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oil fed BioF1B hamsters. RT-PCR analysis showed significantly reduced SREBP-lc
mRNA expression levels in seal oil fed hamsters which can partially explain the
suppression of lipogenesis in response to dietary seal oil compared to fish oil. Seal oil fed
BioF1B hamsters also showed significantly lower plasma and liver TBARS levels, thus
suggesting reduced oxidative stress relative to fish oil fed hamsters. Since fish oil fed
hamsters showed elevated levels of oxidative stress, we wanted to investigate possible
beneficial effects of antioxidant supplementation in hamsters fed high fat diets. Berry
extract rich in anthocyanins has ined prominence as a potent antioxidant in recent
years. Study of the role of anth /anin enriched (25% w/w) elderberry extract
supplementation on plasma lipid levels in marine oil fed BioF1B hamsters also revealed
significant reduction in all plasn lipid parameters upon addition of elderberry extract to
respective marine oil fed BioF1B hamsters. While cosupplementation with elderberry
extract resulted in significantly | wver hepatic total cholesterol and cholesterol ester
concentrations in both fish oil 1d 1l oil fed BioF 1B hamsters, reductions in hepatic TG
and free cholesterol levels v seen  fish oil fed group alone. Moreover, both plasma
and hepatic TBARS levels showe significant reductions upon elderberry extract
supplementation in h oil fed BioF1B hamsters. Thus, current findings suggest that seal
oil may confer greater benefits compared to fish oil in lowering lipid and oxidative stress
levels under certain genetic condit ns. Furthermore, co-supplementation of fish oil with
anthocyanin enriched elderberry extract may be beneficial under these conditions than

fish oil alone.
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Chapte 1: Introduction







1996). Alterations in lipid and lipoprotein metabolism, which affect the synthesis.
secretion and clearance of TG-rich lipoproteins, viz. chylomicrons (CM), very-low
density- lipoprotein (VLDL) and low density-lipoprotein (LDL) are the major cause of
hypertriglyceridemia.  Fish  oil feeding studies in normolipidemic  and
hypertriglyceridemic subjects have consistently demonstrated dramatic reductions in
plasma TG and the rate of VLDL secretion (Connor et al., 1993, Rambjor ef al., 1996;
Putadechakum er al., 2005; Harris 1997; Menuet et al., 2005). In addition to lowering
fasting TG levels, dietary fish oil supplementation also effectively reduces postprandial
plasma TG concentrations (S. 1 al., 1997; Roche and Gibney, 1996). Moreover,
significant reduction in postp 1dial ylomicronemia reported in w-3 PUFA fed rats has
been attributed to accelerated chylc cron clearance and not to reduced chylomicron
production/ secretion (Harris er al., 1997a). The net reduced postprandial lipemic
response following -3 PUFA const ption is either due to reduced production/secretion
or enhanced clearance/uptake of these TG-rich lipoproteins. Thus, fish oil consumption is

gaining immense popularity in light ¢ ts beneficial hypotriglyceridemic effects.

1.2.1 Mechanisms for the regulation of lipid and lipoprotein metabolism by fish oil
There are two important pos randial pathways for the metabolism of TG-rich
lipoproteins. The exogenous pathv involves CM secreted by the intestine, which
transport dietary TG between the gut and blood and are finally taken up by the liver. The
second pathway involves the synthesis of hepatic VLDL that transports endogenous TG.

Circulating VLDL is then conver  to low density lipoprotein (LDL). which delivers









Exposure of skeletal muscle cells to EPA increased the activity of FAT CD36 compared
with control cells (Aas et al, 2006). Thus, fish oil potentially exerts its hypolipidemic

effects by regulating various metabolic pathways involved in lipid transport and storage.

1.2.2 Fish oil mediated regulation of gene expression

Besides regulating metabolic pathways at the enzymatic level, fish oil
supplementation appears to r ate the expression of various genes involved in lipid
metabolism. ®w-3 PUFA has been wn to alter plasma TG levels by regulating the
expression of genes involved in lipid synthesis and oxidation. Downregulation of hepatic
genes involved in lipogenesis ¢ Fatty acyl synthase (FAS) and Acetyl CoA carboxylase
(ACC) has been reported in rodents | w-3 PUFA (Clarke et al., 1990; Salati and Clarke
1986). In addition to the negative lation of lipogenic genes, -3 PUFA upregulates
several hepatic genes involved in fat acid oxidation and storage, such as fatty acyl CoA
synthetase (Martin et al., 1' 7) d carnitine palmitoyl transferase-1 (Chatelain et al.,
1996). DHA-fed pigs demonstrated gnificantly increased liver and muscle acyl-CoA
oxidase mRNA expression, suggesting that DHA treatment may increase peroxisomal
fatty acid oxidation in these tissues su et al., 2004). Thus, ®-3 PUFA exerts a dual
action on the lipid metabolism by decreasing the expression of lipogenic enzymes and
activating the genes involved in lipid oxidation and storage. This results in a net negative
fat balance, attesting to the beneficial role of w-3 PUFA in the management of

hyperlipidemia (Sampath and Ntambi 2005).



Besides regulating the expression of genes involved in lipid synthesis and
oxidation, w-3 PUFA have also been shown to alter the expression of genes involved in
the clearance of lipids. There is evidence for the tissue specific regulation of LPL gene
expression by ®-3 PUFA. Rats fed fish oil showed significantly higher LPL mRNA
expression in the epididymal adipose tissue compared with maize oil fed rats, while LPL
mRNA was hig :r in perirenal adipose tissue in the maize oil fed rats compared with the
fish oil fed rats (Murphy ef al., 1993). On the other hand, human studies examining the
effects of ®-3 PUFA on LPL ge expression in adipose tissue demonstrated no

significant effect on LPL ge1 exp  ion (Murphy ef al.. 1999a). However, ®-3 PUFA

have been shown to increase LPL : expression in the adipose tissue of subjects with
atherogenic lipoprotein phenotype « 1an et al., 2002). These studies suggest tissue-
specific regulation of LPL ges 2ssion by fish oil.

®-3 PUFA also regulates the :ne expression of specific FAT, which determines
fatty acid uptake, oxidation and st ge. FAT/CD36 mRNA expression was found to
increase after EPA treatment in hum  skeletal muscle cells (Aas ef al., 2006). Similarly,
spontaneously hypertensive rats fed -3 . JFA showed increa: | adipose tissue CD36
mRNA levels as compared to the cor ol Kyoto-Wistar rats (Aguilera er al.. 2006). Thus,
®-3 PUFA appears to regulate pl. na TG concentrations by altering lipid transport and
storage pathways at the molecular level.

Recently, cDNA microarrays have been used to study the effects of ®-3 PUFA on
the transcription of hepatic nes involved in lipid metabolism in mice models. These

microarray experiments have further confirmed the role of ®-3 PUFA in the regulation of




genes involved in fatty acid synthesis, desaturation, transport and oxidation (Berger ef al.,
2002; Lapillonne ef al., 2004). Evid ly, ®-3 PUFA play a major role in the regulation

of gene expression in lipid metabolism.

