLA treated cells had a significantly higher increase

in the level of p-STAT-3 than the MIX and the LA + c9, tI I CLA treated cells when

compared to ethanol treated cells (Figure 35).
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Figure 34: Leptin protein levels of mature 3T3-L1 adipocytes at 0, 1,2, 41 8 and,24
hours after CLA treatment. Leptin protein levels were measured in 3T3-L1 adipocytes
at time points of 0, 1, 2,4,8 and24 hours by Westem blot analysis. a) Representative
Western blots for time-points of 0, 1 and 2 hours. b) Corresponding graph obtained by
scanning densitometry of the bands in arbitrary units. Data were derived by calculating
the ratio of leptin to B-tubulin. All time-points are expressed relative to the 0 hour time-
point and all groups are expressed relative to ethanol, which was used as a vehicle
control. Et: Ethanol (n:1), Lep: 6.25 nM leptin (n:3), LA:60 ¡rM linoleic acid
(n:3), c9,tlI : 60 pM c9, tI I CLA (n:3) , tI},c72: 60 pM tl0, cI2 CLA (n:3), MIX :
60 pM of a 50:50 mixture of c9, tl I CLA and tI0, cI2 CLA (n:3), LA + tl0c12 :60 pM
of 50:50 mixture of linoleic acid and tl0, cI2 CLA (n:a) and LA+c9,t11 :60 pM
mixture of a 50:50 mixture of linoleic acid and c9, tI I CLA (n:4). * denotes significant
difference between LA + tI0, cI2 CLA, and all other treatments at 2 hours.
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Figure 35: Change in signal transducers and activators of transcription
phosphorylation at Tyr705 in mature 3T3-L1 adipocytes after 60 minutes of CLA
treatment. Signal transducers and activators of transcription þ-STAT-3) phosphorylated
atTyr705 protein levels were measured from 3T3-Ll adipocytes at time points of 0 and
60 minutes by Western blot analysis. a) Representative Western blot at t hour b)
Corresponding graph obtained by scanning densitometry of the bands in arbitrary units.
Data were derived by calculating the ratio of p-STAT-3 to B-tubulin which was expressed
relative to the 0 hour time-point while all groups are expressed relative to ethanoi, which
was used as a vehicle control. Et: Ethanol (n:1), Lep : 6.25 nNI leptin (n:3), LA:60
pM linoleic acid (n:3), c9,t1i :60 pM c9, tl I CLA (n:3),t10,c12:60 pM tI0, cI2
CLA (n:3), MIX: 60 pM of a 50:50 mixture of c9, tI I CLA and tl}, cI2 CLA (n:3),
LA + t10c12 : 60 pM of 50:50 mixture of linoleic acid and tI}, cI 2 CLA (n:4) and
LA+c9,tl1 : 60 ¡rM mixture of a 50:50 mixture of linoleic acid and c9, tI I CLA (n:4).
Statistical differences among means (p50.05) are indicated by different lowercase letters.
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Isoforms of protein kinase C found in 3T3-L1 adipocytes

An increase in lipid availability can lead to the chronic activation of a variety of

pKCs which can lead to unregulated phosphorylation of a number of mediators of insulin

signalling. This study is one of the first to demonstrate that all three classes

(conventional, novel, and atypical) of PKC are indeed present in whole cell fractions of

3T3-L1 adipocytes (Table 5). It is also one of the f,rrst to show that the levels of PKC

change over one hour in response to treatments of CLA

fieatment of linoleic acid' 2' PKC isoform

Table 5. Protein kinase c isoforms detected in 3T3-L1 adipocytes

PKC Isoform PKC isoforms detected 60 pM
treatment of
c9, tll CLA1

60 pM
treatment of

t10, c12 CLA1

PKCa YES No difference No difference

PKCPI YES No difference No difference

p-PKCa/PII YES YES No difference

PKCy NOZ NO NO

PKCõ NO NO NO

PKCq Not Tested Not Tested Not Tested

PKCO NO NO NO

PKCe YES No difference 1

PKCp YES No difference 1

PKCg?,, NO NO NO

p-PKCÇi' YES J No difference

undetected.
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Conventional protein kinase C isoforms

Protein kínase C-alpha

Levels of protein kinase C-alpha (PKCo) were measured after treating the mature 3T3-Li

adipocytes for one hour with leptin, 60 pM c9, tI I CLA, 60 pM tI}, cI2 CLA,60 ¡tM

linoleic acid, 60 ¡rM (50:50) mixture of c9, tl I CLA and tI0, cl2 CLA (MIX), 60 pM

(50:50) mixture of linoleic acid and tl0, cI2 CLA (LA + tl0, cIZ) or linoleic acid and c9,

tI I CLA (LA + c9, t11) with ethanol being used as a vehicle control. Changes in PKCu,

over one hour were measured relative to the vehicle control. The cells treated with c9,

tI I CLA, tI0, cI2 CLA and linoleic acid all showed a significant increase PKCo levels

while the other treatment groups did not (Figure 36).

Protein lcinase C-beta I

Levels of protein kinase C-beta I (PKCPÐ were measured after a one hour

treatment of the mature 3T3-L1 adipocytes with leptin, 60 pM c9, tI I CLA, 60 ¡t}i4 tl0,

cl2 CLA,60 pM linoleic acid, 60 pM (50:50) mixture of c9, tl I CLA and tI7, cl2 CLÃ

(MIX), 60 pM (50:50) mixture of linoleic acid and tI0, cI2 CLA (LA + t10, cI2) or

linoleic acid and c9, tl I CLA (LA + c9, tl1) with ethanol being used as a vehicle control.

Changes in PKCBI over one hour were measured relative to the vehicle control. The cells

treated with c9, tl I CLA, tI0, cI2 CLA and leptin all showed higher levels of PKCBI

compared to the MIX, LA + ç9, tl1 or LA + tl0, cl2 treated groups (Figure 37).

