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ABSTRACT OF DISSERTATION

INHIBITION OF CHOLESTEROL SYNTHESIS BY POLICOSANOL

Cholesterol is an essential component of the cell, but excessive blood levels
are a major risk factor for the development of atherosclerotic plaques that can
lead to heart disease and stroke, the foremost cause of premature death in
Western societies. Policosanol, a mixture of very long chain alcohols derived
from sugarcane, has gained considerable attention among the public as safe
and effective means to reduce blood cholesterol levels, a belief based on some
early clinical studies. My research investigates one possible mechanism by
which policosanol might decrease blood cholesterol levels: the inhibition of
cholesterol synthesis in the liver. Previous studies with cultured hepatoma cells
have indicated that policosanol suppresses HMG-CoA reductase activity, the
regulatory step in cholesterol synthesis, by activation of AMP-kinase, which then
inactivates HMG-CoA reductase by phosphorylation. My studies have
confirmed this activation of AMP-kinase both in hepatoma cells and in whole
animals after intragastric administration of policosanol. The present studies
were also undertaken to identify the upstream signaling mechanism by which
policosanol activates AMP-kinase. Treatment of rat hepatoma cells with
policosanol increased the amount of phosphorylated CaMKK, which can directly
activate AMP-kinase, but had only a small effect on LKB1, the principal activator
of AMP-kinase. Intragastric administration to mice similarly activated CaMKK,

but not LKB1, in the liver. To determine if metabolism of policosanol was



necessary for activation of AMP-kinase, siRNA-mediated suppression of fatty
aldehyde dehydrogenase, fatty acyl CoA synthase-4, or [(-ketothiolase in
hepatoma cells prevented the phosphorylation of AMP-kinase and HMG-CoA
reductase by policosanol, indicating that metabolism of these very long chain
alcohols to fatty acids and subsequent peroxisomal 3-oxidation is necessary for
the suppression of cholesterol synthesis. As the principal product of fatty acid
B-oxidation is acetyl-CoA, further studies demonstrated that addition of acetate
to cells similarly activated AMP-kinase and inactivated HMG-CoA reductase.
This finding argues that the activation of AMP-kinase by policosanol results from
the generation of excess acetyl-CoA via peroxisomal metabolism. Finally,
although the intestine is a significant source of circulating cholesterol,
policosanol was unable to activate AMP-kinase in the small intestine. These
findings open new perspectives for the control of cholesterol synthesis by

activators of AMP-kinase.
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CHAPTER ONE
BACKGROUND

Cholesterol has exerted a hypnotic fascination for scientists in the medical field
and is the most highly decorated small molecule in biology (Brown and Goldstein,
1986). Cholesterol is a component of lipoprotein complexes in the blood and is
thought to be one of the major causes of the formation of atherosclerotic plaques
which lead to heart disease and stroke, the foremost cause of premature death
in Western societies (Egan and Lackland, 1998; Franklin and, Sanders, 2000;
American Heart Association, 2001). But, contrary to popular belief, cholesterol
has a number of essential physiological functions. In many neurons, a myelin
sheath, rich in cholesterol, provides insulation for more efficient conduction of
impulses. Cholesterol is an important modulator of membrane fluidity in
mammalian systems. It is a major constituent in the plasma membranes of
animals and smaller quantities are found in the membranes of intracellular
organelles. Plants contain no cholesterol but instead contain structurally
related sterols, including stigmasterol and [-sitosterol.  Within the cell
membrane, cholesterol functions in intracellular transport, cell signaling and
nerve conduction. Cholesterol is essential for the structure and function of
invaginated caveolae and clathrin-coated pits (Rodal et al., 1999).
Cholesterol-rich compartmentalized domains (rafts/caveolae) have been
implicated in a variety of cellular processes, including signal transduction,

endocytosis, transcytosis and cholesterol trafficking (Barnett-Norris et al., 2005).

Cholesterol is an amphipathic molecule. It consists of a polar hydroxyl head
group at C-3 and a nonpolar steroid nucleus and hydrocarbon side chain at C-17.
The biosynthesis of this 27-carbon compound, though highly complex and
energy-expensive, is derived from the simple precursor, acetate. Elucidation of
this pathway by Konrad Bloch and others in 1950s has lead to our understanding
of the transport of cholesterol, its receptor-mediated endocytosis, and the means

by which intracellular cholesterol production is influenced by dietary intake.


http://en.wikipedia.org/wiki/Myelin
http://en.wikipedia.org/wiki/Caveolae
http://en.wikipedia.org/wiki/Clathrin

Cholesterol is a precursor to bile acids (e.g., cholate, glycocholate, taurocholate)
and a variety of steroid hormones including testosterone (produced in testis),
estradiol and progesterone (produced in ovaries and placenta), cortisol and
aldosterone (produced in the cortex of the adrenal gland). Vitamin D3 derived
from 7-dehydrocholesterol is the precursor to calcitriol, which regulates calcium

and phosphate metabolism.

Cholesterol and cholesteryl esters are carried in the blood as plasma
lipoproteins. Very low-density lipoprotein (VLDL) carries cholesterol,
cholesteryl esters, and triacylglycerols from the liver to other tissues, where the
triacylglycerols are catabolized by lipoprotein lipase, converting VLDL to low
density lipoprotein (LDL). The LDL is taken up by receptor-mediated
endocytosis in the liver via the LDL receptor. A genetic deficiency of this
receptor is associated with increased blood levels of LDL and risk of heart attack
and stroke. High-density lipoprotein (HDL) serves to remove cholesterol from
peripheral tissues, carrying it to the liver. A high level of HDL in the blood is
associated with a decreased risk of cardiovascular disease; therefore, HDL has
been dubbed the 'good cholesterol' as opposed to LDL, the 'bad cholesterol'.
Cholesterol can be obtained from the diet and be synthesized in the liver.
Dietary cholesterol is transported from the small intestine to the liver by
chylomicrons. The homeostatic control mechanisms such as synthesizing new
cholesterol, excreting cholesterol into the bile, and transforming it into bile acids

operate to keep plasma cholesterol relatively constant, and all occur in the liver.
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Use of natural products to lower cholesterol

A reduced life span is an outcome associated with many prevalent diseases,
including hypercholesterolemia, diabetes and obesity. In an effort to prevent
these diseases, many researchers have looked into the identification of natural
products and nutritional supplements that have cholesterol-lowering efficacies.
There is evidence that soy protein, tea extracts, policosanol, guggulipids
(Davidson and Geohas, 2003) and many other natural products can lower
cholesterol levels (Chagan et al., 2002). Clinical trial evidence strongly
supports the notion that both red yeast rice and black tea theaflavins may lower
LDL (Becker et al., 2009; Davies et al., 2003). Also, there is strong clinical trial
evidence suggesting that marine omega-3 fatty acids lower triglycerides
(McGowan and Proulx, 2009).

Phytosterols, found in all vegetable foods and an essential part of Mediterranean
diet, inhibit intestinal cholesterol absorption and have a serum
cholesterol-lowering effect (Escurriol et al., 2009). They act by either a)
attenuating the NPC1L1 gene expression which result in a lower cholesterol
uptake from the lumen; b) lowering the cholesterol esterification rate by the
ACAT2 (acyl-CoA cholesterol acyltransferase) and hence the amount of
cholesterol secreted via the chylomicrons, and c) upregulating the expression of
ABC-transporters ABCG5 and ABCGS8 in intestinal cells, which result in an
increased excretion of cholesterol by the enterocyte back into the lumen
(Sanclemente et al., 2009).

Green tea catechins are also currently used as safe and effective lipid-lowering
therapeutic agents, and reduce the risk of cardiovascular diseases (e.g.,
coronary heart disease) by lowering the plasma levels of cholesterol and
triglyceride (Koo and Noh, 2007). Studies in vitro indicate that green tea
catechins, particularly (-)-epigallocatechin gallate, interfere with the

emulsification, digestion, and micellar solubilization of lipids, critical steps
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involved in the intestinal absorption of dietary fat, cholesterol, and other lipids
(Koo and Noh, 2007).

Soy protein isoflavones, in addition to lowering plasma cholesterol and
triglycerides, downregulate hepatic SREBP-1 expression through an

insulin-independent mechanism (Velasquez and Bhathena, 2007).

Garlic and garlic-derived compounds also lowers blood cholesterol levels
through inhibition of cholesterol synthesis. Early studies on the inhibition of
cholesterol synthesis by garlic indicated that inhibition of HMG-CoA reductase
was the likely mechanism (Qureshi et al., 1983). However recently Singh and
Porter, 2006 reported that diallyl disulfide, diallyl trisulfide, and allyl mercaptan
present in garlic causes the accumulation of sterol 4a-methyl oxidase substrates
with radiolabelling studies coupled with gas chromatography—mass
spectrometry indicating this enzyme as the principal site of inhibition in the
cholesterologenic pathway by garlic. Their conclusion is also in accord with the
view that 4-dimethylated sterols, including lanosterol and dimethylzymosterol,
have been shown to promote the degradation of HMG-CoA reductase via an
Insig-mediated pathway (Song et al., 2005). Garlic is an also effective inhibitor
of squalene monooxygenase. Garlic compounds appear to bind to vicinal
cysteines on squalene monooxygenase, and this inhibition can be prevented by
thiols and reversed by dithiols (Gupta and Porter, 2001).

Resveratrol, a polyphenol found in grape skin and red wine, is beneficial in the
prevention of some cholesterol-mediated diseases including cardiovascular
disease (Leifert and Abeywardena, 2008). Pleiotropic effects include inhibition
of oxidation of LDL, activating novel proteins that prevent cell senescence, e.g.
Sirtuin 1 (Dohadwala and Vita, 2009), inhibition of specific cholesterol
uptake/transporters, such as the Niemann-Pick C1-like 1 cholesterol transporter
(Leifert and Abeywardena, 2008), and also inhibition of squalene
monooxygenase in the squalene biosynthesis pathway (Laden and Porter,
2001).



Ginkgo biloba extract has been reported to decrease the total cholesterol
content and inhibits the activity of HMG-CoA reductase and decreases
cholesterol influx in cultured hepatocytes (Xie et al., 2009).


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xie%20ZQ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract

Policosanol lowers blood cholesterol

Policosanol is a mixture of higher primary aliphatic alcohols obtained from sugar
cane wax which have potent cholesterol lowering properties comparable to the
low to medium dose statin therapy (Castafo et al.,, 2003). Policosanol is an
attractive alternative for those patients who are in need of lipid lowering
treatment but are reluctant to use, or unable to afford, chemically derived drugs.
Lipid lowering effects of policosanol have been studied in a number of animal
species including rodents and dogs. Serum cholesterol levels in pigs are
significantly decreased by supplementation of the diet with policosanol
(Cruz-Bustillo et al., 1991). At doses of 10-20 mg/day policosanol has been
shown to lower total and LDL cholesterol by almost 30% and increases the level
of good HDL cholesterol by almost 15%. The product is well tolerated and does
not have any adverse effects (Gouni-Berthold and Berthold, 2002). In both
short term (~12 weeks) and long term (up to 2 years) randomized
placebo-controlled studies policosanol lowered LDL cholesterol in
normocholsterolemic patients by an average of 33% (Gouni-Berthold and
Berthold, 2002; Varady et al., 2003). Similar studies in people with
hypercholesterolemia, hypertension, type 2 diabetes, elderly and post
menopausal women resulted in LDL cholesterol reductions of 19-31% (Janikula,
2002). Policosanol did not significantly alter the triglyceride levels in any of the
studies. In contrast to these studies in man, policosanol had no significant
favorable effect in changing lipid levels in hamsters (Wang et al., 2003).
Policosanol has shown a cholesterol lowering effect in rabbits and dogs
(Arruzazabala et al, 1991, 1992, 1994), swine (Cruz-Bustillo et al, 1991) and
monkeys (Rodriguez-Echenique et al, 1992). In monkeys there was also a
significant reduction of spontaneous aortic atherosclerotic lesions in treated
animals (Rodriguez-Echenique et al, 1994). However, several recent studies
have been unable to demonstrate a significant reduction in serum cholesterol
levels with policosanol treatment, calling into question the efficacy of this

regimen (Kassis et al., 2009; McGowan and Proulx, 2009).
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Policosanol decreases cholesterol synthesis

A decrease in cholesterol synthesis is the principle mechanism by which
policosanol lowers blood cholesterol as evidenced by several in vitro and in vivo
studies. Policosanol administered orally inhibited hepatic cholesterol
biosynthesis in rats with a 20% decrease in absolute rates of incorporation of
*H-water into sterols (Menendez et al.,1996). LDL catabolism seems to be a
primary mechanism by which policosanol lowers plasma cholesterol, as low
density lipoprotein (LDL) processing is markedly enhanced initially. LDL
binding, internalization and degradation were significantly increased after
policosanol treatment (Menendez et al., 1994). Although a sterol-independent
mechanism is quite possible for increased activity of LDL receptor, studies
suggest that this is due to inhibition of cholesterol biosynthesis (Menendez et al,
1994). Cholesterol biosynthesis is decreased in a dose dependent manner from
[*4C] acetate and *H water but not from [**C] mevalonate when human fibroblasts
was incubated with policosanol, suggesting a role for its modulation of HMG-CoA
reductase activity. However, no evidence of competitive nor non-competitive
inhibition of enzyme activity was observed in this study, thus negating it as a
direct inhibitor of HMG-CoA reductase. When cells were grown in lipid-depleted
media policosanol prevented the upregulation of HMG-CoA reductase activity
(Menéndez et al., 2001a) but mMRNA and protein levels were not measured in this
study, making it difficult to determine if this decrease in reductase activity was
due to increased degradation or decreased synthesis of the enzyme. Moreover,
it remained possible that a metabolite of policosanol directly inhibits enzyme

activity.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Menendez%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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Composition and metabolism of policosanol