1.2.3 Regulation of transcrij on ictors and nuclear receptors by fish oil

®-3 PUFA mediated changes in 'ne expression were previously attributed to
alterations in signaling by eicosanoid metabolites. However, the rapid and sustained
changes in gene expression by -3  FA were more consistent with a ligand mediated
event, such as a PUFA binding tran: ‘ption factor (Clarke 2000). The key transcription
factors and nuclear receptors studied response to -3 PUFA mediated regulation are:
1) Sterol-Regulatory Element Bi Proteins, 2) Peroxisome Proliferator-Activated

Receptors and 3) Liver X-Receptors

1.2.3.1 Sterol-Regulatory Element Binding Proteins (SREBP): SREBPs are helix-loop-

helix transcription factors which r ite lipid levels by binding to the sterol regulatory
elements in promoters of ‘nes involved in lipogenesis and cholesterol metabolism
(Sampath and Ntambi 2005). There -e three known isoforms of SREBP i.e. SREBP-1a,
SREBP-1c and SREBP-2. Wh : SREBP-I1c¢ preferentially activates lipogenesis, SREBP-
2 preferentially enhances the nsc tion of :nes involved in cholesterogenesis (Le
Jossic-Corcos et al., 2005). SREBPs play an important role in the w-3 PUFA induced
suppression of lipogenic enzymes e.g. FAS, st oyl CoA desaturase-1 (SCDI1) and S14

(Jump et al.. 1994; Xu er al., 1999b; Kim e al., 1999; Yahagi et al., 1999). DHA has




been shown to regulate nuclear SREBP-1 abundance in rat hepatocytes (Botolin ef al.,
2006). Regulation of SREBP-1 proteolytic degradation by w-3 PUFA is considered to be
the main mechanism controllii  SREBP nuclear abundance. PUFA have also been shown
to lower intracellular levels of SRE °’-1¢ mRNA [Xu ef al., 1999b; Kim ef al., 1999:
Yahagi et al., 1999]. This inhibition is dependent on chain length and degree of
unsaturation, with EPA and DHA being more potent inhibitors than linoleic or oleic acids
(Sampath and Ntambi 2005). While PUFA mediated regulation of SREBP-1c mRNA
levels involves an enhanced rate of I _ P-lc mRNA turnover rather than inhibition of
gene transcription in primary hepatocytes, several reports have demonstrated inhibition at
the transcriptional level (Jump ef al., 102; Ou et al., 2001; Hannah ef al., 2001; Sealls er

al., 2008).

1.2.3.2 Peroxisome Prolife: ARs): Three isoforms of PPAR,

PPAR -a, -B/3. - y have been identif . The isoform PPARa is predominant in the liver
and regulates genes involved lipid ansport and oxidation. On the other hand, PPARy
is expressed in muscle and adipose tissue and aids in adipocyte differentiation. All PPAR
isoforms bind EPA with K4 ranging from 1-4 pM (Jump 2002). EPA is reported to bind
to PPAR in two conformations. In the first conformation, EPA gets completely buried in
the binding pocket and alters the conformation to stabilize the activator function 2 helix.
This stabilization allows for coactiva  recruitment and subsequent PPAR mediated gene
expression. Second conformation reveals that fatty acid hydrophobic tail stays exposed to

the solvent. Since fatty acids <14 ca »ns or >20 carbons cannot fit in the docking site




and stay exposed to solvent, thereby indering helix stabilization, 18 carbon (oleic acid)
and 20 carbon (EPA) fatty ac Is appear to be optimal for PPAR activation (Xu ef al.,
1999a). Next, though PPARa binds I A and oleic acid with similar affinity, EPA but not
oleic acid activates PPARa in primary rat hepatocytes (Xu et al., 1999a; Ren ef al.,
1997). This physiological discrimination is explained by the fact that compared to EPA,
oleic acid is the preferred substrate for diacylglycerol acyl transferase in triglyceride
synthesis. Reduced metabolism of EPA results in elevated cellular levels of EPA needed
for PPAR activation. EPA, but not DHA, has been shown to induce mRNA expression of
PPARy (Chambrier ef al., 2002). Str tural analysis showed that EPA is an endogenous
ligand for PPARs and DHA eds to be converted to EPA to activate PPARs (Xu et al.,
1999a; Sprecher 2000). Moreover, eicosanoid metabolites of PUFA are more potent
activators of PPARs than their fatty acid precursors (Sampath and Ntambi 2005). Genetic
polymorphisms in PPARY2 have been associated with the inter-individual variability in
serum TG response to -3 PUFA (Lindi ef al., 2003). Some recent reports have shown
agonist-driven PPARa activation to induce hepatic FAT/CD36 expression (Bonen ef al.,
2004) and hepatic LPL mRNA as well as LPL activity (Auwerx ef al., 1996). These
findings emphasize a need for a b understandit  of the regulation of PPARs by w-3

fatty acids in vivo.

1.2.3.3 Liver X Receptors " ™ L..Ra and L.\ regulate the expression of several

genes involved in lipid metabolism, e.g. cholesterol 7a-hydroxylase (Cyp7a), LPL, FAS,

ACC and SREBP-1c (Sampath and Ntambi 2005). While fish oil enrichment of diet
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resulted in the induction of PPARs 1d repression of SREBP, dietary fish oil did not
reveal any effect on classical LXR target genes such as Cyp7a and ABCGS5 in HEK293
cells (Pawar er al., 2003). Previously, SREBP mediated repression of lipogenesis by
PUFA was considered to be LXR di _ :ndent (Yoshikawa er al., 2002b), however recent
evidence suggests that the repression of SREBP-lc mRNA levels by PUFA is
independent of LXR. It was observed that treatment of HEK293 cells with EPA resulted
in SREBP-1c mRNA inhibition both in the presence and absence of an LXR agonist
(Pawar er al., 2003). However, to date there is no in vivo evidence for the regulation of

LXR by ©-3 PUFA.

1.3 Controversies associated with the ben cial health effects of fish oil

A large systematic study on the effects of ®-3 PUFA on total mortality due to
CVD suggested that the beneficial e cts of -3 PUFA were not conclusive (Hooper ef
al., 2006). Recently, a meta-analysis of randomized controlled trials in patients at risk of
ventricular arrhythmia showed enormous heterogeneity in patient response to fish oil
supplementation (Jenkins ef al., 2 18). Moreover, while the hypotriglyceridemic effects
of fish oil are well established, the Tects of fish oil on plasma total cholesterol and
LDL- cholesterol ¢ still controv  al. While some studies show LDL-cholesterol
reducing effects of fish oil  ding in normolipidemic patients, other studies report
elevated plasma total- and LDI 1olesterol levels in response to fish oil in
normolipidemic and hyperlipidemic individuals (Illingworth ef al., 1984; Nestel ef al.,

1984; Sullivan ef al., 1986; Hsu ef « , 2000; Harris, 1997; Rivellese er al., 2003). Pre-
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existing dyslipidemia, e.g. hypertriglyceridemia and Type II diabetes, are believed to
cause greater elevations in plasma total- and LDL-cholesterol concentrations upon fish
oil consumption (Farmer et al., 2001).

Dietary fish oil has also been reported to induce hyperlipidemia, which was more
evident in animals fed fish o1l and cholesterol (Kubow ef al., 1996; Lu ef al., 1996, Lin et
al., 1995). Addition of cholesterol (0.5% w/w) to fish oil diet primarily resulted in an
increase in total plasma, VLDL- and LDL-cholesterol levels in Golden Syrian hamsters
(Lin et al., 1995). Interestingly, however, TG levels were reduced even further upon
supplementation of fish oil diet with 0.5% w/w cholesterol. Dose dependent
hypercholesterolemic effect of dietary cholesterol given with the fish oil diet was shown
in the hamster model. Fish oil  Golden Syrian hamsters has been reported to increase
the ApoB/ApoAl ratio, which has  :n linked to an increased risk of atherosclerosis
(Hayes et al., 1990).

Previous studies from ¢ laboratory have shown that BioF 1B hamsters are highly
susceptible to fish-oil induced yperlipidemia at high fat levels (de Silva et al.. 2004).
Another study from our laboratory compared the effects of fish oil feeding in Golden
Syrian hamsters and BioF1B hamste (Cheema and Cornish, 2007). High levels of fish
oil feeding in BioF1B hamsters demonstrated dramatic hyperlipidemic response as
compared to Golden Syriant  sters. This study showed for the first time that alterations
in LPL activity and mRNA expre on levels play an important role in the varied

response of these hamsters to dietary fats (Cheema and Cornish, 2007). These findings
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and elevated plasma lipid peroxidation levels have been reported for rabbits fed fish oil
(Thiery and Seidel, 1987). Additiona , fish oil supplementation induced oxidative stress
resulted in an increased requirement for vitamin E (Atalay ef al., 2000).