P ho sp ho -pro t ein lcína s e C - a lph a/b et a ¡ ¡

Levels of phospho-protein kinase C-alpha/beta¡¡ (Thr638/641) (p-PKCo/B¡¡) were

measured after aone hour treatment of the mature 3T3-Li adipocytes with leptin, 60 pM
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cg, tI I CLA, 60 pM tl0, cl2 CLA,60 pM linoleic acid, 60 ¡rM (50:50) mixture of c9, tI I

CLA and tI7, cl2 CLA (MIX), 60 pM (50:50) mixture of linoleic acid and tl}, cl2 CLA

(LA + tl}, cl2) or linoleic acid and c9, tl I CLA (LA * c9,tll) with ethanol being used

as a vehicle control. All groups showed lower levels of p-PKCa/Þu with the leptin and

c9, tI I CLA treated groups having the smallest decrease in p-PKCo/Fu Gigure 38).
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Figure 36: Change in protein kinase c-alpha protein levels in mature 3T3-L1

uáÏpo"yt", after ã0 mínutes of CLA treatmeni. Protein kinase C-alpha (PKCg) protein

levels were measured from 3T3-L1 adipocytes at time points of 0 and 60 minutes by

westem blot analysis. a) Representative v/estern blot at t hour b) corresponding graph

obtained by scanning a"iritornetry of the bands in arbitrary units. Data were derived by

calculatinj the ratioif PKC0 to B-¡u6uttn which was expressed relative to the 0 hour

tiÃ"-poiniwhile all groups are expressed relative to ethanol, which was used as a vehicle

control. Et: Ethanoi 1n:t;, L"p I6.25 nM leptin (tt:3), LA: 60 ¡rM linoleic acid

(n:3), cg,tl1 : 60 pM cg , íl I crt(n:3), t10,cl2: 60 irM tI0, cl2 cLA (n=3), MIX :

60 pM of a 50:50 mixture of c9, tIl cLA,andtll, cI2 CLA.(n:3), LA + t10c12:60 pM

of iO:SO mixture of linoleic acid and tl0, cl2 CLA (n:4) and LA+c9,tl1 : 60 pM

mixture of a 50:50 mixture of linoleic acid and c9, tII CLA (n:4). Statistical differences

among means (pr0.05) are indicated by different lowercase letters.

172



b)

Et Lep c9,t11 t10,12 MD( LA+I0,12 LA+9,11

PKC FI

B-Tubulin

tÊptin c9,t1l fl},cl2 IA+10,12 [A+9,11

Figure 37: Change in protein kinase C-betal protein levels in mature 3T3-L1

adipocytes after 60 minutes of CLA treatment. Protein kinase C-betar @KCBI) protein

levels were measured from 3T3-L1 adipocytes at time points of 0 and 60 minutes by

Western blot analysis. a) Representative Western blot at t hour b) Corresponding graph

obtained by scanning densitometry of the bands in arbitrary units. Data were derived by

calculating the ratio of PKCBI to B-tubulin which was expressed relative to the 0 hour

time-poiniwhile all groups are expressed relative to ethanol, which was used as a vehicle

contrõI. Et: Ethanol (n:1), Lep : 6.25 ÍtMleptin (n:3), LA = 60 pM linoleic acid

(n:3), c9,t11 : 60 pM c9, tl I CLA (n:3),tl},clT:60 pM tI0, cI2 CLA (n:3), MIX:
OO frir¿ of a 50:50 mixture of c9, tI I CLA and tI7, cl2 CLA' (n:3), LA + t10c12: 60 VM

of 50:50 mixture of linoleic acid and tI0, cl2 CLA (n:4) and LA+c9,tl1 :60 pM

mixture of a 50:50 mixture of linoleic acid and c9, tl I CLA (n:4). Statistical differences

among means (pS0.05) are indicated by different lowercase lettels.
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Figure 38: Change in protein kinase C-alpha/betall phosphorylation at Thr6381641
in mature 3T3-Ll adipocytes after 60 minutes of CLA treatment. Protein kinase C-
alpha/b eta1l $-PKCo/B¡) pho sphorylated at TI'tr63 8 I 64 1 protein levels were measured
from 3T3-L1 adipocytes at time points of 0 and 60 minutes by Western blot analysis. a)
Representative Western blot at t hour b) Corresponding graph obtained by scanning
densitometry of the bands in arbitrary units. Data were derived by calculating the ratio of
p-PKCo/B¡¡ to B-tubulin which was expressed relative to the 0 hour time-point while all
groups are expressed relative to ethanol, which was used as a vehicle control. Et :
Ethanol (n:1), Lep: 6.25 trNI leptin (n:3), LA:60 ¡rM linoleic acid (n:3), c9,t11 :60
¡tll4 c9, tI I CLA (n:3), tll,clT: 60 FM tI0, cl2 CLA (n:3), MIX : 60 pM of a 50:50
mixture of c9, tI I CLA and tl0, cl2 CLA (n:3), LA + tl0c12: 60 ¡rM of 50:50 mixture
of linoleic acid and tl0, cl2 CLA (n:4) and LA+c9,tl1 : 60 ¡rM mixture of a 50:50
mixture of linoleic acid and c9, tl I CLA (n:4). Statistical differences among means
(pf0.05) are indicated by different lowercase letters.
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Novel protein kinase C isoforms

Protein kínas e C-eps ilon

Levels of protein kinase C-epsilon (PKCe) were measured after a one hour treatment of

the mature 3T3-L1 adipocytes with leptin, 60 pM c9, tl I cLA, 60 pM tI0, cr2 cLA,60

¡^LM linoleic acid, 60 pM (50:50) mixture of c9, tl I cLA and tI0, cl2 cLA (MIX), 60

pM (50:50) mixture of linoleic acid and tI0, cl2 CLA (LA + tl0, cl}) or linoleic acid

and c9, tl I CLA (LA + c9, tl i) with ethanol being used as a vehicle control. Changes in

PKCe over one hour were measured relative to the vehicle control. After one hour, levels

of PKCe were highest in cells treated with tI}, cL2 CLA (Figure 39). There was no

difference in PKCe levels between linoleic acid and any other treatment, except for tl0,

cI2 CLA. When in combination with either of the CLA isomers, linoleic acid also

appeared to decrease protein levels of PKCe compared to the CLA isomers administered

on their own. Leptin treated cells had significantly lower levels of PKCe thanthe tl0,

cI2 CLA treated cells.

Protein kinase C- mu

Levels of protein kinase C-mu (PKCp) were measured after a one hour treatment of the

mature 3T3-L1 adipocytes with leptin, 60 ¡rM c9, tI I cLA, 60 ¡rM tI1, cI2 cLA, 60 ¡tM

linoleic acid, 60 ¡rM (50:50) mixture of c9, tl I CLA and tl0, cI2 CLA (MIX), 60 ¡rM

(50:50) mixture of linoleic acid and tl 0, cI 2 CLA (LA + tl0, cl2) or linoleic acid and c9,

tIl CLA (LA + c9, tl1) with ethanol being used as a vehicle control. Changes in PKC¡r

over one hour were measured relative to the vehicle control. 3T3-L1 adipocytes treated

with tI}, cI2 CLA had significantly increased levels of PKC¡r compared to all other

groups (Figure 40). Linoleic acid and the c9, tI I CLA treated cells had similar increases
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in pKCp protein levels, while leptin treated cells had a slight increase in PKC¡r levels.