Policosanol is a natural mixture of aliphatic primary alcohols isolated from
sugarcane by hydrolytic cleavage and subsequent purification. It is designated
as CHs3-(CHy) ,-CH,OH. Analysis of a commercially available 20-mg tablet of
policosanol after extraction with methylene chloride and subjected to gas
chromatography/mass spectrometry on an ion trap spectrometer showed the
peaks for major components as illustrated in Fig 1.2 (Singh et al., 2006). The
major components of policosanol are octacosanol (C,g, ~60%), triacontanol (Cso,
12-14%), and hexacosanol (C26, 6-12%), while other alcohols (tetracosanol,
heptacosanol, nonacosanol, dotriacontanol and tetratriacontanol) are minor
components. Though the active components are unknown, researchers
hypothesize that the inhibition of cholesterol synthesis is caused by the higher
primary aliphatic alcohols and also by the presence of long chain fatty acids and
chain-shortened metabolites. Studies with C24:0 and C26:0 acids have shown
that these very long chain fatty acids are oxidized in peroxisomes, rather than
mitochondria (Singh et al., 1987). They confirmed that acetate was the
oxidation product from C24:0 whereas C26:0 and C26:0 CoA was converted to
acetyl CoA, presumably obtained through [-oxidation. However, the study
could not delineate clearly whether peroxisomes had a specific -oxidation
system to oxidize very long chain fatty acids or whether the peroxisomal
B-oxidation long chain fatty acids system was solely responsible (Singh et al.,
1987). A study on the biodistribution and metabolism of octacosanol in rats
found it to be partly oxidized and degradation to fatty acids through p-oxidation
(Kabir and Kimura, 1993). D-003, a mixture of very long chain saturated fatty
acids isolated and purified from sugar cane wax, similarly increased serum HDL
and significantly decreased serum total cholesterol and LDL in rabbits, and
induced a dose-dependent inhibition in cholesterol biosynthesis (Menendez et
al., 2004). The close similarity in chemical structures and a rapid and greater

decrease in blood lipids with D-003 also suggested that (-oxidation of



policosanols to very long chain fatty acids may be necessary for their

hypocholesterolemic actions (Menendez et al., 2004; Castano et al., 2005).
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Fig. 1.2: Gas chromatogram of policosanol. Peaks A, B, C, D, and E were
analyzed by mass spectrometry and shown to correspond to A, Cie
carboxylic (palmitic) acid; B, Cig carboxylic (stearic) acid; C, Cys alcohol
(hexacosanol); D, Cyg alcohol (octacosanol); and E, Cs alcohol (triacontanol).
(Taken from Singh et al., 2006.)
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Regulation of HMG-CoA reductase activity

HMG-CoA reductase (or 3-hydroxy-3-methyl-glutaryl-CoA reductase or HMGR)
is an endoplasmic reticulum-bound enzyme that catalyzes the rate-limiting step
in the mevalonate pathway which produces isoprenoids and, ultimately,
cholesterol. HMG-CoA reductase contains eight transmembrane segments
with the active site located in a long carboxyl-terminal domain in the cytosol
(Roitelman et al., 1992; Istvan and Deisenhofer, 2000). It is an important
enzyme in development and is the major drug target for cholesterol-lowering
drugs. HMG-CoA reductase is reported to be present in all tissues, but highest
expression occurs in the liver where it is subject to feedback regulation by
cholesterol. HMG-CoA reductase is regulated at multiple levels viz,
transcription, translation, degradation, and regulation of catalytic efficiency by
phosphorylation. Regulation varies with species, with mice and hamsters
exhibiting transcriptional control while rats show translational regulation (Ness
and Chambers, 2000). Sterols affect both the transcriptional rate and
translational efficiency, whereas hormones, most notably insulin and glucagon,
affect both transcription and the phosphorylation state of the enzyme (Peffley
and Gayen, 2003; Ness and Chambers, 2000).

Transcriptional regulation of HMG-CoA reductase is both interesting and unusual,
as illustrated by Dr. Michael S. Brown and Dr. Joseph L. Goldstein, who won the
Nobel Prize in Physiology or Medicine in 1985 for their discoveries concerning
"the regulation of cholesterol metabolism” (Goldstein and Brown, 1990).
Transcription of the reductase gene is regulated by the sterol regulatory element
binding protein (SREBP). This protein binds to the sterol regulatory element
(SRE), located on the 5' end of the reductase gene. When SREBP is inactive, it
is bound to two other proteins: SCAP (SREBP-cleavage-activating protein) and
Insigl in the ER or nuclear membrane. When cholesterol levels fall, Insig-1
dissociates from the SREBP-SCAP complex, allowing the complex to migrate to
the Golgi apparatus, where SREBP is cleaved by S1P and S2P (site-1 and -2
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protease), two enzymes that are activated by SCAP when cholesterol levels are
low. The cleaved SREBP then migrates to the nucleus, where it binds to the
SRE and transcription of genes like LDL receptor and HMG-CoA reductase is
enhanced. If cholesterol levels rise, proteolytic cleavage of SREBP from the

membrane ceases and any proteins in the nucleus are quickly degraded.

HMG-CoA reductase is also regulated through changes in the mRNA stability
and translation. Translational efficiency of the reductase mRNA is significantly
downregulated by dietary cholesterol as seen with decreased association of
polysomes and subsequently decreased rate of initiation of protein synthesis
(Chambers and Ness, 1997). Addition of oxylanosterols also leads to
translational regulation of HMG-CoA reductase in Chinese Hamster Ovary cells
(Leonard et al., 1994). The susceptibility of the reductase enzyme to the
ER-associated degradation and proteolysis is increased with high levels of
cholesterol. Helices 2-6 of the HMG-CoA reductase transmembrane domain
sense the higher levels of cholesterol and lead to the surface exposure of
lysine-248. The enzyme is then ubiquinated by E3 ligase to undergo proteolytic

degradation.

Microsomal reductase kinase, like HMG-CoA reductase, exists in active as well
as inactive forms (Ingebritsen et al., 1978; Gibson and Ingebritsen, 1978) and
can be regulated by phosphorylation (Beg et al.,1973). This kinase
corresponds to AMP-kinase (Zammit and Easom, 1987). HMG-CoA reductase
is primarily phosphorylated at Ser-872, close to the C-terminus and thus
inactivated by the AMP-activated protein kinase, which senses AMP levels in the
cell (Clarke and Hardie, 1990). AMP-kinase, unlike HMG-CoA reductase, is
activated by phosphorylation by one or more upstream kinases at the
threonine-172 position within the activation loop of the a-subunit. AMP-kinase
is activated by cellular stresses (eg. hypoxia, glucose deprivation, ischemia) and
in response to a variety of hormones including glucagon, leptin and adiponetin

(Hardie, 2003). AMP-kinase also inactivates acetyl-CoA carboxylase, the
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regulatory step in fatty acid synthesis (Beg et al., 1987; Carling et al., 1987).
The list of other targets for AMP-kinase or downstream processes that are

affected is extensive, as shown in Fig 1.3 below.
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Fig 1.3: Known physiological target proteins and pathways regulated by the
AMP-kinase system (modified and adapted from Hardie et al., 2003).
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Long chain fatty acids can stimulate the phosphorylation and activation of
AMP-kinase (Clark et al, 2004; Carling et al., 1987) which may provide a
possible route by which policosanol could activate AMP-kinase and repress
cholesterol synthesis: policosanol may be oxidized in the cell to the
corresponding fatty acid, which then directly, or through further metabolites,
promotes the phosphorylation of AMP-kinase and subsequently, HMG-CoA
reductase. A similar but more rapid onset of effects and a greater decrease in
blood lipids were obtained with very long chain fatty acids (D-003) which also
indicates that B-oxidation of policosanols to very long chain fatty acids may be
necessary for their hypocholesterolemic actions (Menendez et al.,, 2004;
Castano et al., 2005).

Very long chain fatty alcohol metabolism

Very long chain fatty acids inhibit cholesterol synthesis in cell culture (Menendez
et al., 2001a). Notably, peroxisomal diseases, including X-linked adrenal
leukodystrophy and Sjogren-Larsson syndrome appear to result from defects in
fatty alcohol and fatty acid metabolism (Hargrove et al., 2004; Rizzo et al., 2001;
Rizzo and Craft, 2000). These diseases lead to a number of neurological and
immunological disorders. Recent studies also indicate that very long chain fatty
acids and cholesterol metabolism intersect at various points, particularly in
regard to peroxisomal fatty acid oxidation and activation of PPARa
transcriptional system. Synthesis of ether-phospholipids, important in lipid
turnover, and oxidation to very long chain fatty acids are the two major pathways
for utilization of long-chain alcohols. Interconversion between very long chain
fatty alcohols, aldehydes and acids have also been reported (Rizzo et al., 1987).
However, the dominant route for metabolism of fatty alcohols is oxidation to fatty
acids followed by 3-oxidation, as is evidenced by the accumulation of long chain

alcohols when fatty aldehyde oxidoreductase is deficient (Hargrove et al., 2004).

16


http://www.ncbi.nlm.nih.gov/pubmed/3343337?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_SingleItemSupl.Pubmed_Discovery_RA&linkpos=1&log$=relatedarticles&logdbfrom=pubmed

Long chain fatty alcohol < Fatty aldehyde

Endoplasmic Fatty alcohol dehydrogenase?
reticulum Fatty alcohol
v
Dietary lipid » Long chain aldehyde cycle
Fatty aldehyde dehyrogenase
v
Long chain fatty acid — Fatty acyl CoA
[ ] ABCD1 (ALDP)
L )
Fatty acyl CoA synthase 4
v
Fatty Acyl-CoA
Peroxisome ’
B-oxidation

Fig 1.4: Fatty alcohol cycle and peroxisomal B-oxidation.

17



Mixtures of VLCFA from sugarcane inhibit cholesterol synthesis in fibroblasts
(Menéndez et al.,, 2001b) and also inhibit lipoprotein oxidation in vitro
(Menéndez et al.,, 2002). A reciprocal relationship between cholesterol
accumulation and metabolism of VLCFA may exist as viewed from patients with
defective peroxisomal activity. Cholesterol depletion also upregulates VLCFA
metabolism in cultured human fibroblasts and monocytes from patients with

X-linked adrenoleukodystrophy (Weinhofer et al., 2002).

Animals, many protists, and some bacteria utilize oxidation of long chain fatty
acids to acetyl-CoA as a central energy-yielding pathway, driving ATP synthesis.
In vertebrate animals ketone bodies are formed in the liver whereas in plants the
acetyl CoA is used as a biosynthetic precursor and secondarily as a fuel. Fatty
acid oxidation occurs primarily in the mitochondria but peroxisomes of plants
and animals also carry out B-oxidation. Fatty acid B-oxidation involves a
repeating sequence of four reactions to remove each acetyl-CoA unit from the
carboxyl end of saturated fatty acyl-CoAS: 1) dehydrogenation of the a- and
B-carbons by the FAD-linked acyl-CoA dehydrogenases; 2) hydration of the
resulting trans-A> double bond by enoyl-CoA hydratase followed by 3) the
oxidation of the resulting L- B-hydroxyacyl-CoA by NAD-linked
B-hydroxyacyl-CoA dehydrogenase, and finally 4) thiolysis by acyl-CoA
acetyltransferase (thiolase) molecule to form acetyl-CoA and an acyl-CoA
shortened by two carbon atoms. Fatty acids having an odd number of carbon
atoms give rise to acetyl CoA (two carbon atoms) and propionyl CoA (three
carbon atoms) in the final round of fatty acid degradation.
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Inhibition of cholesterol synthesis in hepatoma cells by policosanol

Previous work by Singh et al. (2006) confirmed that policosanol at
physiologically relevant concentrations (<10 ug/ml) was able to inhibit
cholesterol synthesis in hepatoma cells. They identified triacontanol, a Csg
alcohol, to be the most active component, although octacosanol is the principal
component of policosanol. Policosanol was not toxic to cells even at doses up
to 50 pg/ml as determined by trypan blue exclusion and lactate dehydrogenase

assays.

125+
2 ]
2 :
9 _ 100 L T [
;g 75-: _ *;**;l l-_*Ll
25 ui=itints
o © ]
85 50+
8 ]
Qo 25+
@) ]
o'\
SR A TN SR SR IR
OO TN OO IO T NN HON QO v v
FC AN AT ATV TPV @
NI OIR GO OO OO NI MR OISR ORI gl
P L LS E S S S SO0
ST F ST LS X
O E S & F B F
RV QT AT QTR e o \239 Q\@Q’\ o Oc’@x‘z‘ S
<&

Fig 1.6: Inhibition of cholesterol synthesis by policosanol and its components.
Cholesterol synthesis from *C-acetate was determined after 3 h in the presence
of policosanol or its principal components. Values represent the mean and
standard error of 2-5 experiments carried out in duplicate. Asterisk (*) indicates
statistical significance with respect to untreated cells as determined by one-way
ANOVA with Tukey’s post-hoc test. (Taken from Singh et al., 2006.)
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Policosanol decreased cholesterol synthesis from [**C] acetate but had no effect
on cholesterol synthesis from [**C] mevalonate (Singh et al., 2006). This
finding was reported earlier by Menendez et al. (2001a), indicating that
policosanol acts at or above HMG-CoA reductase. Neither policosanol nor
triacontanol inhibited HMG-CoA reductase when added to rat liver microsomes,
indicating that there was no direct inhibition of HMG-CoA reductase by these

alcohols.
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Fig 1.7: Effect of policosanol and triacontanol on HMG-CoA reductase activity.
HMG-CoA reductase activity was measured in microsomes prepared from rat
liver to which policosanol or triacontanol was added as indicated. (Taken from
Singh et al., 2006.)
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However, HMG-CoA reductase enzyme activity was decreased by almost 55%
when hepatoma cells, rather than subcellular preparations, were incubated for 3
hrs with policosanol or triacontanol. These results suggest that either
policosanol is metabolized to an active inhibitor or that it reduces the expression
of HMG-CoA reductase by decreasing transcription and translation or by

enhancing the degradation of the enzyme.
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Fig 1.8: Effect of policosanol and triacontanol on HMG-CoA reductase activity.
HMG-CoA reductase activity was measured in lysates prepared from hepatoma
cells and incubated with the indicated concentrations of policosanol or

triacontanol. (Taken from Singh et al., 2006.)

22



Policosanol and triacontanol did not decrease HMG-CoA reductase protein
levels over the 3 hr period of the experiment, though there was a marked
decrease in activity of the enzyme. As HMG-CoA reductase protein levels were
not changed by policosanol treatment, the possibility lies that policosanol
inactivates HMG-CoA reductase by promoting its phosphorylation by one of the
three protein kinases located upstream in the signaling pathway (Beg et al.,
1987).