-3 PUFA in dietary fish oil can efficiently be incorporated into tissue membrane
phospholipids by displacing the ®-6 PUFA. The increased unsaturation of membrane
phospholipids due to incorporation of EPA and DHA from fish oil is thought to be the
major cause of elevated in vivo lipid | roxidation since these membranes are likely to be
more susceptible to oxidati  stress (Leibovitz et al., 1990). Fish oil induced lipid
peroxidation has further been related to fish oil induced hyperlipidemia (Kubow, 1998).

On the contrary, some invest  tors have reported protective effects of dietary fish
oil against oxidative stress. Erdogan er al., (2004) assessed the effect of fish oil
supplementation on plasma thiobarbituric acid-reactive substances (TBARS), nitric
oxide, xanthine oxidase, superoxide smutase and glutathione peroxidase in rats. These
authors concluded that ®-3 PUFA enhanced resistance to free radical attack and lowered
lipid peroxidation. ApoE knockout mice fed fish oil showed increased anti-oxidant
enzyme activities in macrophages and reduced atherosclerotic lesions compared to corn
oil fed animals (Wang er al., 2004). ...ese findings further support the anti-oxidant
effects of ®-3 PUFA in spontaneously hypertensive rats (Frenoux er al., 2001). Thus.
fish oil supplementation may help restore the balance between anti-oxidant status and
oxidative stress in the cell. Increased anti-oxidant enzyme activity can lead to increased
free radical scavenging, thereby c ferring enhanced resistance against free radical

damage and delay the progression of herosclerosis.
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Interestingly, inverse correlation has been reported between the extent of lipid
peroxidation and DNA damage in response to dietary fish oil. Kikugawa et al. (2003)
suggested that dietary fish oil co-administered with vitamin E induced lipid peroxidation
via increased levels of hydroperoxides and TBARS but lowered DNA damage in rat liver
in vivo. DNA damaging potencies of the peroxidation products is proposed to be lower
compared to that seen with ROS mediated oxidative stress. This explains how an increase
in the extent of lipid peroxidation ults in the attenuation of oxidative stress induced
DNA damage, pointing to the pro tive effects of fish oil feeding. Consuming ®-3
PUFA is also believed to con  r¢ 1ce to CM remnants against free radical attack and
thus attenuates their potential ather« nic properties (Napolitano et al., 2004). Fish oil
supplementation has also been associated with reduced oxidative stress in
hyperinsulinemic rats (Nyby et al., . 15). These contradictory results of fish oil feeding
emphasize the need to study the r¢ 1lation of fish oil induced oxidative stress under

hyperlipidemic conditions.

1.3.2. Cc Hination of fish oil nd vitamin E in the prevention of CVD

®-3 PUFA such as DHA has en reported to decrease vitamin E levels in plasma
and tissues of several experimental ¢ mals (Farwer ef al., 1994; Kubo et al.. 1997; Surai
and Sparks. 2000). Thus, fish o induced lipid peroxidation can be correlated with
reduced vitamin E levels. Elevated | d peroxidation and low tocopherol concentrations
have further been associated v h increased tissue cholesterol concentrations

(Chupukcharoen et al., 1985). Hence, an increase in oxidative stress may be a causative

15






vitamin E does not affect CVD either positively or negatively (Vivekananthan er al.,
2003; Morris and Carson, 2003).

O’Malley (2004) offe 1 possible explanations for the failure of potential anti-
oxidant therapy in clinical outcomes. Firstly, anti-oxidant therapy might be more
effective in retarding/inhibit ; the progression of atherosclerosis if implemented at early
stages of the disease. Anti-oxidantt apy in most randomized controlled trials is either
aimed at secondary prevention in patients who had experienced myocardial infarction or
primary prevention in older high-ri  patients. Secondly, optimal anti-oxidant activity
necessary to affect complex i erc :nic processes might not be achieved in the form of
supplemental pills due to limited absorption and bioavailability. These observations

emphasize the need to invest m:  biologically active antioxidants in future.

1.4 Anthocyanins as biolog lly active anti-oxidants

In an attempt to discover biologically active anti-oxidants, research has now
focused on anthocyanins, due to their high anti-oxidant potential and abundance in fruits
such as berries. Anthocyanins are water soluble, glycosylated and non-acetylated
polyphenolic compounds which belc 1 to the flavanoid class of compounds and impart
red, blue and purple colour to various fruits and v :tables (Bell and Gochenaur, 2006;
Clifford, 2000; Galvano er al., 2004). While approxin ely 400 individual anthocyanins
have been identified, six are most commonly found in colored fruits especially berries.
These are classified on the  is of number and position of hydroxyl and methoxyl

moieties on the flavan nucleus (M za, 2007). Cyanidin is believed to be the most
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proanthocyanidins lowered the postprandial oxidative stress by decreasing the oxidant
and increasing the anti-oxidant levels in the plasma of healthy human volunteers (Natella
et al, 2002). Proanthocyan n rich grape seed extract also resulted in improved
resistance to oxidative modification of LDL by reducing plasma lipid hydroperoxides and
the oxidant/ antioxidant status. Grape seed proanthocyanidins significantly inhibited the
progression of atherosclerosis in the aorta of cholesterol fed rabbits (Yamakoshi et al,
1999).

Analysis of anthocyanins to « ect radical scavenging activity present in different
berries showed potent antiradical tivities in all = ry extracts (Nakajima er al., 2004).
Interestingly, anthocyanins have significantly higher anti-oxidant potential compared to
classical anti-oxidants such as butylated hydroxyanisole, butylated hydroxytoluene and
vitamin E and vitamin C (Wang et al., 1997; Fukumoto and Mazza, 2000). In vitro
inhibition of enzymatic and non-er _ matic PUFA-mediated peroxidation occurred in a
dose dependent manner by purified 1thocyanins (Narayan et al., 1999). Many studies
report inhibition of LDL oxi« ion in vitro, further attesting to the anti-oxidant activity of
anthocyanins (Teissedre ef al., 1996; Aviram and Fuhrman, 2002). Cyanidin-3-O-beta-
glucopyranoside, an anthocyanin, is known to significantly inhibit malondialdehyde
generation in a dose dependent 1r r, with the extent of inhibition being significantly
higher than those obtained with sin ar concentrations of resveratrol and ascorbic acid
(Amorini ef al., 2001). Fruits and vegetables rich in anthocyanins showed concentration

dependent anti-oxidant activities in the inhibition of copper-induced liposome
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achieve low levels of CVD upon fish oil supplementation as that observed in the Eskimo
and Greenland Inuit populations. The inconsistencies could partly be due to the fact that
the Greenland Eskimos also consumed other marine mammals such as seal and whale
besides fish. Seal oil supplementation in healthy volunteers was found to significantly
reduce plasma TG and w-6/w-3 ratio of plasma and erythrocytes without any significant
effects on cholesterol levels (Bonefeld-Jorgensen et al., 2001). Another study by Conquer
et al. (1999) demonstrated that sc  oil supplementation resulted in lower ®-6/®-3 ratio
and higher EPA, DHA and doco »entaenoic acid (DPA; 22:5) levels in healthy,
normocholesterolemic subjects. They further showed that seal oil increased the ratio of
EPA/arachidonic acid and DHA/ara idonic acid in the serum phospholipids and FFAs.
However, no significant differences were observed on glucose, plasma TG and
cholesterol levels in response to seal | consumption.

There are some differences in the ®-3 PUFA composition of seal oil and fish oil.
While EPA and DHA content of se oil is slightly lower as compared to fish oil, DPA
levels are approximately 3 fold I 3 - in seal oil (Brox et al., 2001). The two marine
sources of -3 PUFA further dif - the intramolecular distribution of ®-3 PUFA on
their TG molecules. .. hile L. A and DHA are primarily distributed in the sn-1 and sn-3
positions of seal oil TGs, they are located in the sn-2 position in case of fish o1l TGs
(Christensen et al., 1994). Seal oil and fish oil fed guinea pigs showed significantly
higher concentration of ®-3 PUFA in different organs and plasma as compared to corn oil
fed animals (Murphy et al., 1999b). Differences in the pattern of incorporation of ®-3

PUFA were also noted for the two marine oils. While fish oil feeding resulted in higher

24







compared to fish oil CM. ..is as been attributed to structural differences in
intramolecular distribution of ®-3 PU A in TG of dietary fats (Christensen ef al., 1995).
Another potential ad* tage of seal oil supplementation is enhanced resistance to
oxidation compared to fish oil (Nakl 1, 1997). While w-3 PUFA from fish oil are highly
susceptible to oxidation resulting in the formation of lipid hydroperoxides, seal oil ®-3
PUFA are relatively resistant to oxidation. In light of these findings, there is a need to
further investigate the role of | oil in comparison with fish oil in the regulation of lipid

metabolism and oxidative stress.