Cells treated with MIX-CLA or when either isomer was mixed with linoleic saw a

decrease in protein levels of PKCp after one hour compared to CLA isomers or linoleic

acid alone.
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Figure 39: Change in protein kinase C-epsilon protein levels in mature 3T3-L1
adipocytes after 60 minutes of CLA treatment. Protein kinase C-epsilon (PKCe)

protein levels were measured from 3T3-L1 adipocytes at time points of 0 and 60 minutes

by Westem blot analysis. a) Representative Western blot at t hour b) Conesponding
graph obtained by scanning densitometry of the bands in arbitrary units. Data were

derived by calculating the ratio of PKCe to P-tubulin which was expressed relative to the

0 hour time-point while all groups are expressed relative to ethanol, which was used as a

vehicle control. Et: Ethanol (n:1), Lep : 6.25 nM leptin (n:3), LA:60 pM linoleic
acid (n:3), c9,t1 1 : 60 pM c9, tI I CLA (n:3),t70,cI2: 60 pM tI0, cI2 CLA (n:3),
MIX : 60 ¡rM of a 50:50 mixture of c9, tl I CLA and tI}, cI2 CLA (n:3), LA + tt0clZ:
60 pM of 50:50 mixture of linoleic acid and tl}, cI2 CLA (n:4) and LA+c9,tl1 :60
pM mixture of a 50:50 mixture of linoleic acid and c9, tI I CLA (n:4). Statistical
differences among means (pS0.05) are indicated by different lowercase letters.
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Figure 40: Change in protein kinase C-mu protein levels in mature 3T3-L1
adipocytes after 60 minutes of CLA treatment. Protein kinase C-mu (PKCp) protein

levels were measured from 3T3-Li adipocytes at time points of 0 and 60 minutes by
Westem blot analysis. a) Representative Western biot at t hour b) Conesponding graph

obtained by scanning densitometry of the bands in arbitrary units. Data were derived by
calculating the ratio of PKCp to P-tubulin which was expressed relative to the 0 hour
time-point while all groups are expressed relative to ethanol, which was used as a vehicle
control. Et: Ethanol (n:1), Lep: 6.25 rlMlleptin (n:3), LA: 60 pM linoleic acid
(n:3), c9,t11 : 60 pM c9, tI I CLA (n:3),tl},cl2: 60 pM tI0, cl2 CLA (n:3), MIX:
60 ¡rMof a50:50mixture of c9, tII CL^andrI0, cl2CLA (n:3), LA+t10c12:60ltM
of 50:50 mixture of linoleic acid and tl0, cI2 CLA (n:4) and LA+c9,tl1 : 60 ¡tM
mixture of a 50:50 mixture of linoleic acid and c9, tI I CLA (n:4). Statistical differences

among means þf0.05) are indicated by different lowercase letters.
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Atypical protein kinase C isoforms

Phospho-protein kinas e C-zeta/lambda

Levels of phospho-protein kinase C-zetallambda (p-PKCÇ}") were measured after

a one hour treatment of the mature 3T3-Li adipocytes with leptin, 60 ¡rM c9, tl I CLA,

60 pM tl0, cI2 CLA, 60 pM linoleic acid, 60 pM (50:50) mixture of c9, tI I CLA and

tI¡, cl2CLA (MIX), 60 pM (50:50) mixture of linoleic acid and tl0, cI2 CLA (LA +

tI1, c12) or linoleic acid and c9, tl I CLA (LA * c9, tl1) with ethanol being used as a

vehicle control. Changes in p-PKCÇ}. over one hour were measured relative to the

vehicle control. All treatment groups showed a decrease in the levels of p-PKCÇl' after

one hour (Figure 41). The leptin, tl0, cl2 CLA or CLA-MIX treated cells had the

smallest decrease in p-PKCÇl.levels. The LA treatment relative to the vehicle control

had agreater reduction in p-PKCÇ}. protein levels than CLA-MIX. The c9, tI I CLA,LA

+ c9, tl I CLA and LA + tI0, cI2 CLA treated cells experienced the largest decrease in p-

PKCV), protein levels after one hour.
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Figure 41: Change in protein kinase C-zetallambda phosphorylation atThr4l0/403
in mature 3T3-Ll adipocytes after 60 minutes of CLA treatment. Protein kinase C-
zetallambda (p-PKCÇ}.) phosphorylated atThr4I0/403 protein levels were measured
from 3T3-L1 adipocytes at time points of 0 and 60 minutes by Western blot analysis. a)

Representative Westem blot at t hour b) Conesponding graph obtained by scanning
densitometry of the bands in arbitrary units. Data were derived by calculating the ratio of
p-PKCÇ}, to B-tubulin which was expressed relative to the 0 hour time-point while all
groups are expressed relative to ethanol, which was used as a vehicle control. Et:
Ethanol (n:1), Lep: 6.25 nNI leptin (n:3), LA:60 pM linoleic acid (n:3), c9,tI7 :60
¡tjti4 c9, tI I CLA (n:3), tI},cIZ: 60 p.M tl), cI2 CLA (n:3), MIX : 60 pM of a 50:50
mixture of c9, tlI CLAandtI0, cL2 CLA (n:3), LA+tl0c12:60 pM of 50:50mixture
of linoleic acid and tI}, cl2 CLA (n:a) and LA+c9,tl1 : 60 pM mixture of a 50:50
mixture of linoleic acid and c9, tI I CLA (n:4). Statistical differences among means
(p50.05) are indicated by different lowercase letters.
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DISCUSSION

The goal of this thesis was to determine whether the depletion of adipose tissue

and reduced insulin sensitivity that occurs from feeding tL0, cI2 CLA is unique to mice

or whether it is a genotype-specific effect that is dependent on having a functional leptin

receptor. This was achieved by feeding db/db mice 0.4o/o c9, tI I CLA or 0.4%o tI0, cI2

CLA and studying the effects on adiposity and insulin sensitivity. Mouse adipose tissue

and 3T3-L1 adipocytes treated with CLA were also analyzed for levels of leptin, key

mediators of insulin signalling and for the presence of various isoforms of protein kinase

C that can be activated by fatty acids and alter lipid and glucose metabolism.

The main finding fi'om this study was that db/db mice fed the tI0, c12 isomer of

CLA stopped gaining weight immediately after starting the experimental diet (Figure 2).

After six weeks, they had lost nearly all of their visceral adipose tissue (Figure 9) and

weighed less than the InCTL mice. The dåPW mice, whose body weights were

equivalent to the dbtI}, cl2 mice had the same amount of visceral adipose tissue as the

dbCTL group. Despite the significant changes in body weight and adiposity, the weekly

feed intake of the dbt10, cl2 group increased throughout the study and was significantly

higher than the dbc9, tl1 mice but not the dbCTL mice (Figure 4). Dietary intervention

with the c9, tI I CLA isomer did not lead to any changes in body weight or adiposity.