Copyright © Subhashis Banerjee 2010
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CHAPTER TWO: EXPERIMENTAL RATIONALE

The enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) is the
third enzyme and the regulatory step in the cholesterol biosynthesis pathway.
Although the most common means to reduce blood cholesterol levels is to inhibit
the activity of this enzyme directly, it may also be possible to suppress the
activity of this enzyme indirectly by promoting its phosphorylation. Indeed,
policosanol appears to decrease HMG-CoA reductase activity by activating
AMP-kinase (Singh et al., 2006), the principal regulatory kinase for HMG-CoA
reductase (Clarke and Hardie, 1990). The mechanism by which policosanol
activates AMP-kinase is the subject of this research, and one question
addressed is whether policosanol requires metabolism to generate an active
metabolite. Notably, D-003, a mixture of very long chain fatty acids, also
suppresses HMG-CoA reductase activity (Menendez et al., 2001b), raising the
possibility that the long chain primary alcohols of policosanol undergo oxidation
to the corresponding fatty acid, and perhaps subsequent peroxisomal
B-oxidation, to form the active metabolite which activates the AMP-kinase
pathway. Hence, the purpose of this study is to confirm that policosanol
activates AMP-kinase and leads to the phosphorylation and inactivation of
HMG-CoA reductase, to define the upstream signaling pathway or pathways
through which policosanol or its active metabolite(s) activates this central
regulatory kinase, and to determine if policosanol, administered orally by gavage,

activates these pathways in vivo.
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Specific Aims

Specific Aim 1: Determine the mechanism by which policosanol promotes the
phosphorylation (and suppression) of HMG-CoA reductase. This aim has two
parts: 1) To identify the upstream kinase(s) that are activated by policosanol and
lead to AMP-kinase phosphorylation and activation; and 2) to determine if
policosanol must undergo metabolism via the fatty alcohol cycle and
peroxisomal B-oxidation to activate AMP-kinase. To determine if upstream
signaling pathways are involved, the phosphorylation states of different kinases
known to be upstream of AMP-kinase (CaMKK, LKB1 and PKC{) will be
determined. The possibility that policosanol requires metabolism, including
peroxisomal B-oxidation, will be tested through the use of RNAI to suppress the
expression of enzymes in the fatty alcohol-peroxisomal B-oxidation pathways.
If metabolism is required these experiments should allow the identification of the
metabolite that leads to the activation of AMP-kinase.

Specific Aim 2: Determine if policosanol, administered to mice orally by gavage,
results in the activation of AMP-kinase and the phosphorylation of HMG-CoA
reductase in the livers of these animals. These studies will determine the dose
necessary for activation and determine if the upstream kinases are the same as
those identified in the hepatoma cell culture studies of Aim 1. Lastly, because
the intestine is a significant source of circulating cholesterol, the effect of orally
administered policosanol on intestinal AMP-kinase and HMG-CoA reductase
phosphorylation will be determined. These in vivo studies will extend and
confirm the corresponding in vitro studies described in Specific Aim 1 and, if
successful, will provide support for the use of policosanol for the treatment of

hypercholesterolemia in man.

Copyright © Subhashis Banerjee 2010
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CHAPTER THREE: MATERIALS AND METHODS

Chemicals

The commercial policosanol preparation Lesstanol®® was obtained from Garuda
International, Inc. (Lemon Cove, CA). Dulbecco’s modified media (DMEM),
penicillin-streptomycin-glutamine (PSG, 100X), fetal bovine serum (FBS),
lipoprotein-depleted serum, and trypsin were purchased from Invitrogen (GIBCO,
Carlsbad, CA). Acadesine (AICAR), 1,1-dimethylbiguanide hydrochloride
(metformin), ionomycin, sodium acetate, and protease inhibitor cocktail were
obtained from Sigma. HALT phosphatase inhibitor and the BCA protein assay
kit were purchased from Roche Diagnostics and Pierce Biotechnology (Rockford,
IL, USA) respectively. McA-RH7777 rat hepatoma cells were obtained from
American Type Culture Collection (Manassas, VA) and used between passages
12 and 22.

Policosanol

Chemical components of policosanol: LesstanoL® brand policosanol
contains naturally-occurring waxy alcohols (fatty alcohols) derived from
sugarcane wax. Garuda's LesstanoL® Policosanol 60 (OCTA-60) contains a
minimum of 97% policosanol of which 65.4% is 1-octacosanol along with other
higher aliphatic alcohols including 1-hexacosanol (5.6%), 1-triacontanol (16.5%),
1-tetracosanol (2.2%) and 1-dotriacontanol (5.1%).

Preparation of policosanol: 20 mg of policosanol was dissolved in 10 ml of
50% ethanol with sonication for 30 min with intermittent vortexing. The solution
was aliquoted and stored at -20°C, and added directly to media or buffer upon

use.
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Cell culture

McA-RH7777 rat hepatoma cells between passages 12 to 22 were cultured in
Dulbecco’s Modified Eagle’s Medium (Gibco) supplemented with 10% fetal
bovine serum and 1x Penicillin—Streptomycin (Invitrogen) in six-well plates at
37°C under a humidified atmosphere of 5% CO,. After 48 h, the medium was
replaced with fresh medium with the addition of policosanol (10-25 pg/ml in 50%
ethanol) and incubation was continued for 3 h. Control cells received an equal

volume of 50% ethanol.

Preparation of lysates: Cells were washed once with phosphate-buffered
saline (pH 7.4) scraped from the plates, pelleted by low-speed centrifugation and
lysed by two cycles of freeze-thawing in 0.25 M Tris buffer (pH 7.5) containing
protease and phosphatase inhibitors at 2x standard concentration (Roche
Diagnostics). The lysates were cleared by centrifugation (18,300xg, 10 min, at
4°C) and the supernatant was stored in aliquots at -80°C.

Animals

Experiments involving the use of animals were performed according to the
protocols approved by the Institutional Animal Care and Use Committee of the
University of Kentucky and were in accordance with all policies for the use and
care of laboratory research animals as stipulated by the NIH. Female C57BL/6
mice (~15-17 grams) were used in the studies. Seven-to-eight week-old
animals were obtained from Jackson laboratories (Bar Harbor, ME) and
maintained in a temperature-, humidity-, and light- controlled facility (70-72°F,
48-52% humidity, 12-hr light/dark cycle) and were allowed free access to water
and food. The animals were allowed to adjust for 1 week before beginning
treatments. At 12 hours before the experiment, food was withdrawn and mice
in groups of 5 were gavaged with 150 pl of policosanol in 50% ethanol in doses

of 25 mg/kg, 50 mg/kg and 100 mg/kg body weight. Control animals received
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an equal volume of 50% ethanol only. At specific time points mice were
euthanized by CO, asphyxiation and the liver and intestine promptly removed for
processing; a portion of each was snhap-frozen in liquid nitrogen and stored at
—-80°C until used.

Preparation of tissue homogenates: Liver and intestine homogenates were
prepared as follows: Approximately 25 mg of tissue was transferred into 4
volumes of chilled RIPA homogenization buffer (50 mM Tris-HCI, pH 7.4, 150
mM NaCl, 1 mM PMSF, 1 mM EDTA, 5 ug/ml aprotinin, 5 pg/ml leupeptin, 1%
Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) and homogenized using
a Potter-Elvehjem homogenizer. Protease and phosphatase inhibitors were
used at 2x standard concentration (Roche Diagnostics). The samples were
then subjected to two cycles of freeze-thawing and then cleared by
centrifugation (18,300xg, 10 min, 4'C). The supernatant was stored in aliquots
at -80'C. Protein concentration was determined by BCA assay (Pierce
Biotechnology).

Gel electrophoresis and immunoblotting

Thirty micrograms of protein as a cell lysate or tissue homogenate was
fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on
8% gels and electroblotted to nitrocellulose. The membrane was blocked with
0.05% Tween-20 and 5% defatted milk for 1 h at room temperature and then
incubated in this same buffer with rabbit antibody to total AMP kinase
(anti-AMPK a-pan, 1:2000; Upstate USA) or to phosphorylated AMP-kinase
(anti-phospho-AMPKa, 1:500; Upstate USA) overnight at 4 C with gentle
shaking.  The immunoblot was developed with a secondary antibody
conjugated to horseradish peroxidase for 1 h at room temperature and the
chemiluminescent image (Supersignal West Pico Chemiluminescent Substrate,
Thermo Scientific) captured by autoradiography on a Kodak Image Station or on

film. Band intensity on film was measured with Image J software on the
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scanned image with background subtraction. The same procedure was
followed for detecting phosphorylated HMG-CoA reductase
(anti-phospho-HMG-CoA reductase, 1:500; Millipore USA) and phosphorylated
PKCUZ/A (anti-phospho-PKCC{/A, 1:500; Cell Signaling USA).

Immunoprecipitation

To determine the level of phosphorylation of the kinases LKB1 and CaMKK, cell
lysates or tissue homogenates were incubated for 1 h at 4'C with 20 pl of mouse
monoclonal antibody to phosphoserine/phosphothreonine/phosphotyrosine
(Abcam). Antibody conjugates were precipitated with 35 pl of protein A or G
Plus-Agarose from Calbiochem (EMD Chemicals) for 1 h at 4'C by following an
Amersham Biosciences immunoprecipitation protocol, as follows.  After
centrifugation at 12,000xg for 20 sec at 4°C, the immunoprecipitated
phosphoproteins were released from the agarose beads by boiling in 25 pl of 2X
gel loading buffer [0.5M Tris-HCI (pH 6.8), 4.4% (w/v) SDS, 20% (v/v) glycerol,
2% (v/v) 2-mercaptoethanol, and bromophenol blue in distilled/deionized water]
at 95°Cfor 4 min. After removal of beads by centrifugation at 12,000xg for 20
sec at 4'C, the phosphoproteins were fractionated by SDS-gel electrophoresis
and electroblotted to nitrocellulose as described above. Phosphorylated
protein content was detected and quantified with an antibody to the total LKB1
(anti-LKB1, 1:1000; Sigma USA) and total CaMKK (anti-CaMKK, 1:1000; BD
Transduction USA) followed by a secondary antibody conjugated with
horseradish peroxidase as described above.

Plasmid preparation
A. E.coli transformation:

Two ul of each stock solution of SureSilencing™ shRNA plasmid

(SABiosciences) were used to transform Max Efficiency DH5a™ competent cells
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(Invitrogen). The siRNA sequences contained in these plasmids are shown in
Table 3.1. After mixing gently, followed by incubation on ice for 5-30 min, the
cells were heat-shocked for 30 sec at 42°C without shaking, after which 250 pl of
Super Optimal broth with Catabolite repression (SOC) medium [2% wi/v
bacto-tryptone, 0.5% w/v bacto-yeast extract, 10mM NaCl, 2.5mM KCI, 20mM
MgSO,, ddH,O to 1000 mL, 20mM glucose] was added and the cells were
incubated with shaking at 200 rpm at 37°C for 1 hr in a horizontal shaker
(Hanahan, 1983). Ten to 50 pl from each transformation was spread on
prewarmed LB (Luria-Bertani) plates containing 100 pg/ml ampicillin. Plates

were incubated overnight at 37 C.
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Table 3.1: shRNA plasmid sequences used for silencing genes

Product | Unigen | Gen Bank | Symbol | Clone | Sequence
e or Ex#

KR44274 | Rn.911 | NM_0317 | Aldh3a2 |1 TCACTGATGTTGACCC
3 31 TAACT

KR44274 | Rn.911 | NM_0317 | Aldh3a2 | 2 GCAGCGGTTTGATCA
3 31 CATTCT

KR44274 | Rn.911 | NM_0317 | Aldh3a2 | 3 GGGAGAGAGTGTTAA
3 31 CAAACT

KR44274 | Rn.911 | NM_0317 | Aldh3a2 | 4 CTGTATTGCTCCTGAC
3 31 TATAT

KR52689 | Rn.878 | NM_0536 | Acsl4 1 GTAGAAGGATCTTGG
21 23 GTTGAT

KR52689 | Rn.878 | NM_0536 | Acsl4 2 GAAGGTGGTTATACAG
21 23 TTCAT

KR52689 | Rn.878 | NM_0536 | Acsl4 3 GGACACATATATTGGC
21 23 TACTT

KR52689 | Rn.878 | NM_0536 | Acsl4 4 TGACCATGCTGTAGC
21 23 CAAGTT

KR44240 | Rn.891 | NM_0124 | Acaal 1 ATCTCTGTGGGTAAC
3 89 GTACTT

KR44240 | Rn.891 | NM_0124 | Acaal 2 ATGGCGCGCATTGCC
3 89 CAATTT

KR44240 | Rn.891 | NM_0124 | Acaal 3 AAAGCCAGAGACTGC
3 89 CTGATT

KR44240 | Rn.891 | NM_0124 | Acaal 4 GTGGAACTGCCCTGT
3 89 CAAGTA

Scrambl | RNAI used as control | GGAATCTCATTCGATG

ed CATAC
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B. Plasmid purification:

Approximately 10 colonies were picked from each plate with a sterile loop or
toothpick and were used to inoculate separate 2.5 ml cultures of LB medium
containing 100 pg/ml ampicillin, incubated with shaking at 37 C for 6 hrs until just
a hint of turbidity was observed. Then these small cultures were used to
inoculate 250 ml of LB medium containing 100 pg/ml ampicillin and incubated
overnight. The cells were then collected and the plasmid DNA was purified
using the Wizard Plus SV Midiprep DNA Purification System (Promega) for high

copy number plasmids.

Transfections

The day before transfection, MCA-RH7777 hepatoma cells were plated in 6-well
plates at a density of 8x10* cells per cm® Plasmid DNA was transfected into
cells with use of Fugene 6 transfection reagent (Roche Diagnostics), as follows:
Plasmid DNA was mixed with Fugene 6 transfection reagent in serum-free
medium at a ratio of 1 pg:5 yl and complexes were allowed to form for a
minimum of 30 min at room temperature. The medium then was replaced with
antibiotic-free medium with 10% FBS and the transfection mixture was added
drop-wise to the cells with gentle swirling. Cells were assayed 24 hr post
transfection for transfection efficiency (~25-30%) as determined by

cotransfection of a -galactosidase expression plasmid.

RT-PCR

A. RNA isolation: Total RNA was isolated from cells with the use of TRIzol
reagent (Invitrogen) and the concentration of RNA was measured
spectrophotometrically with the use of a Nanodrop instrument (Thermo
Scientific).

B. Reverse transcriptase reaction: First strand cDNA synthesis was

performed using Superscript Il Reverse Transcriptase (Invitrogen). Exactly 200
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ng of random primers, 5 ug of total RNA, and 1 pl of dNTP mix (10 mM each
nucleotide) were mixed in a total volume of 12 pl in diethylpyrocarbonate-treated
water. The mixture was heated to 65 C for 5 min, quickly chilled on ice and
then 4 pl of 5x First Strand Buffer, 2 pul of 0.1 M DTT, 1 pl RNaseOUT (Invitrogen)
and 200 units of Superscript || Reverse Transcriptase was added. The reaction
was incubated at 25C for 10 min, followed by 50 min at 42°C and then
inactivated by incubation at 70°C for 15 min. Synthesized single-stranded
cDNA (sscDNA) was quantified by Nanodrop measurement (Thermo Scientific),
aliquoted and stored at -20 C.