1.6 Choice of hamster as an animal model

The hamster is an animal odel of choice to study lipoprotein metabolism and
atherosclerosis because the lipoprotein profile of hamsters closely resembles that of
humans (Nistor er al., 1987; Sp:  and Dietschy, 1988). Hamsters carry a significant
proportion of eir circulatii lipoprotein in LDL fraction, which is similar to humans
(Ohtani ef al., 1990). Moreover, . opposed to rodents, hamsters possess plasma CETP
activity similar to that in hu (A et al, 1994; Ha and Barter, 1982). Hamsters also
resemble humans in the secretion of TG-rich lipoproteins in that the origin of ApoB48
and ApoB100 is intestinal and hepatic respectively, however in case of rats and mice both
the ApoB isoforms are sec ed fr liver. In the context of cholesterol metabolism,
hamsters show hepatic cholesterol synthesis similar to that in humans (Spady and
Dietschy 1988; Woollett ez al., 1989) and partial regulation of cholesterol metabolism by

LDL receptors (Chen er al, 19' ; Remillard er al., 2001). Dietary cholesterol and
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metabolism upon fish oil feeding emphasizes the need for investigating lipid regulation in
fish oil fed hyperlipidemic 1imal models and subsequently hyperlipidemic human

populations.

1.7 Justification of the study

Existing data suggests that differential responses to dietary treatments might arise
due to heterogeneity in genetic bac round and gene-nutrient interactions in different
experimental models (Katan et al., 1* 5; Overturf ef al., 1990). Previous studies from our
laboratory to investigate the effects « high fish oil feeding i.e. 20% (w/w) vs 5% (w/w),
on the regulation of lipoprotein metabolism have reported the occurrence of diet induced

hyperlipidemia in genetically susceptible BioF1B hamsters (de Silva et al.. 2004).

Interestingly, BioF1B hamsters | : high fish oil diet showed the presence of milky
plasma rich in CM like particles ~an overnight fast. High fish oil supplementation
also resulted in elevated ¢ n 3 and plasma-, VLDL- and LDL- cholesterol

concentrations in BioF1B hamsters  compared to BioF1B hamsters fed a mixture of
lard and safflower oil (1.5:1). Diet - fish oil supplemented BioF1B hamsters further
showed reduced hepatic LI’ -receptor mRNA expression and significantly lowered
CETP activity (de Silva ef al., " 05). Following these preliminary observations from our
laboratory usii  BioF1B hamsters, another study was undertaken to compare the effects
of different types of high fat diets (fish oil, MUFA and w-6/ -3 ratio of 5:1) in Golden
Syrian hamsters and BioF1B hamsters (Cheema and Cornish 2007). Contrary to the

observations with fish oil fed BioF1 hamsters, fish oil fed Golden Syrian hamsters did
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not reveal any milky plasma after an overnight fast. ...oF 1B hamsters fed high fat fish oil
diet showed significantly elevated lipid levels as compared to fish oil fed Golden Syrian
hamsters, highlighting the importance of genetic heterogeneity in response to dietary fat.
Moreover, among the three different dietary treatments in BioF1B hamsters. diet induced
hyperlipidemia was specific « y to high fat fish oil diet. Molecular analysis revealed that
tish oil fed BioF1B hamsters had hi; er levels of ApoB48 and ApoB100 as compared to
other dietary treatments, sug_ ting a reduced clearance of TG-rich lipoproteins (Cheema
and Cornish, 2007). BioF1B hams s revealed significantly lower post-heparin LPL
activity as compared to Golden Syrian hamsters. Fish oil supplementation further
inhibited the LPL activity in BioF1B hamsters compared to MUFA and w-6/ »-3 fed
BioF1B hamsters (Cheema and Cornish, 2007).

In an attempt to invest ¢ extent of oxidative stress in Golden Syrian and
BioF1B hamsters in response to high fat diets, we measured the levels of lipid
peroxidation and anti-oxidant enzymes in the liver. We observed significantly higher
lipid peroxidation in BioF1B han as compared to Golden Syrian hamsters. Fish oil
feeding in BioF1B hamsters resulted in a further increase in the extent of lipid
peroxidation comj :d to MUFA w-6/w-3 fi  BioF1B hamsters (Dubey and
Cheema, unpublished data). Fish o fed BioF1B hamsters also showed compromised
anti-oxidant enzyme status st :stii an oxidative potential of high dietary fish oil in
genetically susceptible BioF 1B hamsters.

The -3 PUFA, such as EPA and DHA are primarily located in sn-2 position in

tish oil TGs, while these are distributed in sn-1 and sn-3 positions on seal oil TGs. The
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2. To investigate the e :ts of combination of anthocyanin-rich elderberry extract
and -3 PUFA (fish oil and seal oil) on lipid profile and oxidative stress in
BioF1B hamsters.

The findings will help us to understand whether seal oil differentially regulates lipid

and lipoprotein metabolism in BioF1B hamsters, and whether combinational therapy with
anthocyanin rich elderberry « :t and marine oils will have a greater effect on lowering

plasma lipids and oxidative str compared to marine oils alone.
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Figure 2.1: Diagrammatic representation of the experimental design for different dietary

treatments.
BioF 1B hamsters
( male, 8-week d, 20% (w/w) fat)
Fish oil Fish oil + Eldert 7y  Seal oil Seal oil + Elderberry
ext ot extract
l 4 weeks

wvern at fast

|

Plasma: d tissues stored at -80°C
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an overnight fast. Blood samples v e obtained by cardiac puncture and collected in
tubes containing EDTA,ce. =~ ged med ely at 3000 rpm, 4°C for 15 min to separate
plasma. Plasma samples wi  stored on ice at 4°C. Liver tissues were snap frozen in

liquid nitrogen and stored at -80°C until further use.

2.2 Gas liquid chromatography

The fatty acid composition of the diets was analyzed by Gas Liquid
chromatography (GLC) (Table 2.2). Lipids were extracted from diets with 2:1
chloroform: methanol using the me )d of Yokode et a/. (1990). Trans-methylation of
lipids was done by adding 2 mL of transmethylation reagent (94% methanol, 6% HClI
with few crystals of hydroxyquinone) followed by incubation at 65°C for 2 hrs. Fatty-
acid methyl esters were then extracted into the organic, hexane layer by adding hexane (1
mL) and deionised water (11 "). | upper hexane layer was evaporated under nitrogen
and the fatty acid methyl es > dissolved in 20 pL of carbon disulfide. The fatty
acid methyl esters were run on an Omegawax x 320 (30 mm*0.32 mm) column from
Supelco (Sigma-Aldrich, ON, Canada) using a flame ionization detector (FID) for 1 hr.
The GLC parameters were s 5 follows: oven at 196°C, injector at 240°C and detector
at 250°C. Fatty acids were identified by comparison of retention times with those of

known standards (Sigma-Alc :h, ON, Canada).
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225-S7, Diagnostics Chemi s Ltd, E, Canada) and free cholesterol (Kit# 274-47109E,
Free cholesterol Enzymatic Kit, Wako Chemicals, VA, USA). Cholesterol ester
concentrations were determined by subtracting free cholesterol concentrations from total

cholesterol concentrations.