HOMA-IR values were much higher in the db/db mice than the lean mice, although no

changes in insulin resistance were seen between any of the db/db mice (Figure l2),

despite changes in fasting insulin levels (Figure 11). Serum leptin levels were highest in

the dbc9, tl1 group (Figure 15), but when corrected for amount of adipose tissue, leptin

was significantly higher in the dbtl), c12 mice (Figure 16). Leptin protein levels in
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epididymal adipose tissue were analyzed by Western blotting and revealed highly

elevatedleptinproteinlevels intl0, cl2CLAfedmice(Figure 17),despite alarge

reduction in adipose tissue. Likewise, reduced adiponectin protein levels in dbtl\,aIz

(Figure 18) indicated adipocyte dysfunction.

This study is also one of the few to profile the PKC isoforms present in

epididymal adipose tissue and to compare the levels between lean and db/db mice. It is

also one of the first to show that CLA is able to change the levels of different PKC

isoforms as well as their subcellular distribution in the epididymal adipose tissue of db/db

mice (Table 4) and 3T3-L1 adipocytes (Table 5). These findings will be discussed in the

following sections.

Effects on physícal parameters of mice

The large decrease in body weight (Figure 4) and visceral adipose tissue (Figure

9) seen in the dbtI), clT mice was expected based on other mouse studies; how suddenly

the changes in body weight occurred were, however, surprising. In the study by Hamura

et al (200i), db/db mice fed mixed CLA-TGs showed similar changes in body weight to

the mice in our study; however, feed intake was lower in the CLA-fed mice than the

control db/db mice. In our study, the dbtI}, c12 group ate more as they lost weight.

Unforlunately, the study by Hamura et al (2001) did not use a ClA-weight-matched

group to determine if the changes in body composition and insulin sensitivity were due to

the ClA-feeding or the decreased food intake and subsequent weight loss.

Visceral adipose tissue, which consists of the epididymal and peri-renal fat

depots, is the rodent equivalent of omental fat in humans. An increase in the mass of this
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tissue has been shown to correlate with the symptoms of the metabolic slmdrome (3).

The db/db mice had highly elevated visceral fat in both depots, however, the tl0, cl2

CLA fed animals had amounts of peri-renal and epididymal fat that were equivalent to

the fat depots of the lean mice when expressed as a percentage of body weight (Figure 8).

Total visceral fat of the dbtl\, cl2 mice was significantly lower than all of the other

db/db mice as well as the lean mice. Because the visceral fat of the dbPW mice, which

had the same body weight as the dbtI\, c12 mice, did not differ from that of the dbCTL

group, it is reasonable to conclude that the tl0, cI2 isomer of CLA specifically targets

and reduces visceral adipose tissue in db/db mice.

Despite their decreased adiposity, the dbtl}, cl2 mice also showed an increase in

liver size and weight when expressed as a percentage of body weight, a change that was

not seen in the dbPW group (Figure 5). This is not a novel finding, as most CLA studies

involving both lean and ob/ob mice have shown that feedingthe tI0, cl2 isomer or a

50:50 mixture of the tI0, cl2 and c9, /11 isomers results in an enlarged liver (9, 47,48,

76). The livers of the mice remain to be tested to determine if the increase in liver mass

of the dbtl\, cl2 mice was due to increased lipid content. Other studies in mice have

shown that the increase in liver mass is accompanied by an increase in liver triglyceride

content (77). lyltematively, hepatomegaly could be induced if the tl0, c12 isomer is

acting as a PPARo ligand which would also result in an increase in beta-oxidation in the

liver (97). Hamsters fed an atherogenic diet with tI0, cI2 CLA did not lose body fat,

although they had increased liver weight without changes in liver composition. The

livers of the t I 0, c I 2 CLA fed hamsters showed increased expression and activity of

acetyl-CoA carboxylase, the rate-limitingenzpe of fatty acid synthesis (96). The
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authors hypothesized that the increase in liver size was due to hyperplasia and did not see

any increase in any other lipogenic or target genes of PPARa in hamsters (96).

The dbtl\, clL micealso exhibited an enlargement of the pancreas (Figure 6) when

expressed as a percentage of body weight, an effect not seen when mice are fed a 50:50

mixture of CLA (77). Pancreatic B-cell hyperplasia in mice fed CLA has been suggested

as a compensatory mechanism to increase insulin secretion if insulin sensitivity has been

impaired (78). However, because db/db mice are already insulin-resistant, this

compensatory mechanism is likely to have already taken place.

Effects on serum parameters

With the reduced adipose tissue of the dbtl\, cIZ mice it would be reasonable to

assume that they would have decreased serum triacylglycerides (TG); interestingly, the

dbc9,tll mice had significantly lower TG levels than the dbtI\, c12 mice (Figure 13).

Although neither group differed from the dbCTL or dbPW groups, all db/db mice had

higher serum TGs than the lean mice. Mixed cLA triglycerides fed to db/db mice did not

reduce serum TG levels in db/db mice as demonstrated by Hamura et al (200i). In ob/ob

mice, feeding tI0, cI2 CLA led to increased plasma triglycerides at various early time

points. However, after 10 weeks, there were no significant differences in plasma

triglycerides between control and CLA-fed ob/ob mice (47). Long-term studies whete

C57BL]6I mice were fed t10, c|2 CLAhave shown a decrease in serum triglycerides,

although this has also been accompanied by an increase in liver mass'

In order to study the degree of insulin resistance between the lean and db/db mice

fed CLA, 6-hour fasting serum glucose and insulin levels were measured. Not
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surprisingly, fasting glucose levels were significantly lower in the lean mice than the

db/dbmice; however, there were no differences between any of the db/db groups' The

dbc9,t 11 mice had higher fasting serum insulin levels than the lncTl' dbtlj, cl2 and

dbPW groups. When the glucose and insulin values for each goup were employed to

calculate the HOMA-IR, no difference v/as seen between any of the db/db mouse groups'

indicating there was no improvement or worsening of insulin resistance (Figure 12)'

Interestingly, the levels of the phosphorylated form of the p85o regulatory subunit

of PI3- kinase was highly elevated in the adipose tissue of the db/db mice, especially in

the CLA-fed mice (Figure 21). This has not been shown previously. Mice that lack p85o-

PI3K are hypoglycaemic, have lower insulin levels and show increased glucose tolerance'

which is thought to be due to upregulation of the catalytic subunits p50 and p55 (79)' Ít

has been previously demonstrated that increased PI3K activity does not necessarily result

in an increase in Akt activity (80), which was confirmed by measuring the p-Akt levels of

the epididymal fat of the db/dbmice (Figure i9). This is because minimal activation of

pI3K is required to activate Akt normally which leads to glucose transport in insulin-

sensitive tissues. The highly elevated levels of p-p85o PI3K in the dbcTL, dbc9, tl1 and

dbt\0,c12 groups' adipose tissue and no change in p-Akt levels may be due to

chronically high insulin ievels, thereby hindering PI3K activation capability (32). The

downstream targetof PI3K, PDK-I was aiso reduced in the epididymal adipose tissue of

dbldbmice (Figur e Zij);this is also indicative of reduced PI3K activity. An increase in p-

p85o PI3K may reduce PI3K activity, making it incapable of generating the membrane

bound lipid second messenger PI (3,4,5) P¡ which leads to the activation of Akt' The

activation of Akt by insulin is essential for the proper storage of triglycerides and
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production of adipokines by adipocytes, an ability which can be perfurbed in conditions

like T2DM (81).