C. Real-time PCR: Gene-specific primers for real-time polymerase chain
reaction (PCR) were designed using Primer 3 software
(http://frodo.wi.mit.edu/primer3/). The sequences of the primers are shown in
Table 3.2. Each 20-ul PCR reaction mixture contained 0.1 pg of single-stranded
cDNA or template, 0.5 pl of gene-specific primers (10 uM each), 3 pl of ANTP mix
(200 pM each nucleotide) and 1 x SYBR Green PCR buffer (Applied
Biosystems). Cycling conditions were: 2 minutes at 50°C to activate, initial
denaturation for 10 min at 95°C, followed by 50 cycles of denaturation for 15 sec
at 95°C and 1 min of annealing/extension at 55°C. In order to detect nonspecific
amplification, dissociation curves were established for each PCR product. The
detection and quantitation of nucleic acids levels was done by using the

comparative delta-delta ct method (Livak and Schmittgen, 2001).
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Table 3.2: Gene specific primers used in real-time PCR.

Gene Primers

B actin Fw: 5-CCG TGA AAA GAT GAC CCAGAT C -3
Rw: 5- AAT GCC AGT GGT ACG ACC AGA -3

ALDH3A2 | Fw:5- GCG AGA GAA GGA CAT CTT GG -3
Rw: 5- TCG TCC ATC ATG GTAAGC AG -3

ACSL4 Fw: 5- CAC CATTGC CATTTTCTG TG -3
Rw: 5- ATAATG CCG CCTTCAGTT TG -3

ACAA1 Fw: 5- GGT CCAAGG CTG AAG AAC TG -3

Rw: 5- CAG TAG AGG GCC TGACTT GC -3

Copyright © Subhashis Banerjee 2010
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CHAPTER FOUR: RESULTS

Phosphorylation of AMP-kinase and HMG-CoA reductase after policosanol

treatment

Cholesterol synthesis is a highly regulated pathway and is subject to
transcriptional, translational, and post-translational modulation (Espenshade
and Hughes, 2007). Singh et al. (2006) showed that policosanol decreased
cholesterol synthesis but did not directly inhibit HMG-CoA reductase, and
incubation of hepatoma cells with policosanol did not affect HMG-CoA reductase
protein levels. However, reductase activity was decreased by up to 55% in
lysates prepared from these cells, suggesting that HMG-CoA reductase activity
was down-regulated by policosanol treatment and that this was the mechanism
by which policosanol decreases cholesterol synthesis. Because HMG-CoA
reductase protein levels were not changed by policosanol treatment, |
considered the possibility that policosanol inactivates HMG-CoA reductase by
promoting its phosphorylation by one of three protein kinases known to
inactivate HMG-CoA reductase (Beg et al., 1987). AMP-kinase is the principal
kinase involved in the phosphorylation-mediated inactivation of HMG-CoA
reductase (Carling et al, 1989) and is itself activated by phosphorylation by
upstream kinases (Hardie, 2003; Towler and Hardie, 2007). To determine if
policosanol might be down-regulating the activity of HMG-CoA reductase, the
ability of policosanol to activate AMP kinase by promoting its phosphorylation
was determined.  Policosanol increased AMP-kinase phosphorylation in
hepatoma cells by more than 2.5-fold after 3-hr treatment, with maximal
stimulation occurring at 15-25 pg/ml (Fig 4.1A). These increases were
statistically significant and were comparable to the increases seen with AICAR
and metformin, both of which are known to activate AMP kinase by
phosphorylation and served as positive controls. No change in the level of total
AMP kinase protein levels were observed over the 3-hr period of the experiment,

despite a marked increase in the activity of this enzyme. These results are
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consistent with the in vitro studies of Singh et al. (2006), where it was shown that
treatment of hepatoma cells with policosanol increased the phosphorylation of
AMP-kinase and decreased HMG-CoA reductase activity and cholesterol
synthesis.

Treatment of cells with policosanol rapidly activated AMP-kinase, with an
increase in phosphorylation evident at 30 min; phosphorylation peaked at
1.5-hrs and stayed elevated through 3 hrs (Fig 4.1B). The activation of
AMP-kinase by policosanol led to the concomitant phosphorylation of HMG-CoA
reductase, as shown in Fig 4.2. Increases in HMG-CoA reductase
phosphorylation occurred in a dose dependent manner with 10-25 pg/ml of
policosanol. Treatment of cells with AICAR or metformin yielded a similar
increase in phosphorylated HMG-CoA reductase.
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Fig 4.1: Policosanol activates AMP-kinase in vitro. (A) Phosphorylated
AMP-kinase in hepatoma cells was measured by immunoquantitation with an
antibody specific for the phosphorylated protein after a 3-h treatment with
various concentrations of policosanol. The AMP-kinase activators AICAR and
metformin (1 mM each) served as positive controls. Images were acquired on
a Kodak MM2000 gel documentation station and analyzed for mean intensity
above background. Values represent the mean and standard deviation of 3
experiments. Statistical significance was determined by one-way analysis of
variance with Dunnett’s post-hoc test, p < 0.05. Representative immunoblots of
phosphorylated (P) and total (T) AMP-kinase are shown below the graph.

(B) Enzyme phosphorylation in hepatoma cells at various times after treatment
with 15 pg/ml of policosanol (boxes) or without policosanol (circles). Values
represent the mean and standard deviation of four experiments; closed symbols
are statistically different from untreated controls. Statistical significance was
determined by one-way analysis of variance with Dunnett's post hoc text (P<.05).
(B) Enzyme phosphorylation in hepatoma cells at various times after treatment
with 15 pg/ml of policosanol (boxes) or without policosanol (circles). Values
represent the mean and standard deviation of three experiments; closed
symbols are statistically different from untreated controls. Statistical
significance was determined by one-way analysis of variance with Dunnett's
post hoc text (P<.05).
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Fig 4.2. Policosanol inactivates HMG-CoA reductase in vitro. Phosphorylated
HMG-CoA reductase in hepatoma cells was measured by immunoquantitation
with an antibody specific for the phosphorylated protein after a 3-h treatment
with various concentrations of policosanol. AICAR and metformin (1 mM each)
served as positive controls. Images were acquired on a Kodak MM2000 gel
documentation station and analyzed for mean intensity above background.
Values represent the mean and standard deviation of 3 experiments. Statistical
significance was determined by one-way analysis of variance with Dunnett’s
post-hoc test, p < 0.05. Representative immunoblots of phosphorylated (P) and
total (T) HMG-CoA reductase are shown below the graph.
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Menendez et al. (2005) found that free octacosanol and octacosanoic acid were
present in the liver and plasma of rats fed policosanol, and that chain-shortened
saturated (myristic, palmitic and stearic) and unsaturated (oleic, palmitoleic) fatty
acids were formed after oral dosing of monkeys with policosanol. Moreover,
because oral dosing is likely to result in significant hepatic exposure, the
effective concentration therein is likely to be substantially higher; indeed, Kabir
and Kimura (1995) reported that radiolabeled octacosanol is found
predominantly in the liver after oral dosing. In studies by Menendez et al.
(1996), oral administration of policosanol to rats decreased hepatic cholesterol
biosynthesis while HMG-CoA reductase activity remained unchanged,
suggesting that cholesterol synthesis was not inhibited by a direct action of
policosanol on this enzyme. My data with cell culture preparations suggests
that policosanol may promote the phosphorylation of HMG-CoA reductase by
activation of AMP-kinase, and so it is reasonable to expect that it will act by the
same mechanism in vivo. To confirm this supposition, the expression and
activity of AMP-kinase and HMG-CoA reductase were assessed in the livers of
mice gavaged with a single oral dose of policosanol at 10 mg/kg, 25 mg/kg, 50
mg/kg and 100 mg/kg. As shown in Figs 4.3, 4.4 and 4.5, policosanol was
highly effective in promoting the phosphorylation of AMP-kinase as well as
HMG-CoA reductase. AMP-kinase and HMG-CoA reductase phosphorylation

increased by ~2 fold and ~4 fold respectively at 3 h with 25 mg/kg. Although at

the 50 mg/kg dosing no 3-hr time point was taken, at 6 hr phosphorylation of
both enzymes was increased by 2.5-fold. At 100 mg/kg dose phosphorylation
was not increased, and in fact was significantly decreased for AMP-kinase at the
6-hr time point. Policosanol had no effect on AMP-kinase phosphorylation at
10 mg/kg dose (data not shown). Moreover no change in the total AMP-kinase

was observed at each of time points and the dosing regimens tested.
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Fig 4.3: Single dose-response studies: Policosanol increases the
phosphorylation of AMP-kinase and HMG-CoA reductase (HMGR) in vivo at 25
mg/kg. Phosphorylated AMP-kinase and HMG-CoA reductase were measured
by immunoquantitation with antibodies specific for the phosphorylated proteins
in mice gavaged with 25 mg/kg of policosanol. Images were acquired on a
Kodak MM2000 gel documentation station and analyzed for mean intensity
above background. Values represent the mean and standard deviation of 2-3
experiments; values that are statistically different from untreated controls are
indicated with asterisks. Statistical significance was determined by one-way

analysis of variance with Dunnett’s post-hoc test, p < 0.05.
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Fig 4.4: Single dose-response studies: Policosanol increases the
phosphorylation of AMP-kinase and HMG-CoA reductase in vivo at 50 mg/kg.
Phosphorylated AMP-kinase and HMG-CoA reductase were measured by
immunoquantitation with antibodies specific for the phosphorylated proteins in
mice gavaged with 50 mg/kg of policosanol. Images were acquired on a Kodak
MM2000 gel documentation station and analyzed for mean intensity above
background. Values represent the mean and standard deviation of 2-3
experiments; values that are statistically different from untreated controls are
indicated with asterisks. Statistical significance was determined by one-way

analysis of variance with Dunnett’s post-hoc test, p < 0.05.
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Fig 4.5: Single dose-response studies: Policosanol fails to increase the
phosphorylation of AMP-kinase in vivo at 100 mg/kg. Phosphorylated
AMP-kinase was measured by immunoquantitation with an antibody specific for
the phosphorylated protein in mice gavaged with 100 mg/kg of policosanol.
Images were acquired on a Kodak MM2000 gel documentation station and
analyzed for mean intensity above background. Values represent the mean
and standard deviation of 4 experiments; values that are statistically different
from untreated controls are indicated with asterisks. Statistical significance was
determined by one-way analysis of variance with Dunnett’s post-hoc test, p <
0.05. Because no increase in AMP-kinase phosphorylation was observed,

HMG-CoA reductase phosphorylation was not tested.
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Activation of pathways upstream of AMP-kinase by policosanol

AMP-kinase itself is activated by phosphorylation by the upstream kinases LKB1
and TAK1; the binding of AMP to AMP-kinase makes the enzyme a better
substrate for these kinases (Hardie, 2003; Towler and Hardie, 2007; Xie et al.,
2009). In addition, three independent studies reported that CaMKK
phosphorylates and activates AMP-kinase in vitro. Two of these studies
provided evidence that CaMKKp, rather than CaMKKa, is the predominant
kinase acting on AMP-kinase. LKB1 is present in liver and muscle and is
thought to be the principal activating enzyme for AMP-kinase in these tissues.
Not surprisingly, LKB1 is also regulated by upstream kinases, most notably
PKCC and perhaps also PKA and p90 RSK (Xie et al., 2008). As my studies
have demonstrated that policosanol activates AMP-kinase both in cell culture
and in mice in vivo, the upstream kinase pathways leading to AMP-kinase
phosphorylation are an attractive route to explore in the effort to identify the
mechanism by which policosanol activates this kinase. To identify the
upstream kinase or kinases through which policosanol was signaling, | tested
the effect of policosanol on CaMKK phosphorylation in hepatoma cells. The
Ca®* ionophore, ionomycin served as a positive control. Fig 4.6A shows that
CaMKKpB phosphorylation was increased by ionomycin and policosanol
treatment ~ 2-fold and ~2.5 fold, respectively, relative to untreated cells. In vivo,
policosanol treatment activated CAMKKB by ~3.7-fold at 6 h and remained
elevated till 18 h (Fig 4.6B). In comparison, when McA-RH7777 cells were
incubated with policosanol, AICAR (negative control), or metformin (positive
control) there was no significant increase in the LKB1 phosphorylation relative to
control (Fig 4.6C). Similarly, no change in the amount of phosphorylation of
LKB1 was observed in mice after gavaging with policosanol at 50 mg/kg dose
(Fig 4.6D). No changes in the amount of phosphorylated PKC{/A were noted
either in vitro or in vivo with policosanol. These results indicate that although
LKB1 is the principal AMP-kinase kinase, policosanol appears to utilize CaMKKf3

to activate AMP-kinase.
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Fig 4.6: Policosanol activates CaMKK but not LKB1. Phosphorylated CaMKK[]
was measured by immunoquantitation with an antibody specific for the
phosphorylated protein in (A) hepatoma cells after a 3-h treatment with
policosanol (15 pg/ml), or (B) in vivo at 6, 12, and 18 h after gastric gavage with
50 mg/kg body weight policosanol. lonomycin served as a positive control in
(A). Phosphorylated LKB1 was similarly immunoprecipitated from hepatoma
cell lysates (C) or mouse liver homogenates (D) with an antibody to
phosphoserine/phosphothreonine/phosphotyrosine and then quantified by
immunoblotting with an antibody to total LKB1. Metformin (1 mM) served as a
positive control and AICAR (1 mM) as a negative control in (A). Mice were
gavaged with 50 mg/kg body weight of policosanol. Images were acquired on a
Kodak MM2000 gel documentation station and analyzed for mean intensity
above background. Values represent the mean and standard deviation of 2-3
experiments; values that are statistically different from untreated controls are
indicated with asterisks. Statistical significance was determined by one-way

analysis of variance with Dunnett’s post-hoc test, p < 0.05.
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Activation of AMP-kinase by policosanol requires peroxisomal metabolism