2.4 Liver lipid analysis

Lipids were extracted from liver tissue by homogenizing liver in
chloroform/methanol (2:1) (Folch  al., 1957). The lower organic phase was dried under
nitrogen, and resuspended = 100 pL of isopropanol. Hepatic lipids were analyzed for
total cholesterol (Kit# 225-S7, D nostic Chemicals Ltd, PE, Canada), total TG (Kit#
236-60, Diagnostic Chemicals Ltd, PE, Canada) and free cholesterol (Kit# 274-47109E,
Free cholesterol Enzymatic Kit, ‘ako Chemicals, VA, USA). Cholesterol ester
concentrations were determined by subtracting free cholesterol concentrations from total

cholesterol concentrations. Standards v e also suspended in isopropanol for consistency.

2.5 Plasma thiobarbituric acid rea ve substances (TBARS) assay
Plasma TBARS were say: usit the method of Ohkawa et al. (1979). The
standards were prepared with 0.1mM 1,1,3,3 tetramethoxy propane (TMP) solution in

absolute ethanol and 29 mmol/L iobarbituric acid (TBA) solution was prepared in
8.75M acetic acid. The following were added to 75 pL of plasma or TMP standards: )0
ul. of 0.9% sodium chloride, 100 pl. of 15% trichloroacetic acid (TCA), 100 pL of

2.5mM butylated hydroxytoh 1e (BHT), 150 pul. of TBA and 60 pL of 8.1% sodium
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instrument. The yield of RNA samp  was assessed by measuring the absorbance at 260
nm and 280 nm. The integrity of RNA samples was verified by running the samples on
1.2% agarose gels at 50V. Isolated RNA samples were stored at —20°C until further
analysis.

RT-PCR was done to analyze the hepatic mRNA expression of various

transcription factors of BioF1B hamsters fed diffe 1t diets. Isolated RNA samples were
treated with RNase free DNase I (Promega) to remove any genomic DNA. Briefly, 4 pg
RNA sample was treated with 4 uL. DNase (1 pg/uL) d 1 pL DNase buffer (10X). The
final volume was made up to 10 pL. with DEPC water. The samples were incubated at
37°C for 30 min and reaction was  ninated by adding 2 pL DNase stop solution. The
samples were then incubated at 70°C for 10 min to inactivate DNase.

Complementary DNA (cDNA) was synthesized by reverse transcription from
DNase treated total RNA usii  A. / reverse t iscriptase (Roche, QC, Canada) and
used as template for PCR an | ificat 1. Briefly, DNase treated RNA (5 pL). 1X random
primers (1 pL) and 5 pLL DEPC w were ixed and incubated at 70°C for 10 min. The
samples were cooled on ice and cer  fuged briefly. This was followed by addition of 8
puL reaction mixture (4 pL of 5X RT buffer, 1 pul. RNase inhibitor, 2 pL of 10 mM
dNTPs and 1 . DEPC water). Fini y 1 pL of reverse transcriptase was added to each
tube (except negative control) and incubated at 42°C for 1 hr. The cDNA template was

stored at -20°C until PCR analysis.
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PCR reactions were  formed in the Genius PCR machine (Roche, QC, Canada)
using the cDNA templates. PCR conditions were as follows: initial denaturation at 95°C
for 10 min and then amplification cycles (denaturation at 95°C for 1 min, annealing for 2
min and elongation at 72°C for 2 min). This was followed by a final elongation step of 10
min at 72°C. The total number of cycles was chosen to remain within the exponential
phase of the reaction. Thes_ ific primers used for SREBP-1¢ (Shimomura er al., 1997),
SREBP-2 (Field et al., 2003), PPAR-a (Valeille et al., 2005) and LXR-a (Valeille er al.,
2005) and their specific anni  ing temperatures are given in Table 2.3. Different genes
were amplified simultaneously with hamster [B-actin  primers (sense 5°-
CATCGTACTCCTGCTTGCTG-3" 1d antisense 5’-GCTACAGCTTCACCACCACA-
3’) in a multiplex PCR. Figure 2 ~ — igure 2.4 depict the PCR amplification of SREBP-
lc, PPAR-a and LLXR-a genes respectively. The n...NA expression of these genes was

normalized to B-actin mRNA content and expressed as relative units.

2.8 Statistical analysis

Statistical analysis v performed using GraphPad Prism Software (GraphPad
Software Inc., CA, USA). Differences between high fat diets were assessed using
unpaired t-test and the effects of fat type and elderberry extract supplementation were
analyzed using 2-way ANOVA.! wman-Keuls post-hoc test was used to test significant
differences obtained by ANOVA ar ysis. ..sults are expressed as group means (n = 6)

and £ SEM (standard error of me ). Differences were considered statistically significant

at p-value < 0.05.
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Table 2.3: Primer sequences and annealing temperatures for different genes studied.

Gene Primer Sequence PCR | Temp
(hm (°C)
PPAR-a sense: > -UAUAAAUCAAAACTGAAAGCAGAGA-3’ 179 62
Antisense: 5’-GAAGGGCGGGTTATTGCTG-3°
LXR-¢ Sense: 5°>-GCAACTCAATGATGCCGAGTT-3" 171 62
Antisense: 5’-CGTGGGAACATCAGTCGGTC-3’
SREBP-Ic | Sense: 5°-Guuu/ GCAGTCTGGG-3’ 95 60
Antisense: 5’-ATGAGCTGGAGCATGTCTTCAAA-3’
SREBP-2 | Sense: 5°-AGCTGGCAAA1CAUAAAAACAAG-3’ 93 56
Antisense:
5’-GATTAAAGTCTTCAATCTTCAAGTCCCAC-3
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una, ter-3: Results
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3.1 Effect of fish oil and seal oil
3.1.1 Body weight and diet consumption

At the end of 4-week dietary :atment, body weight gain (g) for BioF 1B hamsters
fed either fish oil (19.1843.58) or seal oil (17.0743.68) did not reveal significant
differences. The average daily food consumption (g/day) of fish oil fed hamsters was also

not significantly different as compared to hamsters fed seal oil (5.41 £0.21 and 6.05

+ 0.56 respectively).

3.1.2 Plasma and lipoprotein lipid “ofile

Plasma samples from BioF1 hamsters fed fish oil showed milkiness due to the
presence of CM like particles. Milky plasma was however, not seen in seal oil fed
BioF 1B hamsters (Figure 3.1).
TG concentrations in v ole plasma and different lipoprotein fractions in fish oil and seal
oil fed BioF _ hamsters are given in Figure 3.2 and Figure 3.3 respectively. Whole
plasma TG concentrations in fish oil fed hamsters were significantly higher compared to
seal oil fed hamsters (p< 0.0001). ¢ :nificantly higher levels of TG were also noted in
different lipo; tein fractioo fi 1 fish oil fed hamsters compared to seal oil fed
hamsters (p< 0.0001 for VLDL and LDL; p= 0.002 for HDL fractions). BioF1B hamsters
fed fish oil also showed significi tly higher whole plasma total cholesterol levels (p<
0.0001) as compared to the seal oil fed animals (Figure 3.4). Analysis of different
lipoprotein fractions for total chole ‘rol concentration showed a similar pattern where

fish o1l fed BioF1B hamsters ve: :d significantly higher concentrations of total
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Figure 3.2 Whole plasma triglyceride concentrations of BioF1B hamsters fed either fish
oil (open) or seal oil (shaded) for a period of 4 weeks. Fasting plasma samples were
assayed for triglycerides as bed in the methods section. Values given are means +
SEM (n=6) analyzed by unj t- . Mean values shown with different letters depict
statistically significant differences (p< 0.05).
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Figure 3.3 Triglyceride conce ~ s in lipoprotein fractions of BioF1B hamsters fed
either fish oil (open) or seal oil 1) for a period of 4 weeks. Fastii  plasma samples
were collected; lipoprotein fractions were separated by density gradient centrifugation
and assayed for triglycerides  d¢ red in the methods section. Values given are means