Based on our results, the fasting epididymal adipose of db/db mice may not be

efficiently signalling through PI3K - Akt and may be signalling through an alternative

pathway, like PKCÇ), which may promote the translocation of GLUT-4 to the cell

membrane in order to enhance glucose uptake. Because the PI3K - PKCV¡" - GLUT-4

pathway signals in parallel with PI3K - Akt in muscle and adipose tissue (81), it is

reasonable to assume that the adipocytes are signalling in response to insulin through

alternate pathways in db/db mice due to their altered glucose homeostasis and adipokine

production.

Serum levels of the fat-derived hormone leptin are highly elevated in db/db mice

compared to lean mice due to their lack of a functional leptin receptor and high levels of

adipose tissue. Even with the severe ablation of adipose tissue, dbt10, cIZ mice still had

serum leptin levels equivalent to both the dbCTL and dbPW mice (Figure 15).

Interestingly, the dbc9, tl1 group had significantly higher serum leptin levels than all

other groups. An increase in leptin production is usually indicative of increased adipose

tissue mass, however, no differences were seen between the dbcg,ti 1 or dbcTLgroups

in adipose tissue mass (Figure 8a-d). The c9, tl I CL^ isomer may be able to signal to

the adipose tissue to secrete leptin at a higher level. Unfortunately we did not analyze the

subcutaneous fat depot, because leptin is produced at a higher level from subcutaneous

adipose at a greater rate than visceral fat (85). Further investigation into the ability of

c9, tI I CLA to elevate serum leptin levels, even in a state of hyperleptinemia is required

126



to help understand the reason for this adaptation. Perhaps it is indicative of an improved

ability of the adipose tissue to secrete leptin more efficiently.

When the serum leptin levels were divided by the mass of epididS.mal or peri-

renal fat depots, leptin levels of the dbtI), cl2 were higher than all other groups (Figure

16). After this adjustment there was no difference between the dbCTL, dbPW or dbc9,

t11 groups. Because of the decrease in adipose tissue that occurs from feeding mice

CLA, most studies have a reported a decrease in serum leptin levels (78). However,

because leptin is secreted primarily from adipose tissue it is important to consider the

amount of adipose tissue present.

The lipoatrophy and increased liver mass seen in the dbt10, c12 mice resembles a

condition known as lipodystrophy, where fat is redistributed to the liver, muscle or other

organs resulting in insulin resistance. The depletion of adipose tissue is accompanied by

a reduction in serum leptin; forlunately, many of the symptoms associated with

lipodystrophy can usually be reversed with leptin therapy (82). The dbtl\, cl2 group lost

the majority of their white adipose tissue, however they were still able to preserve serum

leptin levels equivalent to the dbCTL and dbPW (Figure 15) which may have prevented

the level of insulin sensitivity from worsening. Even though ob/ob mice and db/db mice

have sirnilar phenotypes, db/db mice already have high circulating levels of leptin

whereas ob/ob mice cannot produce leptin at all. In ob/ob mice, leptin infusion is able to

prevent CLA induced insulin resistance; however, the added leptin does lead to hepatic

steatosis (46). Because the fat content of the livers of the dbtl), c12 group were not

analyzed, we cannot conclude whether the dbtI\, c12 mice suffered from hepatic

steatosis or hepatomegaly.
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Leptin administration in streptozotocin-induced diabetic and non-obese diabetic

[NOD) mice has been shown to reduce the synrptoms of type 1 diabetes (T1DM) and

allow these mouse models to survive, even without being able to produce insulin (83)' In

the same model of TIDM, streptozotocin-induced diabetic mice, which ate charactenzed

by insufficient insulin production, high serum TGs and low liver glycogen and TG

storage, tl0, cl2 CLA reversed these symptoms in the absence of insulin (98)' There

appears to be a strong relationship between tI0, cI2 CLA and adequate adipokine and

leptin production that may help to further explain the role that adipose tissue plays in

influencing insulin sensitivity, glucose and lipid metabolism.

Effects on adipose tissue parameters

Levels of proteins present in the epididymal adipose tissue of lean and db/db mice

were identified by Westem blotting. Similar to the high levels of serum leptin seen in the

dbt70,cl2 group (when adjusted for body weight); leptin levels in the epididymal

adipose tissue of the dbt10, c12 weresignificantly higher than that of the lean and db/db

mice (Figure 17). This is the first study to show that in db/db mice, tl0, cl2 cLA'

increases leptin levels in epididymal adipose tissue, despite significant decreases in the

size of the fat depots and an overnight fast, both of which decrease leptin biosynthesis by

adipose tissue. This is the opposite of what would be expected, as a decrease in fat pad

mass should lead to decreased leptin production as an indicator of decreased energy

intake and fat loss and a signal to increase feeding. Because the db/db mice fed tl0' clz

CLA were increasing their feed intake as they lost weight, CLA may be acting as a

signalling molecule that can alter both the secretion and synthesis of leptin by adipose

tissue. The increase in epididymal fat leptin protein levels (Figure 17) may be an attempt
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to keep the serum levels of leptin constant as the primary leptin secretory organs are

being depleted. Pigs fed CLA had decreased expression of the leptin gene as well as a

decrease in leptin protein levels in the subcutaneous adipose tissue (84). Although a CLA

mixture was used, subcutaneous adipose tissue has been shown to secrete more leptin

than the other adipose tissue depots (85); it is also likely that there are differences in

leptin production and secretion between adipose depots in response to CLA.