Regulation of fatty alcohol metabolism is poorly understood, and there is
uncertainty as to whether the synthesis and oxidation of fatty alcohols is
catalyzed by the same enzymes (Riendeau and Meighen, 1985). Long chain
fatty alcohols are substrates for the ‘fatty alcohol cycle’ which converts
long-chain alcohols to their corresponding fatty acids, and reduces long-chain
fatty acids back to alcohols for incorporation into glycerol-ether lipids (Rizzo et
al.,, 1987). These fatty acids perhaps undergo subsequent peroxisomal
B-oxidation as was first revealed by the recognition that patients with inherited
disorders of peroxisomal biogenesis had impaired ether lipid synthesis
(Heymans et al., 1983; Heymans et al., 1984; Schutgens et al., 1984, Datta et al.,
1984). Also, defective peroxisomal B-oxidation leads to accumulation of
very-long-chain fatty acids (Rizzo, 1998). The fatty alcohol pathway is found on
both the endoplasmic reticulum and peroxisomal surface (Rizzo, 1998; Hargrove
et al.,, 2004). To determine if the metabolism of long-chain fatty alcohols that
make up policosanol occurs through the fatty alcohol cycle, and if subsequent
peroxisomal B-oxidation is necessary for activation of AMP-kinase, | suppressed
the expression of 1) fatty aldehyde dehydrogenase 3A2 (ALDH3A2), 2) the
peroxisomal acyl-CoA synthetase long-chain family member 4 (ACSL4), and 3)
peroxisomal acetyl-coenzyme A acyltransferase 1 (3-ketothiolase, ACAAL) using
RNA interference (RNAI) to decrease the mRNA levels for these enzymes. To
ensure that the RNAIi decreased the expression of these enzymes, mRNA levels
for these enzymes were measured both in treated and scrambled RNAi-treated
cells at different timepoints (2-10 days) by real-time polymerase chain reaction
(PCR). The scrambled RNAI plasmid serves as a negative control for these
studies. There was significantly greater than 95% suppression of fatty
aldehyde dehydrogenase 3A2 expression at 4 and 6 days (Fig 4.7A), greater
than 95% suppression of peroxisomal acyl-CoA synthetase 4 expression at 2, 4,
6 and 8 days (Fig. 4.8A), and greater than 80% and 95% suppression of

peroxisomal acetyl-coenzyme A acyltransferase 1 expression at 4 and 6 days
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respectively (Fig. 4.9A). The suppression of these enzymes proved successful
in preventing the increase in phosphorylation of AMP-kinase and HMG
CoA-reductase after policosanol treatment. AMP-kinase phosphorylation was
significantly decreased at 8 days (relative to the policosanol-treated 6-day
control) in cells in which ALDH3A2 expression was suppressed (Fig 4.7B), and
at 4, 6, and 8 days in cells in which ACSL4 expression was suppressed (Fig
4.8B). Suppression of ACAA1l yielded non-significant decreases in the
phosphorylation of AMP-kinase relative to policosanol-treated control cells (Fig
4.9B). However, the increase in HMG-CoA reductase phosphorylation after
policosanol treatment was significantly attenuated in cells in which ALDH3A2
(Fig 4.7C), ACSL4 (Fig 4.8C), and ACAAl (Fig 4.9C), expression was
suppressed. These results indicate that the production of either acetyl-CoA or
propionyl-CoA formed after complete B-oxidation of policosanol (Fig 4.10) leads

to the phosphorylation of HMG-CoA reductase by policosanol.
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Fig 4.7. siRNA-mediated suppression of fatty aldehyde dehydrogenase 3A2
(ALDH3A2) prevents the increase in phosphorylation of AMP-kinase and
HMG-CoA reductase by policosanol. Using the four individual shRNA plasmids
supplied, one plasmid was selected that provided the greatest decrease in
MRNA levels over a period of 2-10 days using the real-time gRT-PCR procedure
(data not shown). Using that selected plasmid and control cells with a
scrambled RNAi plasmid, AMP-kinase and HMG-CoA reductase
phosphorylation was measured by immunoquantitation as described earlier after
incubating the cultures with 15 pg/ml policosanol. Values represent the mean
and standard deviation of 2-3 experiments; values that are statistically different
from untreated controls are indicated with asterisks. Statistical significance was

determined by one-way analysis of variance with Tukey’s post-hoc test, p < 0.05.
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Fig 4.8: siRNA-mediated suppression of peroxisomal fatty acyl CoA
synthetase-4 (ACSL4) prevents the increase in phosphorylation of AMP-kinase
and HMG-CoA reductase by policosanol. Using the four individual shRNA
plasmids supplied, one plasmid was selected that provided the greatest
decrease in mMRNA levels over a period of 2-10 days using the real-time
gRT-PCR procedure (data not shown). Using that selected plasmid and control
cells with a scrambled RNAI plasmid, AMP-kinase and HMG-CoA reductase
phosphorylation was measured by immunoquantitation as described above after
incubating the cultures with 15 pg/ml policosanol or 1 mM metformin. Values
represent the mean and standard deviation of 2 experiments; values that are
statistically different from untreated controls are indicated with asterisks.
Statistical significance was determined by one-way analysis of variance with

Tukey’s post-hoc test, p < 0.05.
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Fig 4.9: siRNA-mediated suppression of acetyl-coenzyme A acyltransferase 1
(ACAA1) prevents the increase in phosphorylation of HMG-CoA reductase by
policosanol. Using the four individual shRNA plasmids supplied, one plasmid
was selected that provided the greatest decrease in mRNA levels over a period
of 2-10 days using the real-time qRT-PCR procedure (data not shown). Using
that selected plasmid and control cells with a scrambled RNAi plasmid,
AMP-kinase and HMG-CoA reductase phosphorylation was measured by
immunoquantitation as described earlier after incubating the cultures with 15
pg/ml policosanol or 1 mM metformin. Values represent the mean and
standard deviation of 2 experiments; values that are statistically different from
untreated controls are indicated with asterisks. Statistical significance was
determined by one-way analysis of variance with Tukey’s post-hoc test, p < 0.05.
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Fig 4.10: Schematic diagram of policosanol metabolism to acetyl-CoA and
propionyl-CoA through the fatty alcohol cycle and peroxisomal B-oxidation. The

enzymes which were suppressed by RNAI in the present experiments are

indicated.
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Activation of AMP-kinase by policosanol results from the generation of

excess acetyl-CoA via peroxisomal metabolism

Increased short-chain fatty acid production (including acetate) by colonic
bacterial fermentation of dietary fibers has been reported to have several
beneficial metabolic effects including lowering of plasma cholesterol (Higgins,
2004). It has also been suggested that activation of AMP-kinase in the liver
might be the principal mechanism for the hypoglycemic effect of acetate
(Sakakibara et al., 2006). As the principal product of fatty acid p-oxidation is
acetyl-CoA, it was of interest to see if addition of acetate to cells similarly
promoted the phosphorylation of AMP-kinase and HMG-CoA reductase.
Indeed, treatment of hepatoma cells with 10 to 25 pg of sodium acetate for 3 hr
yielded a statistically significant increase in the phosphorylation of AMP-kinase
at the 25 pg/ml dose (Fig. 4.11).
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Fig 4.11: Treatment of hepatoma cells with sodium acetate promotes the
phosphorylation of AMP-kinase. Phosphorylated AMP-kinase was measured
by immunoquantitation with an antibody specific for the phosphorylated enzyme
in hepatoma cells after a 3-h treatment with the AMP-kinase activators AICAR or
metformin (1 mM each), policosanol (15 pg/ml) or 10-25 pg/ml sodium acetate.
Images were acquired on a Kodak MM2000 gel documentation station and
analyzed for mean intensity above background. Values represent the mean
and standard deviation of 3 experiments; values that are statistically different
from untreated controls are indicated with asterisks. Statistical significance was
determined by one-way analysis of variance with Dunnett’s post-hoc test, p <
0.05
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This result also is in agreement with several published studies: Kawaguchi et
al. (2002) and Sakakibara et al. (2006) reported that acetate treatment of rat
hepatocytes increased AMP-kinase and acetyl CoA carboxylase activation, the
latter being a substrate for AMP-kinase. This increase in AMP-kinase activity
appeared to result from an increase in AMP content of the hepatocytes
(Kawaguchi et al., 2002). The liver is responsible for most of the metabolism of
acetate in the portal circulation (Mortensen et al., 1996) where acetyl-CoA

synthase catalyzes the following reaction:

Acetate + ATP —»  Acetyl -CoA + ppi + AMP.

Zydowo et al. (1993) also reported increased hepatic AMP content in the livers of
mice after intraperitoneal administration of acetate. As AMP promotes the
phosphorylation of AMP-kinase, these studies suggest that acetate activation to
acetyl-CoA promotes the phosphorylation of AMP-kinase through an increase in

cellular AMP levels.

In recent years it has been determined that both the tumor-suppressor kinase
LKB1 (Woods et al., 2003; Hawley et al., 2003; Shaw et al ., 2004) and CaMKK
(Hurley et al., 2005; Woods et al., 2005; Hawley et al., 2005) are important
AMPK-kinases, which activate AMP-kinase by directly phosphorylating aThr*"2.
As my in vitro and in vivo studies with policosanol have shown that it acts
through CaMKK and not through LKB1, and as acetyl-CoA or propionyl-CoA
are the metabolites formed from policosanol, | wanted to determine if addition of
sodium acetate to hepatoma cells would similarly promote the phosphorylation
of CaMKKp but not LKB1. As shown in Fig 4.12A, there was a more than 2-fold
increase in the CaMKKB phosphorylation in hepatoma cells with a low
concentration (10-15 pg/ml) of sodium acetate. Although not statistically
significant, this increase was comparable to the increase seen with ionomycin, a

positive activator of CaMKK. However, similar to policosanol, there was a
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dose-dependent decrease in LKB1 phosphorylation relative to control with
sodium acetate at similar doses (Fig 4.12B). Thus, my studies indicate that

sodium acetate, like policosanol, mediates activation of AMPK via CaMKK}.
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Fig 4.12: Sodium acetate treatment increases the phosphorylation of CaMKK
but not LKB1. Phosphorylated CaMKK was measured by immunoquantitation
with an antibody specific for the phosphorylated enzyme in hepatoma cells after
a 3-h treatment with 1 pg/ml ionomycin, 5 pg/ml policosanol, or 10-25 pg/ml
sodium acetate. Phosphorylated LKB1 was immunoprecipitated from
hepatoma cell lysates with an antibody to
phosphoserine/phosphothreonine/phosphotyrosine after treatment of the cells
with either AICAR or metformin (1 mM each), 15 pg/ml policosanol, or 10-25
pg/ml sodium acetate, and then quantified by immunoblotting with an antibody to
LKB1. Images were acquired on a Kodak MM2000 gel documentation station
and analyzed for mean intensity above background. Values represent the
mean and standard deviation of 2-3 experiments; values that are statistically
different from untreated controls are indicated with asterisks. Statistical
significance was determined by one-way analysis of variance with Dunnett’s

post-hoc test, p < 0.05.
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Policosanol does not activate AMP-kinase in the small intestine

As up to 25% of total serum cholesterol is obtained from intestinal synthesis, |
wanted to determine the effect of oral administration of policosanol on the
phosphorylation state of AMP-kinase in the small intestine. As shown in Fig
4.13, policosanol did not promote the phosphorylation of AMP-kinase in the
small intestine of mice. Thus, it appears that policosanol would not affect

cholesterol synthesis in the intestine through modulation of AMP-kinase.
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Fig 4.13: Policosanol does not activate AMPK in mouse intestine.
Phosphorylated AMP-kinase was measured by immunoquantitation-kinase with
an antibody specific for the phosphorylated enzyme in the proximal intestine of
mice gavaged with 25 mg/kg or 50 mg/kg of policosanol. Images were
acquired on a Kodak MM2000 gel documentation station and analyzed for mean
intensity above background. Values represent the mean and standard
deviation of 3-4 experiments; values that are statistically different from untreated
controls are indicated with asterisks. Statistical significance was determined by

one-way analysis of variance with Dunnett’s post-hoc test, p < 0.05.
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CHAPTER FIVE: SUMMARY OF RESULTS

Policosanol is a mixture of very long chain alcohols isolated from sugarcane and
other plant-derived sources that has been reported to decrease serum
cholesterol in animals and humans. In a number of short as well as long term
clinical studies policosanol was successful in lowering LDL cholesterol by 33% in
normocholesterolemic patients and 24% in hypercholesterolemic patients
(Gouni-Berthold and Berthold, 2002; Varady et al., 2003). In these patients
policosanol also increased HDL cholesterol by an average of 17% without
affecting triglyceride levels. However, little scientific evidence of the
mechanism by which policosanol lowers blood cholesterol is known. Previous
studies have reported that policosanol at pharmacological concentrations acted
at or above HMG-Co0A reductase (Singh et al., 2006), the third enzyme and the
regulatory step in the cholesterol synthesis pathway, to decrease cholesterol
synthesis. Further studies demonstrated that policosanol did not act as a direct
inhibitor of this enzyme and did not affect HMG-CoA reductase enzyme levels
(Singh et al., 2006). As reductase activity was decreased by up to 55% without
a change in enzyme levels, Singh et al. (2006) suggested that HMG-CoA
reductase was being inactivated by phosphorylation by AMP-kinase. My
studies extended and confirmed this hypothesis by showing that policosanol
increased the amount of phosphorylated AMP-kinase in cells by more than 2.5 to
3-fold after 3 h of treatment at 15- 25 ug/ml, and concurrently increased the
phosphorylation of HMG-CoA reductase in a dose dependent manner. The
time course of activation was also rapid with policosanol, reaching a peak at

relatively shorter period of 1.5 hrs.

As several studies in animal models have indicated that oral administration of
policosanol decreases cholesterol synthesis in vivo (Arruzazabala et al., 1994;
Rodriguez-Echenique et al.,, 1994; Menendez et al., 1997), | also tested the
ability of policosanol, administered by gavage, to activate AMP-kinase in vivo.

The expression and activity of AMP-kinase and HMG-CoA reductase were

60


http://jpet.aspetjournals.org/content/318/3/1020.long#ref-12
http://jpet.aspetjournals.org/content/318/3/1020.long#ref-28

assessed in the livers of mice gavaged with a single oral dose of policosanol at
25 mg/kg, 50 mg/kg and 100 mg/kg. | observed a robust increase in
AMP-kinase and HMG-CoA reductase phosphorylation at doses of 25 mg/kg and
50 mg/kg. AMP-kinase and HMG-CoA reductase phosphorylation increased by

~2 fold and ~4 fold respectively at 3 h with 25 mg/kg. Although at the 50 mg/kg

dose no 3-hr time point was taken, at 6 hr phosphorylation of both enzymes was
increased by 2.5-fold. At the 100 mg/kg dose phosphorylation was not
increased, and in fact was statistically decreased for AMP-kinase at the 6-hr time
point. No change in the total AMP-kinase was observed at each of time points
and the dosing regimens tested. These results demonstrate that policosanol
acts both in vitro and in vivo to activate AMP-kinase and to inactivate HMG-CoA

reductase.

| also investigated the mechanism by which policosanol activates AMP-kinase.
LKB1 and CaMMKf are two upstream kinases that have been reported to
activate AMP-kinase. LKB1 appears to be most important in liver (Towler and
Hardie, 2007) while CaMKKR is predominantly expressed in neural tissue,
although much lower levels are detected in a variety of other tissues including
the liver (Birnbaum, 2005). My studies have revealed that policosanol acts
through CaMKKJ and not through LKB1 to activate AMP-kinase in the liver and

in hepatoma cells.

It has been reported that D-003, a mixture of very long chain fatty acids, also
suppresses HMG-CoA reductase activity (Menendez et al., 2001b) and that this
effect was more robust than that of policosanol and occurred at a much faster
rate. This observation suggested that the long chain primary alcohols of
policosanol must undergo oxidation to the corresponding fatty acid in order to
activate AMP-kinase; it raised the possibility that peroxisomal -oxidation is also
required. My studies show that siRNA-mediated suppression of fatty aldehyde
dehydrogenase 3A2, fatty acyl CoA synthase 4, and acetyl-coenzyme A

acyltransferase 1 in cell culture prevented the phosphorylation of AMP-kinase
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and HMG-CoA reductase, indicating that metabolism of policosanol through the
fatty alcohol cycle and subsequent peroxisomal 3-oxidation is necessary for the

activation of AMP-kinase.