+ SEM (n=6) analyzed by unpaire 'st. Mean values shown with different letters depict
statistically significant differences 0.05).
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Figure 3.4 Whole plasma tot chol erol concentrations of BioF1B hamsters fed either
fish oil (open) or seal oil (shaded) fi 1 period of 4 weeks. Fasting plasma samples were
assayed for total cholester lesc1  :d in the methods section. Values given are means
+ SEM (n=6) anal, d by ‘ed 1 st. Mean values shown with different letters depict
statistically significant differences (p< 0.05).
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Figure 3.6 Whole plasma cholesterol ester concentrations of BioF1B hamsters fed either
fish oil (open) or seal oil (s] led) for a period of 4 weeks. Fasting plasma samples were
assayed for cholesterol esters ribed in the methods section. Values given are
means = SEM (n=6) analyzed b paired t-test. Mean  ues shown with different
letters depict statistically sig  ai ferences (p< 0.05).
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Figure 3.7 Cholesterol ester concentrations in lipoprotein fractions of BioF1B hamsters
fed either fish oil (open) or 1 shaded) for a period of 4 weeks. Fasting plasma

samples were collected; "~ opr fractior  were s | ed by density gradient
centrifugation and assayed ror cholesterol esters as described in the methods section.
Values given are means + SEM (n= alyzed by unpaired t-test. Mean values shown

with different letters depict statistically significant differences (p< 0.05).
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Figure 3.8 Whole plasma free cholesterol concentrations of BioF1B hamsters fed either

fish oil (open) or seal oil (st ' d) t iod of 4 weeks. Fasting plasma samples were
assayed for free cholesterol o the methods section. Values given are means
+ & (n=6) analyzed by u | | [ean values shown with different letters depict

statistically si_ ficant differences (p< 0.05).
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Figure 3.11: Hepatic total cholesterc concentrations of BioF1B hamsters fed either fish
oil (open) or seal oil (shaded), for a period of 4 weeks. Liver lipids were isolated and
assayed for total cholesterol as descr 1 in the methods section. Values given are means
+ SEM (n=6) analyzed by un; d t-test. Mean values shown with different letters depict

statistically significant differences (p< 0.05).
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Figure 3.12: Hepatic cholesterol ester concentrations of BioF1B hamsters fed either fish
oil (open) or seal oil (shaded), for a period of 4 weeks. Liver lipids were isolated and
assayed for cholesterol este s d i1l 1 in the methods section. Values given are
means + SEM (n=6) analy: Yy aired t-test. Mean values shown with different
letters depict statistically signifi 1t erences (p< 0.05).
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Figure 3.13: Hepatic free cho t )l concentrations of BioF1B hamsters fed either fish
oil (open) or seal oil (shaded). for a period of 4 weeks. Liver lipids were isolated and
assayed for free cholesterol as s | in the methods section. Values given are means
+ SEM (n=6) analyzed by unpairec t. Mean values shown with different letters depict
statistically s’ ificant differe s (p< 0.05).
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hamsters compared to hamsters on seal oil diet, relatively smaller differences (25%) were

observed for liver TG and liv  free: )Hlesterol.

3.1.4 Hepatic mRNA expression of various transcription factors
The hepatic mRNA expression of SREBP-1¢, SREBP-2, PPAR-a, and LXR-a
was measured from hamsters fed fish oil and seal oil diets. SREBP-1c¢ mRNA expression ‘
was significantly elevated in fish o fed hamsters (p= 0.04) compared to seal oil fed ‘
hamsters (Figure 3.14). Expression levels of SREBP ~ mRNA showed a trend towards an
increase in fish oil fed hamsters compared to seal oil fed hamsters, however, this was not
statistically significant (p= 0.08) (Figure 3.15). There was no significant effect of fish oil
or seal oil on the mRNA levels « PPAR-a and LXR-a (Figure 3.16 and Figure 3.17

respectively).

3.1.5 Plasma and liver TBARS of BioF1B hamsters

The extent of lipid peroxidation in fish oil and seal oil fed hamsters was evaluated
using TBARS assay. Hamsters fed fish oil showed significantly higher levels of plasma
lipid peroxides (p< 0.001) con 1red to seal oil fed hamsters (Figure 3.18). Liver TBARS
also showed significant effect of diet (Figure 3.19), where fish oil fed hamsters had

significantly elevated levels of ver ARS compared to seal oil fed hamsters (p< 0.01).
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Figure 3.14: Hepatic SREBP-1c mRNA expression of BioF1B hamsters fed either fish
oil (open) or seal oil (shaded), for a | 'riod of 4 weeks. Total liver RNA was extracted,
reverse transcribed and the cDNA template for SREBP-1c¢ and (-actin was amplified as
described in the methods section. SREBP-1c mRNA expression was normalized against
B-actin mRNA expression | expressed as relative units. Values given are means *
SEM (n=6) analyzed by unpaired t-test. Mean values shown with different letters depict
statistically significant differences (p< 0.05).
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Figure 3.15: Hepatic SREBP mRD}M  expression of BioF1B hamsters fed either fish oil
(open) or seal oil (shaded), for a period of 4 weeks. Total liver RNA was extracted,
reverse transcribed and the cDNA t  »slate for SREBP-2 and B-actin was amplified as
described in the methods section. The SREBP-2 mRNA expression was normalized
against PB-actin mRNA expr ion d expressed . relative units. Values given are
means + SEM (n=6) analyzed by paired t-test. Mean values shown with different
letters depict statistically signifi 1t differences (p< 0.05).
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Figure 3.16: Hepatic PPAR-a mRNA expression of BioF1B hamsters fed either fish oil
(open) or seal oil (shaded), for a p od of 4 weeks. Total liver RNA was extracted,
reverse transcribed and the cDNA template for PPAR-a and B-actin was amplified as
described in the methods section. 1e PPAR-a mRNA expression was normalized
against B-actin mRNA expression and expressed as relative units. Values given are
means + SEM (n=6) analyzed by = paired t-test. Mean values shown with different
letters depict statistically significant differences (p< 0.05).
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Figure 3.17: Hepatic LXR-oo mRNA expression of BioF1B hamsters fed either fish oil
(open) or seal oil (shaded), fi a p >d of 4 weeks. Total liver RNA was extracted,
reverse transcribed and the cDNA  plate for LXR-a and B-actin was amplified as
described in the methods section. The LXR-oo mRNA expression was normalized against

B-actin mRNA expression and expressed as relative units. Values given are means *
SEM (n=6) an: rzed by unpaired t-t . Mean values shown with different letters depict
statistically significant differences (p< 0.05).
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Figure 3.18: Plasma TBARS levels in BioF1B hamsters fed either fish oil (open) or seal

oil (shaded) for a period of 4 . Plasma samples were assayed for TBARS as
described in the methods section ues given are means +* SEM (n=6) analyzed by
unpaired-t test. Mean values sho ith different letters depict statistically significant
differences (p< 0.05).
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Figure 3.19: Hepatic TBARS levels  BioF1B hamsters fed either fish oil (open) or seal
oil (shaded) for a period of 4 weeks. ~ ~ er samples were assayed for TBARS as described
in the methods section. Val ver :means = SEM (n=6) analyzed by unpaired-t test.

Mean values shown with ditterent xrs depict statistically significant differences (p<
0.05).
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Table 3.1 Body weight gain "ter 4-weeks of dietary treatments in Bio F1B hamsters fed
either fish oil or seal oil alone or in combination with elderberry extract.

I_rhpf I vne I Weraht ",aln (g)
3.58°
rish U1l &
Mot Toract | 13.5643.46°
dear g 1572+7221°
Seal vl &
] Extract | 10.37+1.56°¢

Values are given as mean + SEM (n=6)

Dietary groups were analyzed by 2- way ANOVA and the Newman-Keuls post-hoc test
Mean values shown with different letters depict statistically significant differences (p<
0.05).
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3.2 Effect of a combination of marine oils and elderberry extract in BioF1B
hamsters
3.2.1 Body weight and diet consumption

The analysis of weight gain at the end of 4-week period revealed no significant
differences in hamsters fed fish oil 1 seal oil diet alone. However, these high fat diets
when cosupplemented with elderberry extract rest ed in significantly lower body weight
gain in hamsti : fed the combination diet compared to hamsters on high fat diet alone
(Table 3.1). While cosuppls . with elderberry extract in fish oil fed hamsters
resulted in a 29% decrease in body weight gain as compared to hamsters fed fish oil diet
alone (p= 0.C , a 32% decrease weight gain was observed for hamsters fed a
combination of seal oil and elderber extract than animals fed seal oil alone (p= 0.004).
Addition of elderberry extract to b~ "1 fat diets however, did not result in significant
differences in the average daily foo intake (g/day) of BioF1B hamsters (fish oil: 5.41

+0.21; fish oil + elderberry extract: 530 *0.15; seal oil: 6.05 +0.56;seal oil +

elderberry extract: 5.75 + 0.64).