Leptin is secreted from adipocytes in a pulsatile fashion; over a period of 24

hours, leptin levels tended to build up in the cells and then decrease (59). For the cell

culture work, it could be assumed that leptin is being secreted into the media by the

adipocytes after which, leptin levels would build up again in the adipocytes before being

secreted again. After one hour, the leptin levels of mature 3T3-Ll adipocytes decreased

slightly with all treatments compared to the vehicle treated (ethanol) control adipocytes

(Figure 34). After two hours, the cells treated with 60 pM of a 50:50 mixture of linoleic

acid and the tl0, cI2 isomer of CLA had a 4-fold increase in cellular leptin levels

compared to the 60 ¡rM c9, tI I CLA treated cells; all other treatments were lower than

the vehicle control treated cells. Leptin treated cells did not show any difference in

cellular leptin levels at any of the other time points (Figure 34). The increased levels of

leptin seen in the tl0, cl2 CL\.treated 3T3-Ll adipocytes was similar to what was seen

in the epididymal adipose tissue of the dbtI\, cl2 mice. By 24 hours, cells treated with

tI0, c12 CLA contained less leptin compared to the zero time point. Treatment of

primary rat adipocytes with 50 pM CLA for 96 hours decreased leptin mRNA expression

and attenuated both basal and insulin-stimulated leptin secretion (59). This is interesting

as insulin increases leptin expression in 3T3-Ll adipocytes while leptin secretion
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increases throughout differentiation (86). Secretion of leptin from 3T3-L1 adipocytes has

alsobeenshowntobedecreasedafter a} -hour treatmentwith 100 lt}i4of tl), cl2CLA;

this study also showed a decrease in leptin mRNA expression in peri-renal fat and serum

leptin of mice fed the same isomer (56). These differences when compared to our study

could be due to the fat depot analyzed or the concentration of CLA used. Although these

studies did not analyze leptin protein levels, there may be a difference between the levels

of protein and mRNA, or even an impairment of the secretion of leptin from adipocytes

that are treated with tI0, cl2 CLA. The resulting leptin accumulation could occur

because exogenous leptin is required for down-regulation of leptin production (87). The

study by Kang et al (2001), however, did not show any changes in feed intake with the

tI0, cI2 CLA fed mice after 4 weeks of feeding whereas the db/db mice were continually

increasing their feed intake as their adipose tissue was depleted (Figure 3).

After one hour, phosphorylation of STAT-3 atTyr705 was the same in leptin, LA

or tl0, c12 CLLtreated 3T3-L1 adipocytes; whereas p-STAT-3 levels were significantly

decreased in the 3T3-Ll adipocytes treated with c9, tI I CLA (Figure 35). Levels of p-

STAT-3 in the adipose tissue of the db/db mice were significantly higher in the

epididymal adipose tissue of dbc9, tl1 mice than in dbt10, c12 mice (Figure 19), a

difference which could be explained by the higher levels of serum leptin in the dbCTL

and dbc9, tl1 mice. To our knowledge, this is the first study to look at the activation of

STAT-3, an important component of ObRb signalling that could potentially be modified

by CLA in adipose tissue and adipocytes, even in the absence of a fully functional leptin

receptor, as is seen in the db/db mice.
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Actívation of proteín kinase C in adipose tíssue and 373-Ll adipocytes

With an increase in lipid availability, activation of PKC can result in dysregulated

phosphorylation of cell surface receptors and key mediators of insulin signalling, which

in turn can lead to the impaired insulin response commonly seen in obesity and T2DM.

Levels of the lipid regulated PKCs, epsilon and mu, were both increased in mature 3T3-

Ll adipocytes after the 1-hour incubation with 60 ¡tM of tI0, cI2 CLA (Figure 39,40).

In contrast, levels of phosphorylated PKCo/B¡¡ decreased significantly due to tI0, cI2

CLA, in both 3T3 -Ll adipocytes as well as in the db/db mice (Figure 26 + 3 8), despite an

increase in PKCo and PKCF1 after a one hour CLA treatment in the 3T3-L1 adipocytes

(Figure 36 + 37). Levels of phospho-PKc Ç\"werc higher after a l-hour treatment with

tI0, cl2 CLAthanthec9, tII CLA treated cells (Figure4l).

Not only do the levels of PKC differ between mouse genotypes and dietary

treatments (CLA) in adipose tissue and in the 3T3-Ll adipocytes, but the subcellular

distribution of PKCs also varies according to genotype, dietary treatment and metabolic

state (fasting). It has been well-documented that the activation of PKC (ratio of

membrane to cytosolic form) varies between tissues (88). This is the first study to

examine both the levels of PKC in epididymal fat and their subcellular distribution in a 6

hour fasting state as well as in 3T3-L1 adipocytes treated with leptin, CLA or linoleic

acid.

The cytosolic to particulate ratio of PKCÞ¡, PKCÞrr and PKCc has been shown to

decrease in the adipose tissue of aging Sprague-Dawley rats (6-weeks vs. 6-months) (89).

Despite their elevated serum TGs, obese fa/fa Zucker rats do not show any difference in

epididymal fat PKC when compared to their lean counterparts (fa./+). However, in the
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fed-state, pKCg and PKCg membrane fraction levels are significantly increased in the

muscle tissue of fã./fa.Zucker rats (90). Recent studies using PKCe -l- mice, which lack

pKCe in all tissues, have revealed that achallenge with a high fat diet show improved

glucose homeostasis during intraperitoneal glucose tolerance tests. Similatly, a PKC€

inhibitory peptide (evl-2) injected for 5 days into db/db mice improved glucose control

during intraperitoneal glucose tolerance tests (91). This may be due to increased

pancreatic TG lipolysis resulting in improved insulin secretion. Interestingly, PKC8

protein levels were elevated in the epididymal adipose tissue of db/db mice fed tI0, cl2

CLA (Figure 28) as well as 3T3-L1 adipocytes treated with 60 ¡t}d tl}, cl2 CLA for one

hour (Figure 39). As an extracellularly regulated kinase that can be activated by lipids,

pKCe could be activatedby tl0, cI2 CLÃresulting in a worsening of glucose and lipid

homeostasis and reduced ability to store TGs properly in adipocytes or it could be a side-

effect that occurs as a result of these conditions. Further studies involving PKCg

inhibitors and identification of the phosphorylation targets of PKCc in adipose, liver,

muscle and pancreatic tissue will be important in elucidating the role that PKCe plays in

influencing glucose and lipid metabolism.

pKCe is another PKC isoform that is activated by increased lipid availability. In

short-term studies, pKCe knock-out mice are resistant to the impaired insulin signalling

in muscle tissue that would normally accompany a high-fat diet challenge. Long-term,

high-fat feeding studies involving PKC0 knock-out mice fail to show the same protective

effect on insulin signalling, likely indicating that there is a threshold to the protective-

effect offered by iimiting PKCO activity (99). The db/db mice fed tl0, cl2 CLA had a

significantly lower cytosolic-membrane ratio of PKC0 (Figure 30) indicating increased
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activity compared to the lnCTL. The whole cell adipose tissue fractions of c9, tl I CLA

fed mice had higher levels of PKCO compared to the tI}, cI2 CLA fed mice. The

observed changes and the diversity of results coupled with the dynamic nature of PKC

add to the complexity in interpreting how these enzymes influence glucose and lipid

metabolism. Very little research has gone into exploring the levels of PKC specifically in

adipose tissue, despite being an insulin-sensitive tissue that play alarge role in the

progression of T2DM. CLA could be modulating the different classes of PKC isoforms

in opposing ways.

The significance of these findings is unknown at the moment; however, the

knowledge that these kinases can be modulated in their levels as well as their subcellular

distribution due to genotype or from dietary manipulation should be further explored.