Although the intestine is also a significant source of circulating cholesterol, my
studies with policosanol did not reveal any measurable change in the activation
of AMP-kinase in this tissue. One possible explanation for this lack of effect is
that enterocytes may not metabolize policosanol through the fatty alcohol cycle
and peroxisomal oxidation, as they are responsible for the absorption of lipids
and their transfer into the bloodstream. Alternatively, it is possible that
policosanol is not actually absorbed in the small intestine, but instead is
metabolized to very short chain fatty acids, including acetate, by colonic bacteria,
and that these substances are then absorbed in the distal colon, where they
circulate to the liver to activate hepatic AMP-kinase (Wong et al., 2006). My

studies are not able to distinguish between these two possibilities.

As the principal product of fatty acid p-oxidation is acetyl-CoA, my studies further
demonstrated that addition of acetate to cells results in the phosphorylation of
AMP-kinase and HMG-CoA reductase. This finding argues that the activation
of AMP-kinase by policosanol results from the generation of excess acetyl-CoA
via peroxisomal metabolism. These findings open new perspectives not just for
the treatment of hypercholesterolemia, but may open new vistas for the control

of diabetes and metabolic syndrome by activators of AMP-kinase.

Copyright © Subhashis Banerjee 2010
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CHAPTER SIX: DISCUSSION

A sizeable amount of data from various animal studies and human clinical
studies has suggested that policosanol may be an effective means to lower
serum cholesterol levels. Low density lipoprotein (LDL) and total cholesterol
reductions have been found in both normocholesterolemic and
hypercholesterolemic patients (Gouni-Berthold and Berthold, 2002; Varady et al.,
2003; Castano et al., 2005) after treatment with 5-20 mg of policosanol in both
short-term (<12-week) and long-term (up to 2-year) randomized,
placebo-controlled, double-blind studies. However, several recent studies have
been unable to demonstrate a significant reduction in serum cholesterol levels
with policosanol treatment, calling into question the efficacy of this regimen
(Kassis et al., 2009; McGowan and Proulx, 2009). Although few studies have
investigated the mechanism underlying the actions of policosanol, it was
speculated that the mixture is able to inhibit cholesterol synthesis and increase
LDL clearance (Varady et al., 2003). In the present studies | show that
policosanol is able to promote HMG-CoA reductase phosphorylation by
activation of AMP-kinase. The increased phosphorylation of AMP-kinase can
affect HMG-CoA reductase activity either by direct phosphorylation and
consequent inactivation of the enzyme (Beg et al.,1978), or by an indirect
down-regulation mediated by transcription factors such as SREBP-1
(Motoshima et al., 2006), thus suppressing cholesterol synthesis. In my studies,
both the in vitro incubation of cultured McA-RH7777 hepatoma cells and the in
vivo treatment of mice with policosanol stimulated the phosphorylation of both
HMG-CoA reductase and AMP-kinase. AMP-kinase also inactivates
acetyl-CoA carboxylase (Carling et al.,, 1987) and thus there is coordinate
down-regulation of cholesterol and fatty acid biosynthesis by this kinase

pathway.

Complicated interrelationships exist between the different kinases that activate
AMP-kinase. LKB1, PPARy, PKCC and CaMKKJ all have been suggested to
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be involved in the activation of AMP-kinase. Although LKB1 is considered to be
the major AMP-kinase, my studies both in vivo as well as in vitro show CaMKK[]
to be the upstream AMPK-kinase through which policosanol acts. Consistent
with my studies, CaMKKB has also been shown to be required in
receptor-modulated AMPK phosphorylation stimulated by simvastatin (Kou et al.,
2009), a drug widely prescribed for the prevention and treatment of

hypercholesterolemia and cardiovascular diseases.

D-003, a mixture of very long-chain fatty acids, inhibits cholesterol synthesis in
cultured cells (Menendez et al., 2001b), and has been suggested to be more
effective than policosanol in lowering blood cholesterol levels (Menendez et al.,
2004). This greater effectiveness may be due to its greater proportion of fatty
acids greater than 30 carbons in length; Singh et al. (2006) found that
triacontanol, a C-30 alcohol, was the most effective component tested of the
several C-26 to C-30 alcohols in policosanol. However, as my studies have
demonstrated, policosanol must undergo oxidation, both through the fatty
alcohol cycle (Rizzo et al., 1987) and via peroxisomal B-oxidation, to activate
AMP-kinase. Thus, D-003, as a very long chain fatty acid mixture, may be
more efficacious simply because it bypasses the fatty alcohol cycle and can
directly enter the peroxisomal oxidation pathway. Because D-003 also
suppresses HMG-CoA reductase activity (Menendez et al., 2001b), prior to my
studies it was unclear if the very long chain alcohols in policosanol must first
undergo oxidative metabolism via the fatty alcohol cycle to the corresponding
fatty acids in order to be effective. It was also not known if subsequent
peroxisomal [B-oxidation occurred, and was required for the activation of
AMP-kinase. Pharmacokinetic studies on octacosanol metabolism indicated
that this very long-chain alcohol can undergo oxidation to CO, in vivo,
presumably via these pathways (Kabir and Kimura, 1993). In the present study,
siRNA-mediated suppression of several of the enzymes in these oxidative
pathways was used to determine if the metabolism of the long-chain alcohols in

policosanol via these pathways is required for the activation of AMP-kinase.
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Using these siRNA-generating plasmids, selective suppression of the
expression of three key enzymes, viz, fatty aldehyde dehydrogenase, fatty acyl
CoA synthase 4, and acetyl-coenzyme A acyltransferase 1 (B-ketothiolase) in
the fatty alcohol and (-oxidation pathways was carried out, and it was shown
that both the fatty alcohol pathway and peroxisomal B-oxidation is required for
the activation of AMP-kinase by policosanol. As it has been known for some
time that very long chain fatty acids (VLCFA) inhibit cholesterol synthesis in cell
culture (Murthy et al., 1988; Menendez et al., 2001a; Garcia-Pelayo et al., 2003),
it is likely that peroxisomal oxidation is also the mechanism by which these lipids,

as well as D-003, inhibit cholesterol synthesis.

Recently it was reported that acetic acid, when fed via a stomach tube, activates
hepatic AMP-kinase and reduces hyperglycemia in diabetic mice (Sakakibara et
al., 2006), and that it also improves insulin sensitivity in subjects with insulin
resistance or type Il diabetes (Johnston et al.,, 2004). My studies, in which
cultured hepatoma cells were treated with acetate, also found increased
phosphorylation of AMP-kinase. This finding, in conjunction with acetate
feeding studies, suggests that acetate, generated from B-oxidation of the very
long chain fatty acids formed from policosanol, is ultimately responsible for the
activation of AMP-kinase. In vivo, all acetate taken up from the portal
circulation is activated by the liver (Mortensen et al., 1996) to acetyl-CoA in a
reaction that requires ATP. This may lead to depletion of ATP with the
concomitant generation of AMP, an allosteric activator of AMP-kinase, when
acetate is abundant in the portal bloodstream. Thus, the increased
AMP-kinase activity in cells treated with acetate might be promoted by the
increased AMP generated by acetate activation. Finally, Sakakibara et al.
(2006) reported that sodium acetate directly activated AMP-kinase and lowered
the expression of genes including sterol regulatory element binding protein-1 in
rat hepatocytes, which might explain indirect downregulation of HMG-CoA

reductase.
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It is of interest that acetyl-CoA, produced through the B-oxidation of policosanol,
is the required substrate for cholesterol biosynthesis, and thus an abundance of
this substrate might be expected to increase cholesterol synthesis. A possible
explanation for inhibition in cholesterol synthesis in the face of this substrate
surplus could be that the phosphorylation of HMG-CoA reductase at Ser 872 by
AMP-kinase causes a conformational change in the three dimensional shape of
the enzyme that reduces the Vmax but not the Km of the reductase. In this
sense, this conformational change resembles the effect of a reversible
noncompetitive inhibitor. Noncompetitive inhibitors cannot be overcome even

at high substrate concentrations (Lehninger et al., 2008).

Acetyl-CoA carboxylase (ACC) catalyzes the synthesis of malonyl-CoA, the first
and committed step in fatty acid synthesis. ACC activity is also suppressed,
like HMG-CoA reductase, by reversible phosphorylation by AMP-kinase.
Phosphorylation on the a subunit (ACC-a) decreases the synthesis of fatty acids,
while phosphorylation on the B subunit (ACC-B) leads to a decrease in
malonyl-CoA levels and, moreover, a disinhibition of fatty acid oxidation (Munday
and Hemingway, 1999). As my studies suggest that policosanol administration
may lead to increased B-oxidation of fatty acids, it is reasonable to assume that
concurrent fatty acid synthesis would represent a futile cycle for the cell. Thus,
the activation of AMP-kinase, leading to the suppression of the regulatory
enzyme in fatty acid synthesis, makes sense, as it would suppress fatty acid
synthesis when fatty acids are abundant and available for oxidation. Similar to
the effect of fibrates, the partitioning of fatty acids towards oxidation and away
from esterification might be an important aspect of the lipid-lowering effects of

policosanol.

As policosanol gavage did not affect AMP-kinase activation or HMG-CoA
reductase phosphorylation in the small intestine, it leaves some unanswered
questions: Is policosanol absorbed in the small intestine? Is the small

intestine resistant to activation of AMP-kinase by this substance? Alternatively,
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it is possible that policosanol is being metabolized to short chain fatty acids,
including acetate, in the distal colon by the colonic bacteria, and these
short-chain fatty acids are then absorbed and subsequently taken up by the liver
(Wong et al., 2006).

The observation that policosanol activates AMP-kinase is reminiscent of the
mechanism of metformin, a drug widely used to treat type Il diabetes.
Metformin not only reduces hyperglycemia but also improves insulin sensitivity
and modestly lowers blood lipid levels (Zhou et al., 2001). Metformin acts
through AMP-kinase to reduce insulin resistance, hyperinsulinemia and obesity
(Zhou et al., 2001) and in many cases the actions of metformin can be mimicked
by the AMP-kinase activator AICAR. However, metformin, unlike policosanol,
acts through LKB1 to activate AMP-kinase (Shaw et al., 2005).

The suppression of HMG-CoA reductase, besides affecting cholesterol
biosynthesis, could influence a variety of other physiological pathways, including
cell cycle progression, as a consequence of the decreased synthesis of
nonsterol mevalonate derivatives viz, farnesyl, geranyl and geranyl-geranyl
intermediates. These isoprenoids are necessary for prenylation of Ras and
Rho proteins involved in cell signaling that control cell proliferation. The
present studies could help us discover the role that policosanol might play in
regulating metabolic diseases like type Il diabetes through pharmacological

regulation of AMP-kinase.

Copyright © Subhashis Banerjee 2010

67



REFERENCES

American Heart Association. (2001) Heart and Stroke Statistical Update.
Cardiovascular Diseases. Available at:
http://americanheart.org/statistics/cvd.html.

Arruzazabala ML, Carbajal D, Mas R, Castano G, Sotolongo R (1991) Efecto del
Ateromixol (PPG) sobre los niveles de cholesterol serico en perros
Beagle.Revista CENIC Ciencias Biologicas 22:60-61

Arruzabala ML, Carbajal D, Mas R, llinait J, Laguna A, Castano G(1992) Efecto
del Ateromixol sobre el perfil lipidico de Conejos
normocolesterolemicos.Archivos Venezolanos de Farmacologia Yy Terapeutica
11:80-86

Arruzazabala ML, Carbajal D, Mas R, Molina V, Valdes S, Laguna
A.(1994)Cholesterol-lowering effects of policosanol in rabbits. Biol Res.
27(3-4):205-8.

Barnett-Norris J, Lynch D, Reggio PH (2005) Lipids, lipid rafts and caveolae: their
importance for GPCR signaling and their centrality to the endocannabinoid
system.Life Sci. 77(14):1625-39.

Becker DJ, Gordon RY, Halbert SC, French B, Morris PB, Rader DJ.(2009)Red
yeast rice for dyslipidemia in statin-intolerant patients: a randomized trial. Ann
Intern Med. 150(12):830-9.

Beg ZH, Allmann DW, Gibson DM.(1973)Modulation of
3-hydroxy-3-methylglutaryl coenzyme A reductase activity with cAMP and wth
protein fractions of rat liver cytosol. Biochem Biophys Res Commun.
54(4):1362-9.

68


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arruzazabala%20ML%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carbajal%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mas%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Molina%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Valdes%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Laguna%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Laguna%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biol%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Becker%20DJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gordon%20RY%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Halbert%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22French%20B%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morris%20PB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rader%20DJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Ann%20Intern%20Med.');
javascript:AL_get(this,%20'jour',%20'Ann%20Intern%20Med.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beg%20ZH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Allmann%20DW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gibson%20DM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biochem%20Biophys%20Res%20Commun.');

Beg ZH, Stonik JA, Brewer HB Jr.(1987)Modulation of the enzymic activity of
3-hydroxy-3-methylglutaryl coenzyme A reductase by multiple kinase systems

involving reversible phosphorylation: a review. Metabolism. 36(9):900-17.

Beg ZH, Stonik JA, Brewer Jr HB.(1978) 3-Hydroxy-3-methylglutaryl coenzyme
A reductase: regulation of enzymatic activity by phosphorylation and
dephosphorylation. Proc Natl Acad Sci U S A 75:3678-82

Bernard A and Carlier H (1991) Absorption and intestinal catabolism of fatty
acids in the rat: effect of chain length and unsaturation. Exp Physiol 76:
445-455.

Berthold HK, Unverdorben S, Degenhardt R, Bulitta M, and Gouni-Berthold 1
(2006) Effect of policosanol on lipid levels among patients with
hypercholesterolemia or combined hyperlipidemia. J Am Med Assoc
295:2262-2269.

Birnbaum MJ(2005) Activating AMP-Activated Protein Kinase without AMP
Molecular Cell 19(3):289-290

Brown MS, Goldstein JL (1986) A receptor-mediated pathway for cholesterol
homeostasis. Science 232(4746):34-47.

Carling D, Clarke PR, Zammit VA, Hardie DG.(1989) Purification and
characterization of the AMP-activated protein kinase. Copurification of
acetyl-CoA carboxylase kinase and 3-hydroxy-3-methylglutaryl-CoA reductase
kinase activities. Eur J Biochem. 186(1-2):129-36

Carling D, Zammit VA, Hardie DG.(1987)A common bicyclic protein kinase
cascade inactivates the regulatory enzymes of fatty acid and cholesterol
biosynthesis. FEBS Lett.223(2):217-22.