3.2.2 Plasma lipids in BioF 3 hamsters fed a combination of marine oils and
elderberry extract

Fasting plasma samples from hamsters fed fish oil and seal oil alone and those fed
a combination of marine oils and el¢ ‘berry extract were analyzed for TG (Figure 3.20),
total cholesterol (Figure 3.21), che :sterol esters (Figure 3.22) and free cholesterol

(Figure 3.23) concentrations. All lipid parameters showed significant differences when
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Figure 3.20: I sma triglycc le :ntrations in BioF1B hamsters fed either fish oil or
seal oil in the presence (shaded) a isence (open) of elderberry extract for a period of 4
weeks. Fasting plasma samp  were collected and assayed for triglycerides as described
in the methods section. V ; 1 are means * SEM (1 ») analyzed by 2-way
ANOVA and the Newman- s post-hoc test. Mean values shown with different letters

depict statistically significant diffi es (p< 0.05).
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Figure 3.21: Plasma total cho terc concentrations in BioF1B hamsters fed either fish
oil or seal oil in the presen (shaded) and absence (open) of elderberry extract for a
period of 4 weeks. Fastir pl samples were collected and assayed for total
cholesterol as described in the n Is section. Values given are means + SEM (n=6)
analyzed by 2-way ANOV/ 1d the Newman- Keuls post-hoc test. Mean values shown
with different letters depict ¢ istica - significant differences (p< 0.05).
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Figure 3.22: Plasma cholesterol concentrations in BioF1B hamsters fed either fish
oil or seal oil in the presence (s 1) and absence (open) of elderberry extract for a
period of 4 weeks. Fasting plasr n les were collected and assayed for cholesterol

esters as described in the ethods section. Values given are means + SEM (n=6)
analyzed by 2-way ANOVA and the Newman- Keuls post-hoc test. Mean values shown
with different letters depict s istica - significant differences (p< 0.05).
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Figure 3.23: Plasma free cholesterol concentrations in BioF1B hamsters fed either fish
oil or seal oil in the presence (sha 1) and absence (open) of elderberry extract for a
period of 4 :eks. Fasti plass  samples were collected and assayed for free
cholesterol as described in : met s section. Values given are means + SEM (n=6)
analyzed by 2-way ANOVA and the Newman- Keuls post-hoc test. Mean values shown
with different letters depict statistic - significant differences (p< 0.05).
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The levels of choles ol esters and free cholesterol of BioF1B hamsters fed a
combination of fish oil and elderb y extract were similar to the levels observed for
hamsters fed seal oil diet. Addition of elderberry extract to seal oil diet further reduced
the levels of ¢ Hlesterol esters (p< 0.0001) and free cholesterol (p< 0.0001) as compared

to hamsters fed seal oil alone.

3.2.3 Liver lipids of hamsters fed a combination of marine oils and elderberry
extract

Hepatic TG concentrations of hamsters fed either fish oil or seal oil alone or a
combination of marine oils and el berry extract are given in Figure 3.24. Two-way
ANOVA revealed significant differences in different dietary groups in response to fat
type (p= 0.04), elderberry extract (p= 0.01) and interaction between fat and elderberry
extract (Fat*elderberry extract; p= ( 1). BioF1B hamsters fed a combination of fish oil
and elderberry extract showed si; ficantly lower TG concentrations (p< 0.001) as
compared to hamsters fed fish oil one. In contrast, the combination of seal oil and
elderberry extract had no effect on hepatic . J levels as compared to hamsters fed seal oil
alone.

Liver total cholesterol concentrations were significantly different in response to
different marine oils and elderberry extract (Figure 3.25). Hepatic total cholesterol
concentrations were significantly r¢ iced when BioF1B hamsters were fed marine oils
along with elderberry extract as cor »jared to the respective fat diet alone (p< 0.001 for

fish oil treated hamsters and p< 0.05 Hr the seal oil fed hamsters).
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Figu :3.24: Hepatic triglyceride concentrations in BioF1B hamsters either fed fish oil or
seal oil in the presence (shaded) and isence (open) of elderberry extract for a period of 4
weeks. Liver samples were assayed for triglycerides as described in the methods section.
Values given are means + SEM () analyzed by 2-way ANOVA and the Newman-
Keuls post-hoc test. Mean values shown with different letters depict statistically

significant differen  (p< 0.05).
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Figure 3.25: Hepatic total cholesterol concentrations in BioF 1B hamsters fed either fish
oil or seal oil in the presence (shaded) and absence (open) of elderberry extract for a
period of 4 weeks. Liver samples were assayed for total cholesterol as describe in the
methods section. Values given are n  ins £ SEM (n=6) analyzed by 2-way ANOVA and
the Newman- Keuls post-hoc test. Mean values shown with different letters depict
statistically significant differences (p< 0.05).
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Figure 3.27: Hepatic free cholester concentrations in BioF1B hamsters fed either fish
oil or seal oil in the presence (shaded) and absence (open) of elderberry extract for a
period of 4 weeks. Liver samples were assayed for & cholesterol as described in the
methods section. Values given are means = SEM (n=6) analyzed by 2-way ANOVA and
the Newman- Keuls post-hoc t¢ . Mean values shown with different letters depict

statistically significant diffe  ces (p< 0.05).
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Analysis of hepatic cholesterol esters revealed significant differences in response
to different dietary treatments (Figure 3.26). Similar to total cholesterol concentrations,
cholesterol esters were also significantly reduced in BioF1B hamsters fed a combination
of marine oils and elderberry extract as compared to hamsters fed the respective fat diet
alone (p< 0.001 for fish oil and seal oil fed hamsters).

Hepatic free cholesterol levels were also influenced by treatment with marine oils
(p< 0.0001) as well as elderberry extract (p< 0.01) (Figure 3.27). A combination of fish
oil and elderberry extract caused a significant reduction in hepatic free cholesterol
concentrations as compared to has ters fed fish oil alone (p= 0.04). However. no
significant difference was observe i the seal oil fed hamsters in the presence or absence

of elderberry extract.

3.2.4 Plasma and liver TBARS of hamsters fed marine oils and elderberry extract
Figure 3.28 shows plasma TBARS levels to evaluate the extent of lipid
peroxidation in response to different diets. Two-way ANOVA revealed a significant
effect of fat and elderberry « ract _ < 0.0001 and 0.001 respectively) on plasma lipid
peroxide concentrations in hamsters 1 different diets. Seal oil fed BioF 1B hamsters had
significantly lower levels of lipid peroxides (p< 0.001) compared to fish oil fed hamsters.
A combination of fish oil and elderl ry extract significantly reduced plasma TBARS as
compared to hamsters fed fish oil alc e (p<0.001). In contrast to fish oil fed hamsters, a
combination of seal oil and elderb 'y extract had no significant effect on plasma TBARS

as compared to hamsters fed s o0il  ne.
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Liver TBARS from hamsters fed different marine oils in the absence or presence
of elderberry extract are shown in Figure 3.29. Fish oil fed hamsters had significantly
higher levels of liver TBARS as con ired to seal oil fed hamsters (p< 0.01). Addition of
elderberry extract to fish oil fed BioF1B hamsters significantly reduced liver TBARS as
compared to hamsters fed fish oil alone. On the other hand, addition of elderberry extract
to seal oil had no significant effect on liver TBARS as compared to seal oil alone fed