The activation of various PKCs in adipocytes in response to insulin after being incubated

with CLA as well as exploring their targets of phosphorylation will be important steps to

fully elucidate the mechanisms and role that PKCs and CLA play in adipose tissue

metabolism.
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CONCLUSION

The abitity of CLA to reduce adipose tissue in mice is well documented in a

variety of genotypes. While it has been shown to reduce adipose tissue slightly in rats

and humans, the changes are nowhere near as profound as those seen in mice. This study

further confirms that there is a species-specific effect given that the db/db mice fed CLA

as part of a low fat diet had increased liver, kidney and pancreatic mass along with the

ablation of adipose tissue. Although there was no worsening of insulin resistance in

db/dbmice fed tl0, cI2 CLA, there is evidence that the normal activation of a variety of

PKC isoforms in the epididymal adipose tissue of db/db mice may be altered by CLA.

Because there is limited data on how PKC from adipose tissue can influence, or be

influenced by diet and metabolism, the role that PKC plays in preventing insulin

resistance in an obesogenic environment remains to be elucidated. Our unique results

indicate that leptin protein levels are elevated the epididymal adipose tissue of db/db

mice that have undergone significant weight loss as a result of feeding tI0, cl2 CLA.

Clarification of the cellular signalling mechanisms that influence the production and

secretion of leptin in adipose tissue may be a key to understanding the mechanism of how

CLA is altering adipose tissue metabolism in mice.
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SUMMARY OF MAIN FINDINGS

Genotype effect

Differences observed between lean mice and db/db mice fed a 0o/o CLA diet

ø greater body weight and feed intake in db/db mice

o greater peri-renal, epididymal and total visceral mass in db/db mice

e total liver mass and liver weight as a percentage of body weight in db/db mice

. kidney mass is gteater in db/db mice

" higher fasting glucose and insulin concentrations and HOMA-IR values in db/db

mice

' higher serum triacyglyceride and total cholesterol concentrations in db/db mice

. higher serum leptin concentrationin db/db mice

. higher protein levels of p-STAT-3 in epididymal adipose tissue in db/db mice.

o greater protein levels of p-p85 PI3K levels in epididymal adipose tissue of db/db

mice.

. reduced protein levels of PKCBI and p-PKCU/BII in epididymal adipose tissue of

db/db mice

No effect. No genotype differences in pancreas mass or leptin, ACRP3O, p-Akt, p-

PDK-I protein levels in epididymal adipose tissue. No difference in PKCa, PKCô,

PKCc, PKCO, PKC¡r or p-PKC(/À protein levels in epididymal adipose tissue.

Diet effect

Differences observed among dbc9,tll; dbtI), cl2 and dbCTL mice:
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o lower body weight, epididymal and peri-renal adipose tissue as a percentage of

body weightin tl}, cI2 CLAfed db/db mice compared to the dbCTL and

dbc9,tIl groups

' higher serum leptin concentrations in c9, tI I CLA fed db/db mice than all other

db/db mice

ø greater serum leptin concentrations per mg of peri-renal and epididymal adipose

tissue in tI0, cI 2 CLA fed db/db mice than all other groups

o higher levels of leptin protein in epididymal adipose tissue of db/db mice fed tl0,

cI2 CLA

o higher levels of p-p85 PI3K in epididymal adipose tissue of db/db mice fed tl0,

cI2 CLA than all other db/db mice

. lower p-PDK-1 protein levels in epididymal adipose tissue of db/db mice fed tI0,

cI2 CLA and dbPW group compared to all other db/db mice

o lower protein levels of p-PKCo/BII in epididymal adipose tissue in db/db mice fed

tI0, cI 2 CLA although no difference compared to dbPW. Mice fed c9, tI I CLA

have significantly higher levels of p-PKCo/BII compared to dbtI\, c12 and dbPW

groups.

o greater protein levels of PKCe in epididymal adipose tissue of db/db mice fed tl0,

cI2 CLA than all other groups

Effect of CLA on 3T3-Ll adipocytes

o increased leptin levels of 3T3-L1 adipocytes treated with 60 ¡rM of linoleic acid +

tI}, cI2 CLAafter 120 minutes
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o PKCo, PKCPI, p-PKCo/BII, PKCe, PKCp and p-PKCÇX are present in 3T3-Ll

adipocytes

. after one hour, 3T3-L1 adipocytes treated with 60 ¡rM of c9, tl I CLA, tI}, cl2

CLA or LA had higher PKCo levels compared to leptin, MIX-CLA,LA+ tl),

cL2 CLA or LA + c9, tI I CLA

" after one hour, 3T3-L1 adipocytes treated with leptin, 60 pM of c9, tl I CLA, tI},

cI2 CLAhad higher PKCPI levels compared to 60 pM of LA + c9, tl I CLA or

LA + t]0, C] 2 CLA

o after one hour, 3T3-Ll adipocytes treated with 60 ¡rM of c9, tI I CLA had higher

levels of p-PKCo/BII levels compared to 60 ¡rM of tl0, cI2 CLA, MIX-CLA,

LA + tI0, cI2 CLA or LA* c9, tl I CLA

o after one hour, 3T3-L1 adipocytes treated with 60 pM of tI0, cI2 CLA had

higher PKCe levels than those treated with leptin, 60 ¡lM c9, tI I CLA, LA, MIX-

CLA, LA + tI0, cI2 CLA or LA+ c9, tI I CLA

. after one hour, 3T3-L1 adipocytes treated with 60 ¡rM of tl0, cI2 CLA had

higher PKC¡r levels than those treated with leptin, 60 ¡rM c9, tI I CLA, LA, MIX-

CLA, LA+ I]0, cT2 CLA or LA + c9, t]I CLA

o after one hour, 3T3-L1 adipocytes treated with 60 ¡rM of MIX- CLA had higher

levels of p-PKCÇ}" levels cornpared to 60 pM of c9, tI I CLA, LA, LA + tI0,

c|2 CLA or LA + c9, tII CLA
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STRENGTTIS AND LIMITATIONS

Animal model. Strength. The db/db mouse has been shown to be a suitable model

for T2DM and obesity and at 7 weeks of age the mice used in this study were

akeady obese and by the end of the study were insulin resistant (HOMA-IR) with

elevated serum triacylglycerides, cholesterol and leptin concentrations compared

to the lean CSTBLKS/J mice (db/+¡. Even thoughbothfa/fa Zucker rats and

db/db mice display a similar phenotype that is the result of a faulty ObRb, the

effects of CLA on these two animal models are quite different. This is important

as it further confirms the varied results between species f€d CLA by using

different species with the same mutation. Límitation. The mutation of the

diabetes gene that leads to a dysfunctional leptin receptor in mice is very rare in

humans, which makes it difficult to extrapolate the findings of this study for

application in humans. However, many of the metabolic and physiological

changes that occur in T2DM and obesity, including hyperleptinemia, which can

occur in a leptin resistant state, are present in the db/db mouse.