69


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beg%20ZH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stonik%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brewer%20HB%20Jr%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Metabolism.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brown%20MS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goldstein%20JL%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20%0d%0a'Science.');
javascript:AL_get(this,%20'jour',%20'Eur%20J%20Biochem.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carling%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zammit%20VA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hardie%20DG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'FEBS%20Lett.');

Castafo G, Mas R, Fernandez L, lllnait J, Mendoza S, Gamez R, Fernandez J,
Mesa M.(2005) A comparison of the effects of D-003 and policosanol (5 and 10
mg/day) in patients with type Il hypercholesterolemia: a randomized,
double-blinded study. Drugs Exp Clin Res.31 Suppl:31-44.

Castafo G, Mas R, Fernandez L, llinait J, Mesa M, Alvarez E, Lezcay M.(2003)
Comparison of the efficacy and tolerability of policosanol with atorvastatin in
elderly patients with type Il hypercholesterolaemia. Drugs Aging. 20(2):153-63.

Chagan L, loselovich A, Asherova L, Cheng JW (2002). Use of alternative
pharmacotherapy in management of cardiovascular diseases. Am J Manag Care.
8(3):270-85.

Chambers CM, Ness GC.(1997)Translational regulation of hepatic HMG-CoA
reductase by dietary cholesterol. Biochem Biophys Res Commun.
232(2):278-81.

Clark H, Carling D, Saggerson D.(2004)Covalent activation of heart
AMP-activated protein kinase in response to physiological concentrations of
long-chain fatty acids. Eur J Biochem.271(11):2215-24.

Clarke PR, Hardie DG.(1990) Regulation of HMG-CoA reductase: identification
of the site phosphorylated by the AMP-activated protein kinase in vitro and in
intact rat liver. EMBO J. Aug;9(8):2439-46.

Cruz-Bustillo D, Mederos D, Mas R, Arruzazabala L, Laguna A, Barreto
D,Martinez O(1991) Cholesterol lowering effect of Ateromixol (PPG) on fattening
hogs.Revista CENIC Ciencias Biologicas 22:62-63

Datta NS, Wilson GN, Hajra AK. (1984) Deficiency of enzymes catalyzing the
biosynthesis of glycerol-ether lipids in Zellweger syndrome. New Engl J Med
311:1080-1083.

70


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Casta%C3%B1o%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fern%C3%A1ndez%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Illnait%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mendoza%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22G%C3%A1mez%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fern%C3%A1ndez%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mesa%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Drugs%20Exp%20Clin%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Casta%C3%B1o%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mas%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fern%C3%A1ndez%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Illnait%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mesa%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alvarez%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lezcay%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Drugs%20Aging.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chagan%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ioselovich%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Asherova%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cheng%20JW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Am%20J%20Manag%20Care.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chambers%20CM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ness%20GC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biochem%20Biophys%20Res%20Commun.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clark%20H%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carling%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Saggerson%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Eur%20J%20Biochem.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clarke%20PR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hardie%20DG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'EMBO%20J.');

Davidson MH, Geohas CT (2003) Efficacy of over-the-counter nutritional
supplements. Curr Atheroscler Rep. 5(1):15-21.

Davies MJ, Judd JT, Baer DJ, Clevidence BA, Paul DR, Edwards AJ, Wiseman
SA, Muesing RA, Chen SC. (2003) Black tea consumption reduces total and LDL
cholesterol in mildly hypercholesterolemic adults. J Nutr. 133(10):3298S-3302S.

de Mattos-Dutra A, Sampaio de Freitas M, Schrdoder N, Fogaca Lisboa CS,
Pessoa-Pureur R, Wajner M (1997) In vitro phosphorylation of cytoskeletal
proteins in the rat cerebral cortex is decreased by propionic acid. Experimental
Neurology 147(2):238-247.

Dohadwala MM, Vita JA.(2009) Grapes and cardiovascular disease. J Nutr.
139(9):1788S-93S.

Dullens SP, Mensink RP, Bragt MC, Kies AK, Plat J. (2008) Effects of emulsified
policosanols with different chain lengths on cholesterol metabolism in

heterozygous LDL receptor-deficient mice. J Lipid Res. 49(4):790-6.

Egan BM, Lackland DT (1998) Strategies for cardiovascular disease prevention:

importance of public and community health programs. Ethn Dis. 8(2):228-39.

Escurriol V, Cofan M, Serra M, Bullo M, Basora J, Salas-Salvado J, Corella D,
Zazpe |, Martinez-Gonzalez MA, Ruiz-Gutiérrez V, Estruch R, Ros
E.(2009)Serum sterol responses to increasing plant sterol intake from natural
foods in the Mediterranean diet. Eur J Nutr. 48(6):373-82.

Espenshade PJ, Hughes AL. (2007) Regulation of sterol synthesis in
eukaryotes. Annu Rev Genet. 41:401-27.

Fisslthaler B, Fleming I, Keseru™ B, Walsh K, Busse R.(2007) Fluid shear stress

and NO decrease the activity of the hydroxy-methylglutaryl coenzyme A
reductase in endothelial cells via the AMP-activated protein kinase and FoxO1.

71


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Davidson%20MH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geohas%20CT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Curr%20Atheroscler%20Rep.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Davies%20MJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Judd%20JT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baer%20DJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clevidence%20BA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Paul%20DR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Edwards%20AJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wiseman%20SA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wiseman%20SA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Muesing%20RA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20SC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Nutr.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Mattos-Dutra%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sampaio%20de%20Freitas%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schr%C3%B6der%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Foga%C3%A7a%20Lisboa%20CS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pessoa-Pureur%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wajner%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dohadwala%20MM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vita%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Nutr.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dullens%20SP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mensink%20RP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bragt%20MC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kies%20AK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Plat%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Lipid%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Egan%20BM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lackland%20DT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Ethn%20Dis.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Escurriol%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cof%C3%A1n%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Serra%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bull%C3%B3%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Basora%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Salas-Salvad%C3%B3%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Corella%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zazpe%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mart%C3%ADnez-Gonz%C3%A1lez%20MA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ruiz-Guti%C3%A9rrez%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Estruch%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ros%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ros%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Eur%20J%20Nutr.');
javascript:AL_get(this,%20'jour',%20'Annu%20Rev%20Genet.');

Circ Res. 100:e12—-e21.

Franklin BA, Sanders W. (2000) Reducing the risk of heart disease and stroke.
Phys Sportsmed.28(10):19-26.

Garcia-Pelayo, M. C., Garcia-Peregrin, E., Martinez-Cayuela, M (2003)
Modification of phospholipids fatty acid composition in reuber H35 hepatoma
cells: effect on HMG-CoA reductase activity. J. Cell. Biochem. 90: 586—-591.

Gibson DM, Ingebritsen TS (1978) Reversible modulation of liver
hydroxymethylglutaryl CoA reductase. Life Sci. 23(27-28):2649-64.

Goldstein JL, Brown MS (1990) Regulation of the mevalonate pathway. Nature
343(6257):425-30.

Gouni-Berthold I, Berthold HK (2002) Policosanol: clinical pharmacology and

therapeutic significance of a new lipid-lowering agent. Am Heart J.143(2):356-65.

Gupta N, Porter TD. (2001) Garlic and garlic-derived compounds inhibit human
squalene monooxygenase. J Nutr.131(6):1662-7.

Hanahan, D. (1983). Studies on Transformation of Escherichia coli with
Plasmids. J. Mol. Biol. 166: 557-580.

Hardie DG, Salt IP, Hawley SA, Davies SP.(1999) AMP-activated protein kinase:
an ultrasensitive system for monitoring cellular energy charge. Biochem J 338:
717-722.

Hardie DG, Scott JW, Pan DA, Hudson ER (2003) Management of cellular
energy by the AMP-activated protein kinase system. FEBS Lett 546:113-120

Hardie DG.(2003) Minireview: the AMP-activated protein kinase cascade: the key
sensor of cellular energy status. Endocrinology.144(12):5179-83.

Hargrove JL, Greenspan P, Hartle DK (2004) Nutritional significance and

72


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Franklin%20BA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanders%20W%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Phys%20Sportsmed.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gibson%20DM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ingebritsen%20TS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Life%20Sci.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goldstein%20JL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brown%20MS%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Nature.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gouni-Berthold%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Berthold%20HK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gupta%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Porter%20TD%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Nutr.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hardie%20DG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Endocrinology.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hargrove%20JL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Greenspan%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hartle%20DK%22%5BAuthor%5D

metabolism of very long chain fatty alcohols and acids from dietary waxes. Exp
Biol Med (Maywood) 229: 215-26

Hawley SA, Boudeau J and Reid JL et al.(2003) Complexes between the LKB1
tumor suppressor, STRADalpha/beta and MOZ25alpha/beta are upstream

kinases in the AMP-activated protein kinase cascade, J Biol 2 : 28.

Hawley SA, Pan DA, Mustard KJ, Ross L, Bain J, Edelman AM et al.(2005)
Calmodulin-dependent protein kinase kinase-beta is an alternative upstream

kinase for AMP-activated protein kinase. Cell Metab 2: 9-19.

Heymans HSA, Schutgens RBH, Tan R, van den Bosch H,Borst P.( 1983)
Severe plasmalogen deficiency in tissues of infants without peroxisomes
(Zellweger syndrome). Nature 306:69—-70.

Heymans HSA, van den Bosch H, Schutgens RBH, Tegelaers WHH, Walther
J-U, Muller-Hocker J, Borst P(1984)Deficiency of plasmalogens in the

cerebro-hepato-renal (Zellweger) syndrome. Eur J Pediatr 142:10-15

Higgins JA (2004) Resistant starch: metabolic effects and potential health
benefits, J. AOAC Int. 287:761-768.

Hurley R.L., Anderson K.A. and Franzone J.M. et al. (2005) The Ca*
calmodulin-dependent protein kinase kinases are AMP-activated protein kinase
kinases, J Biol Chem 280(32):29060-29066

Ingebritsen TS, Lee HS, Parker RA, Gibson DM.(1978)Reversible modulation of
the activities of both liver microsomal hydroxymethylglutaryl coenzyme A
reductase and its inactivating enzyme. Evidence for regulation by
phosphorylation-dephosphorylation. Biochem Biophys Res
Commun.81(4):1268-77.

73


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ingebritsen%20TS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20HS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Parker%20RA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gibson%20DM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biochem%20Biophys%20Res%20Commun.');
javascript:AL_get(this,%20'jour',%20'Biochem%20Biophys%20Res%20Commun.');

Istvan ES, Deisenhofer J.(2000)The structure of the catalytic portion of human
HMG-CoA reductase. Biochim Biophys Acta.1529(1-3):9-18.

Janikula M.( 2002) Policosanol: a new treatment for cardiovascular disease?
Altern Med Rev. 7(3):203-17.

Johnston CS, Kim CM, Buller AJ. (2004) Vinegar improves insulin sensitivity to a
high-carbohydrate meal in subjects with insulin resistance or type 2 diabetes.
Diabetes Care. 27(1):281-2.

Jones PJ, Pencharz PB & Clandinin MT (1985a) Absorption of 13C-labeled
stearic, oleic, and linoleic acids in humans: application to breath tests. J Lab Clin
Med 105: 647-652.

Jones PJ, Pencharz PB & Clandinin MT (1985b) Whole body oxidation of dietary
fatty acids: implications for energy utilization. Am J Clin Nutr 42:769-777.

Kabir Y & Kimura S (1995) Tissue distribution of (8-14C)-octacosanol in liver and
muscle of rats after serial administration. Ann Nutr Metab 39:279-284.

Kabir Y, Kimura S.(1993) Biodistribution and metabolism of orally administered
octacosanol in rats. Ann Nutr Metab.37(1):33-8.

Kassis AN, Kubow S, Jones PJ.(2009) Sugar cane policosanols do not reduce

LDL oxidation in hypercholesterolemic individuals. Lipids.44(5):391-6.

Kawaguchi T, Osatomi K, Yamashita H, Kabashima T, Uyeda K
(2002)Mechanism for fatty acid “sparing” effect on glucose-induced transcription:
regulation of carbohydrate-responsive element-binding protein by AMP-activated
protein kinase, J. Biol. Chem. 277:3829-3835.

Koo SI, Noh SK. (2007) Green tea as inhibitor of the intestinal absorption of lipids:
potential mechanism for its lipid-lowering effect. J Nutr Biochem. 18(3):179-83.

74


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Istvan%20ES%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Deisenhofer%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biochim%20Biophys%20Acta.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Janikula%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Altern%20Med%20Rev.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Johnston%20CS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20CM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Buller%20AJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Diabetes%20Care.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kabir%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kimura%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Ann%20Nutr%20Metab.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kassis%20AN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kubow%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20PJ%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Lipids.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koo%20SI%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Noh%20SK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Nutr%20Biochem.');

Kou R, Sartoretto J, Michel T. J Biol Chem. (2009 ).Regulation of Racl by
simvastatin in endothelial cells: differential roles of AMP-activated protein kinase
and calmodulin-dependent kinase kinase-beta. 284(22):14734-43

Kudo N, Barr AJ, Barr RL, Desai S, Lopaschuk GD.(1995) High rates of fatty
acid oxidation during reperfusion of ischemic hearts are associated with a
decrease in malonyl-CoA levels due to an increase in 5_-AMP-activated protein
kinase inhibition of acetyl-CoA carboxylase. J Biol Chem. 270:17513-17520.

Laden BP and Porter TD (2001) Resveratrol inhibits human squalene

monooxygenase. Nutr Res 21:747-753

Lehninger AL, Nelson DL, Cox MM (2008) Principles of biochemistry 5" edition
Chapter 6(3): 203-212.

Leifert WR, Abeywardena MY.(2008) Cardioprotective actions of grape
polyphenols. Nutr Res.28(11):729-37.

Leifert WR, Abeywardena MY.(2008) Grape seed and red wine polyphenol
extracts inhibit cellular cholesterol uptake, cell proliferation, and 5-lipoxygenase
activity. Nutr Res. 2008 Dec;28(12):842-50.

Leonard DA, Kotarski MA, Tessiatore JE, Favata MF, Trzaskos
JM.(1994)Post-transcriptional regulation of 3-hydroxy-3-methylglutaryl
coenzyme A reductase by 3 beta-hydroxy-lanost-8-en-32-al, an intermediate in
the conversion of lanosterol to cholesterol. Arch Biochem Biophys. 310(1):152-7.