hamsters.
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Figure 3.28: Plasma TBARS levels BioF1B hamsters fed either fish oil or seal oil in
the presence (shaded) and absence (open) of elderberry extract for a period of 4 weeks.
Plasma samples were assay¢ T \RS as described in the methods section. Values
given are means * SEM (n=6) analy by 2-way ANOVA and the Newman- Keuls post-
hoc test. Mean values shown w  different let s depict statistically significant
differences (p< 0.05).
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Figure 3.29: Hepatic TBARS levels in BioF1B hamsters fed either fish oil or seal oil in
the presence (shaded) and absence (« :n) of elderberry extract for a period of 4 weeks.
Liver samples were assayed for TE RS as descrit | in the methods section. Values
given are means + SEM (n=6) 1al by 2-way ANOVA and the Nev  in- Keuls post-
hoc test. Mean values shown - different letters depict statistically significant

differences (p< 0.05).
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Chapter 4: Discussion
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Lecithin:cholesterol acyl transferase (LCAT) and CETP play a major role in
“reverse cholesterol transport”, a process which facilitates the removal of free cholesterol
from extrahepatic tissues and transports cholesterol to liver. In the plasma, LCAT and
CETP mediate the esterificati « free cholesterol as well as reciprocal exchange of
cholesterol esters and TG between cholesterol-rich lipoproteins (LDL and HDL) and TG-
rich lipoproteins (CM and VI L) (Chung et al., 2004; Tall 1993; Glomset and Norum,
1973). Reduced CETP activity :en demonstrated in the plasma of patients with LPL
deficiency (Bagdade ef al., 1996). Differential regulation of LCAT and CETP might
partially account for differences in the rate of clearance of TG-rich lipoproteins as well as
cholesterol levels in response ) two marine oils in BioF1B hamsters. Thus, precise
mechanisms involved in differential - ilation of lipid metabolism by the two w-3 PUFA
rich marine oils, especially with i irds to heterogeneity in genetic background need to

be studied in detail.

4.2.3 Effect of dietary fish oil or seal oil on hepatic lipid profile

We observed signific  lower hey ic TG, total-cholesterol, cholesterol esters
and free cholesterol levels in seal il fed BioF1B hamsters as compared to fish oil fed
BioF1B hamsters (Figure 3.10 - Figure 3.13). Elevated hepatic lipid levels have
previously been shown from our laboratory in fish oil fed BioF1B hamsters (de Silva ef
al., 2004, Cheema and Cornish, 2007). While all the hepatic lipid parameters were
significantly lower in seal oil fed BioF1B hamsters as compared to the fish oil fed

BioF 1B hamsters, the differences for hepatic total- cholesterol and cholesterol esters were
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more dramatic as compared to the hepatic TG and free cholesterol concentrations in
BioF1B hamsters fed dietary s oil. Seal oil 1 BioF1B hamsters showed almost 50%
lower hepatic total cholesterol and ¢ )lesterol ester concentrations, which suggests that
seal oil specifically alters the regi ition of metabolic pathways involved in cholesterol
metabolism in the liver.

Liver is believed to be the most important organ in cholesterol regulation and the
metabolic mechanisms that i1 uence epatic free cholesterol and cholesterol ester levels
are critical in maintaining t¢  body cholesterol homeostasis. Since cholesterol primarily
contributes to the development of CVD by accumulating in the arterial plaques as
cholesterol esters (Rudel and Shelness, 2000), it is important to study in detail the
transport and storage of cholesterol in BioF1B hamsters fed marine oils. A key
cholesterol esterification enzyme, acyl CoA: cholesterol acyltransferase 2 (ACAT-2) is
expressed in the liver and intestine. Cholesterol esters generated by ACAT-2 in the
intestine are incorporated into C! and are rapidly and selectively removed from the
circulation by the liver (Klein and Rudel. 1983. Goodman, 1962). ACAT-2 further
regulates hepatic cholesterol :tabol 1 as well as the secretion and transport in plasma
lipoproteins (Rudel and Shelness, )00). ACAT also regulates biliary cholesterol
secretion by influencing the availab ty of “metabolically active™ free cholesterol for
transport into bile (Turley and e hy, 1988). ACAT-2 deficient mice have been shown
to be resistant to diet-induced hypercholesterolemia with reduced capacity to absorb
cholesterol (Buhman et al., 2000). T :se authors reported that disruption of cholesteryl

ester formation in the intestine by ACAT-2 prevents cholesteryl ester accumulation in the
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4.2.4 Effect of dietary fish oil or seal oil on mRNA expression of transcription
factors

Dramatic effects of -3 PUFA rich marine oils, namely fish oil and seal oil, on
plasma and liver lipid profile suggest that the two marine oils might be differentially
regulating the molecular mechanisms involved in lipid and lipoprotein metabolism. Thus
we investigated whether the differences in gene regulation by fish oil and seal oil were
evident at the level of transcription factors and nuclear receptors, i.e. SREBP-Ic,

SREBP-2, LXR-a and PPAR-a.

4.2.4.1 Effect of dietary fish oil or seal oil on SREBP mRNA expression

Regulation of lipid metabolism involves SREBPs, helix-loop-helix transcription
factors, which bind to the sterol regulatory elements in promoters of genes involved in
lipogenesis and cholesterol metabolism (Sampath and Ntambi, 2005). While SREBP-1¢
preferentially activates lipogenesis, SREBP-2 preferentially enhances the transcription of
genes involved in cholesteroger s (Le Jossic-Corcos et al., 2005). In our study, seal oil
fed BioF 1B hamsters showed  ific itly reduced hepatic SREBP-1¢ mRNA expression
as ¢ pared to the fish oil fed BioF1B hamsters (Figure 3.14). The suppression of
lipogenesis in seal oil fed BioF1B hamsters can be partially explained by reduced
SREBP-1¢ mRNA levels. On the other hand, fish oil and seal oil fed hamsters did not
show any significant differences inh itic SREBP-2 mRNA levels (Figure 3.15), though
there was a trend towards reduced SREBP-2 mRNA expression in seal oil fed BioF1B

hamsters compared to the fish oil fed BioF 1B hamsters.
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investigate the anti-hyperlipidemic effects of anthocyanin rich elderberry extract on
various metabolic mediators as wi  as nuclear receptors and transcription factors

involved in lipid and lipoprotein metabolism in marine oil fed BioF 1B hamsters.

4.3.3 Effect of marine oils and elderberry extract on plasma and liver lipid
peroxidation

Anthocyanins have gained much attention due to their ability to act as potent anti-
oxidants and reactive oxygen spec  scavengers, thus preventing CVD progression
(Ramirez-Tortosa ef al., 2001; Stintz 1 et al., 2002; Kdhkonen and Heinonen, 2003, Wu
et al., 2004, Bell and Gochenaur, 2006). Vinson et al. (1995) showed that single
anthocyanin cyanidin-3-O-glucose « oride was more effective in protecting against
oxidant degradation of LDLs as compared to vitamin C, E and beta-carotene combined.
On examining the effects of anthocy 1in enriched elderberry supplementation on plasma
TBARS in marine oil fed Biol 3 sters, we noted significant reductions in the levels
of plasma lipid peroxidation in fish oil fed BioF1B hamsters in response to elderberry

extract (Figure 3.28). Supplementati | of seal oil fed BioF1B hamsters with elderberry

extract did not show signif 1t rences in the extent of lipid peroxidation when
compared to hamsters fed seal oil 2. Similarly, we noted significant lowering of liver
TBARS for BioFIB hamsters berry extract and fish oil as compared to hamsters

fed fish oil alone (Figure 3.2 . No significant changes for liver TBARS were seen in
BioF1B hamsters fed either seal oil alone or a combination of seal oil and elderberry

extract. Hence, our findings st est at elderberry extract supplementation proved more
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metabolism, the differences in fatty id composition of the two marine oils might also
play an important role, which could be a topic for future investigations.

Overall, findings from the present study suggest that seal oil may be better than
fish oil to lower plasma lif levels and to prevent oxidative stress under genetically
variable conditions. Our findings further suggest that co-supplementation of fish oil with
anthocyanin rich berry extract may be beneficial under these conditions than fish oil

alone.
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