Gender. Strength. Since the analysis of leptin levels was fundamental to this

study, male mice were used because their leptin production does not vary due to a

menstrual cycle. Female humans have been shown to have higher fasting plasma

leptin levels that do not correlate with the hypertension or insulin resistance when

corrected for BMI, while they do with men (92,93). Leptin levels also vary with

the menstrual cycle and increase with the rise in progesterone during the luteal

phase (94), which would make it diffrcult to interpret changes in serum leptin

concentrations as being solely from the diet. Limitations. It is more difficult to
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extrapolate the results of this study to female mice as the effects of CLA on leptin

levels and adipose tissue metabolism may be different due to increased leptin

concentrations.

Use of weight-matched and lean control groups. Strength. The use of a weight-

matched group was useful for confirming that the changes in white adipose tissue,

liver, pancreas, kidneys and the serum parameters were due to CLA and not

simply from the weight loss incurred by restricting the food intake of the dbPW

.group. The use of a lean control $oup from the same background strain was

important for comparing the differences between lean and obese/diabetic mice.

Limitations. It was difficult to restrict the feed intake of the weight-matched

group fast enough to parallel the body weight loss of the dbtlÐ,cTT group. The

dbPW group would eat their feed allotrnent in one meal as opposed to spreading

out their feed intake throughout the day. At the end of the study, this could have

resulted in an altered metabolic state for the dbPW group after fasting for more

fhan20 hours, as opposed to 6 hours for the other groups. The dbPW group did

not have the same body composition as dbtl\,cl2 eventhough they have similar

body weights.

Use of single isomers. Strength. This allowed us to differentiate the effects of c9,

tI I and tI}, cI2 CLA on db/db mice. Límitations. An additional group with a

50:50 mixture of the c9, tl I and the tl0, cl2 CLA isomers would have been

useful because most commercially available CLA supplements contain equal

amounts of each of these isomers.
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HOMA-IR. Strength. The homeostasis model assessment for insulin resistance

(HOMA-IR), which uses fasting serum glucose and insulin concentrations, has

been shown to correlate with both euglycemic and hyperglycemic clamp studies

which are considered to be the "gold standard" for measuring insulin sensitivity

(7a). This makes HOMA-IR a suitable model calculation for assessing the level

of insulin resistance between the lean and db/db mice and effects of diet

interventions such as CLA. Limitations. The HOMA-IR has only been validated

for humans and its applicability to mouse studies may not be ideal. Having

measurements of fasting insulin or glucose levels of the mice prior to beginning

the study or any other time points prior to termination would be helpful to

determine if there \ /ere any changes in insulin sensitivity throughout the study

fi'om the dietary treatments.

PKC activation and isoforms. strength. This is the first study to do

comprehensive analyses of PKC isoforms in adipose tissue in relation to obesity

and insulin resistance. Isoforms of PKC from all three classes (conventional,

novel and atypical) were found in both adipose tissue and in 3T3-L1 adipocytes.

While not all isoforms were found or investigated, all three classes of isoforms,

which all require different cellular conditions for activation, were indeed present

in adipocytes at varying levels between genotypes and treatment groups.

Limitations. The one-hour time point of the 3T3-Ll adipocytes treated with CLA

is likely not the key time point for peak activation of these pKCs and further

investigation examining subcellular distribution at various time points after

treatment with CLA should be explored.
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Cell culture model. Strength. 3T3-L1 adipocytes are a mouse derived adipocyte

cell line that offers much flexibility for exploring the effects of CLA on leptin and

PKC in avanety of conditions. This cell model allowed us to compare the efFects

of CLA on adipocytes with a functional leptin receptor to the adipose tissue with a

dysfunctional leptin receptor of the db/db mice. Limitations. The 3T3-L1

adipocytes are not from db/db mice, which means that there may be a different

response to CLA than what might occur in primary adipocytes. CLA that is

ingested by db/db mice for 6 weeks has to be digested, absorbed and metabolized

before reaching adipose tissue which may result in a much different response than

when adipocytes are treated with CLA for 24 hours or less.
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FUTURE DIRECTIONS

ø Investigate the effects of CLA on db/db and lean mice fed a higher fat diet to see

if the higher fat can help prevent excess depletion of adipose tissue

o Increase the length of time of the dietary treatment to see whether or not the

weight loss observedin tI0, cl2 CLA fed mice persists longer than 6 weeks

o Explore PKC isoform distribution in adipose tissue of mice in both the fed and

fasted states

o Investigate leptin, ACRP30, insulin signalling mediators or PKC mRNA levels

for comparison with protein levels detected in adipose tissue and adipocytes

c Compare the effects of CLA feeding in lean and db/db mice on protein levels and

mRNA levels in various adipose tissue depots including peri-renal and

subcutaneous

o Instead of 3T3-L1 adipocytes which have a functional long-form leptin receptor,

treat primary adipocytes from db/db mice with CLA and compare to adipocytes

fiom lean mice

¡ Treat primary adipocytes from db/db and ob/ob mice andfo/fa Zucker rats with

CLA in order to compare treatments on leptin protein levels, mRNA expression

and PKC activation between different species with functional and non-functional

leptin receptors.

" Investigate the potential PKC phosphorylation substrates in epididymal adipose

tissue of CLA fed mice and adipocytes treated with CLA

. Analyze activation of insulin signalling mediators in response to insulin in

primary mouse adipocytes and 3T3-L1 adipocytes incubated with cLA
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ø Analyze triglyceride content of adipose and liver tissue as well as serum free fatty

acids of db/db and lean mice

ø Utilize PKC knock-out models to determine the significance of PKC on the

mechanism whereby CLA effects body fat in mice

o Treat adipocytes with CLA as well as PKC inhibitors to determine the direct

effect of CLA on adipocyte size, function and leptin levels due to PKC activity
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IMPLICATIONS

Our research has shown that dietary intervention with tl0, cI2 CLA for six weeks

results in a great reduction of white adipose tissue in obese db/db mice lacking a

functional leptin receptor, however, the usual worsening of insulin resistance seen in

other mouse genotypes fed CLA did not occur. Interestingly, liver, pancreas and kidney

mass when expressed as a percentage of body weight is higher in db/db mice fed tIT, cI2

CLA. Our data fuither suggest that with a low fat diet, mice respond differently to CLA

than rats with a similar genotype. This study is also the first to show that PKC isoforms

from all three classes are present in the epididymal adipose tissue of lean and obese mice

and that their activity can potentially be modulated by dietary intervention with CLA.

Our data suggest that further research is required to fully elucidate the mechanism of

action of CLA on adipose tissue metabolism and its subsequent effects on insulin

sensitivity so that its safety can be fully confirmed.
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