Levine, Y. C., Li, G. K., and Michel, T. (2007) Agonist-modulated regulation of
AMP-activated protein kinase (AMPK) in endothelial cells. Evidence for an
AMPK -> Racl -> Akt -> endothelial nitric-oxide synthase pathway.J. Biol. Chem.
282(28):20351-20364

Lin Y, Rudrum M, van der Wielen RP, Trautwein EA, McNeill G, Sierksma A &

75


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kou%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sartoretto%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Michel%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leifert%20WR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abeywardena%20MY%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Nutr%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leifert%20WR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abeywardena%20MY%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Nutr%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leonard%20DA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kotarski%20MA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tessiatore%20JE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Favata%20MF%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Trzaskos%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Trzaskos%20JM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Arch%20Biochem%20Biophys.');

Meijer GW (2004) Wheat germ policosanol failed to lower plasma cholesterol in
subjects with normal to mildly elevated cholesterol concentrations. Metabolism
53:1309-1314.

Livak, K.J. and Schmittgen T.D. (2001) Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods.
25(4):402-08.

Luiken JJ.(2009) Sarcolemmal fatty acid uptake vs. mitochondrial beta-oxidation
as target to regress cardiac insulin resistance. Appl Physiol Nutr Metab.
34(3):473-80.

Marinangeli, C. P., A. N. Kassis, D. Jain, N. Ebine, S. C. Cunnane, and P. J.
Jones(2007). Comparison of composition and absorption of sugarcane
policosanols. Br. J. Nutr. 97: 381-388.

McGowan MP, Proulx S. (2009) Nutritional supplements and serum lipids: does
anything work? Curr Atheroscler Rep. 11(6):470-6.

Menendez R, Amor AM, Gonzalez RM, Fraga V, Mas R.(1996)Effect of
policosanol on the hepatic cholesterol biosynthesis of normocholesterolemic
rats.Biol Res.29(2):253-7.

Menendez R, Amor AM, Rodeiro |, Gonzalez RM, Gonzalez PC, Alfonso JL, Mas
R (2001a) Policosanol modulates HMG-CoA reductase activity in cultured
fibroblasts. Arch Med Res 32(1):8-12.

Menéndez R, Arruzazabala L, Mas R, Del Rio A, Amor AM, Gonzéalez RM,
Carbajal D, Fraga V, Molina V, lllnait J. (1997). Cholesterol-lowering effect of
policosanol on rabbits with hypercholesterolaemia induced by a wheat
starch-casein diet. Br. J. Nutr. 77(6): 923-932

76


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Luiken%20JJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Appl%20Physiol%20Nutr%20Metab.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McGowan%20MP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Proulx%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Curr%20Atheroscler%20Rep.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Menendez%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amor%20AM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonzalez%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fraga%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mas%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biol%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Men%C3%A9ndez%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amor%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rodeiro%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonz%C3%A1lez%20RM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonz%C3%A1lez%20PC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alfonso%20JL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Arch%20Med%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Men%C3%A9ndez%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arruzazabala%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Del%20R%C3%ADo%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amor%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonz%C3%A1lez%20RM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carbajal%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fraga%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Molina%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Illnait%20J%22%5BAuthor%5D

Menendez R, Fernandez Sl, Del Rio A, Gonzalez RM, Fraga V, Amor AM, Mas
RM.(1994)Policosanol inhibits cholesterol biosynthesis and enhances low
density lipoprotein processing in cultured human fibroblasts.Biol Res.
27(3-4):199-203.

Menéndez R, Marrero D, Mas R, Fernandez |, Gonzalez L, Gonzalez RM.(2005)
In vitro and in vivo study of octacosanol metabolism. Arch Med Res.36(2):113-9.

Menéndez R, Mas R, Amor AM, Ledon N, Pérez J, Gonzalez RM, Rodeiro I,
Zayas M, Jiménez S.(2002)Inhibition of rat lipoprotein lipid peroxidation by the
oral administration of D003, a mixture of very long-chain saturated fatty acids.
Can J Physiol Pharmacol. 80(1):13-21.

Menéndez R, Mas R, Amor AM, Rodeiros |, Gonzalez RM, Alfonso
JL.(2001b)Inhibition of cholesterol biosynthesis in cultured fibroblasts by D003, a

mixture of very long chain saturated fatty acids. Pharmacol Res.44(4):299-304.

Menéndez R, Mas R, Pérez J, Gonzalez RM, Jiménez S.( 2004)Oral
administration of D-003, a mixture of very long chain fatty acids prevents
casein-induced endogenous hypercholesterolemia in rabbits. Can J Physiol
Pharmacol.82(1):22-9.

Mortensen P.B., Clausen M.R.(1996) Short-chain fatty acids in the human colon:
relation to gastrointestinal health and disease Scand. J. Gastroenterol. Suppl.
216:132-148.

Motoshima H, Goldstein BJ, Igata M, Araki E (2006) AMPK and cell
proliferation--AMPK as a therapeutic target for atherosclerosis and cancer. J
Physiol. 574(1):63-71.

Munday MR, Hemingway CJ.(1999)The regulation of acetyl-CoA carboxylase--a
potential target for the action of hypolipidemic agents. Adv Enzyme Regul.
39:205-34.

77


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Menendez%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fernandez%20SI%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Del%20Rio%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonzalez%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fraga%20V%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amor%20AM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mas%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mas%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biol%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Men%C3%A9ndez%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marrero%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fern%C3%A1ndez%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonz%C3%A1lez%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonz%C3%A1lez%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Arch%20Med%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Men%C3%A9ndez%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amor%20AM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Led%C3%B3n%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9rez%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonz%C3%A1lez%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rodeiro%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zayas%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jim%C3%A9nez%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Can%20J%20Physiol%20Pharmacol.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Men%C3%A9ndez%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Amor%20AM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rodeiros%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonzalez%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alfonso%20JL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alfonso%20JL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Pharmacol%20Res.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Men%C3%A9ndez%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22P%C3%A9rez%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gonz%C3%A1lez%20RM%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jim%C3%A9nez%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Can%20J%20Physiol%20Pharmacol.');
javascript:AL_get(this,%20'jour',%20'Can%20J%20Physiol%20Pharmacol.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Motoshima%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goldstein%20BJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Igata%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Araki%20E%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'J%20Physiol.');
javascript:AL_get(this,%20'jour',%20'J%20Physiol.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Munday%20MR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hemingway%20CJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Adv%20Enzyme%20Regul.');

Murthy, S., Albright, E., Mathur, S. N., Field, F. J (1988) Modification of Caco-2
cell membrane fatty acid composition by eicosapentaenoic acid and palmitic acid:

effect on cholesterol metabolism. J. Lipid Res. 29: 773-780.

Ness GC, Chambers CM.(2000) Feedback and hormonal regulation of hepatic
3-hydroxy-3-methylglutaryl coenzyme A reductase: the concept of cholesterol
buffering capacity. Proc Soc Exp Biol Med. 224(1):8-19.

Noa M, Mas R, de la Rosa MC, Magraner J. (1995) Effect of policosanol on
lipofundin-induced atherosclerotic lesions in rats. J. Pharm. Pharmacol. 47:
289-291.

Peffley DM and Gayen AK (2003) Plant-Derived Monoterpenes Suppress
Hamster Kidney Cell 3-Hydroxy-3-Methylglutaryl Coenzyme A Reductase
Synthesis at the Post-Transcriptional Level J. Nutr. 133:38-44

Qureshi AA, Abuirmeileh N, Din ZZ, Elson CE, Burger WC (1983) Inhibition of
cholesterol and fatty acid biosynthesis in liver enzymes and chicken hepatocytes
by polar fractions of garlic. Lipids. 18:343-8

Riendeau D, Meighen E.(1985) Enzymatic reduction of fatty acids and acyl-CoAs
to long chain aldehydes and alcohols. Experientia. 41(6):707-13.

Rizzo WB (1998). Inherited disorders of fatty alcohol metabolism. Mol Genet
Metab. 65(2):63-73.

Rizzo WB, Craft DA, Dammann AL, Phillips MW.(1987)Fatty alcohol metabolism
in cultured human fibroblasts. Evidence for a fatty alcohol cycle. J Biol Chem.
262(36):17412-9.

Rizzo WB, Craft DA.(2000) Sjogren-Larsson syndrome: accumulation of free

fatty alcohols in cultured fibroblasts and plasma. J Lipid Res 41:1077-1081

Rizzo WB, Lin Z, Carney G. (2001) Fatty aldehyde dehydrogenase: genomic

78


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ness%20GC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chambers%20CM%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Proc%20Soc%20%0d%0aExp%20Biol%20Med.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Noa%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A1s%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20la%20Rosa%20MC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Magraner%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Riendeau%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Meighen%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Experientia.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rizzo%20WB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Mol%20Genet%20Metab.');
javascript:AL_get(this,%20'jour',%20'Mol%20Genet%20Metab.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rizzo%20WB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Craft%20DA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dammann%20AL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Phillips%20MW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');

structure, expression and mutation analysis in Sjogren-Larsson syndrome.
Chem Biol Interact 130-132:297-307

Rodal SK, Skretting G, Garred O, Vilhardt F, Deurs B, Sandvig K (1999)
Extraction of Cholesterol with Methyl-b-Cyclodextrin Perturbs Formation of
Clathrin-coated Endocytic

Vesicles Molecular Biology of the Cell 10:961-974

Rodrguez-Echenique C, Mesa R, Mas R, Noa M, Menendez R, Gonzalez M,
Amor AM, Fraga V, Sotolongo V, Laguna A (1994) Effects of policiosanol
chronically administered in male monkeys(Macaca arctoides).Fd Chem
Toxic.32(6):565-575

Rodriguez-Echenique C, Mesa R, Mas R, Amor AM, Castano G (1992) Estudio
del efecto sobre los lipidos y lipoproteinas sericos y de la tolerancia al tratamiento
oral con dosis crecientes de Ateromixol(PPG) en monos Macaca

arctoides.Archivos Venezolanos de Farmacologia y Terapeutica 11:74-79

Roitelman J, Olender EH, Bar-Nun S, Dunn WA, Simoni RD (1992)
Immunological evidence for eight spans in the membrane domain of
3-hydroxy-3-methylglutaryl coenzyme A reductase: implications for enzyme

degradation in the endoplasmic reticulum. J. Cell Biol. 117 (5): 959-73.

Sakakibara S, Yamauchi T, Oshima Y, Tsukamoto Y, Kadowaki T. (2006) Acetic
acid activates hepatic AMPK and reduces hyperglycemia in diabetic KK-A(y)
mice. Biochem Biophys Res Commun. 344(2):597-604.

Sakamoto K, McCarthy A, Smith D, Green KA, Hardie GD, Ashworth A et al.
(2005) Deficiency of LKB1 in skeletal muscle prevents AMPK activation and
glucose uptake during contraction. EMBO J 24: 1810-1820.

Sakamoto K, Zarrinpashneh E, Budas GR, Pouleur AC, Dutta A, Prescott AR et

al.(2006) Deficiency of LKB1 in heart prevents ischemia-mediated activation of

79


http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=2289486
http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=2289486
http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=2289486
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sakakibara%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yamauchi%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Oshima%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tsukamoto%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kadowaki%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biochem%20Biophys%20Res%20Commun.');

AMPKalpha2 but not AMPKalphal. Am J Physiol 290: E780—-E788.

Saks V, Favier R, Guzun R, Schlattner U, Wallimann T.(2006) Molecular system
bioenergetics: regulation of substrate supply in response to heart energy
demands J Physiol 577.3:769-777

Sallee VL (1979) Permeation of long-chain fatty acids and alcohols in rat
intestine. Am J Physiol 236:E721-E727.

Sallee VL and Dietschy JM (1973) Determinants of intestinal mucosal uptake of

short- and medium-chain fatty acids and alcohols. J Lipid Res 14:475-484.

Sanclemente T, Marques-Lopes |, Puzo J, Garcia-Otin AL.( 2009) Role of
naturally-occurring plant sterols on intestinal cholesterol absorption and

plasmatic levels. J Physiol Biochem. 65(1):87-98.

Schutgens RBH, Romeyn GJ, Wanders RJA, van den Bosch H, Schrakamp G,
Heymans HSA.(1984) Deficiency of acyl-CoA: dihydroxyacetone phosphate
acyltransferase in patients with Zellweger (cerebro-hepato-renal) syndrome.
Biochem Biophys Res Commun 120:179-184.

Scott JW, Hawley SA, Green KA, Anis M, Stewart G, Scullion GA, Norman DG,
Hardie DG. (2004) CBS domains form energy-sensing modules whose binding
of adenosine ligands is disrupted by disease mutations. J Clin Invest 113:
274-284.

Shaw R.J., Kosmatka M. and Bardeesy N. et al. (2004) The tumor suppressor

LKB1 kinase directly activates AMP-activated kinase and regulates apoptosis in
response to energy stress, Proc Natl Acad Sci USA 101: 3329-3335.

80


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanclemente%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marques-Lopes%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Puzo%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Garc%C3%ADa-Ot%C3%ADn%20AL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Physiol%20Biochem.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scott%20JW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hawley%20SA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Green%20KA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Anis%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stewart%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scullion%20GA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Norman%20DG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hardie%20DG%22%5BAuthor%5D

Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho RA et al.(2005)
The kinase LKB1 mediates glucose homeostasis in liver and therapeutic effects
of metformin. Science 310: 1642-1646

Singh DK, Li L, Porter TD. (2006) Policosanol inhibits cholesterol synthesis in
hepatoma cells by activation of AMP-kinase. J Pharmacol
ExpTher.318(3):1020-6

Singh DK, Porter TD.( 2006) Inhibition of sterol 4alpha-methyl oxidase is the
principal mechanism by which garlic decreases cholesterol synthesis. J Nutr.
136(3 Suppl):759S-764S.

Singh H, Derwas N, Poulos A (1987) Very long chain fatty acid - oxidation by rat

liver mitochondria and peroxisomes.Arch Biochem Biophys 259:382-90

Song BL, Javitt NB, DeBose-Boyd RA (2005) Insig-mediated degradation of
HMG CoA reductase stimulated by lanosterol, an intermediate in the synthesis of
cholesterol. Cell Metab. 1:179-89

Steinberg D. (2004) An interpretive history of the cholesterol controversy: part 1.
J Lipid Res. 45:1583-93.

Steinberg D.(2005) An interpretive history of the cholesterol controversy: part 2:
The early evidence linking hypercholesterolemia to coronary disease in humans.
J Lipid Res. 46:179-90.

Taylor EB, Ellingson WJ, Lamb JD, Chesser DG, Compton CL, Winder WW.
(2006) Evidence against regulation of AMP-activated protein kinase and
LKB1/STRAD/MO25 activity by creatine phosphate Am J Physiol Endocrinol
Metab 290(4): E661-E669

Towler MC, Hardie DG.(2007) AMP-activated protein kinase in metabolic control
and insulin signaling. Circ Res. 100(3):328-41.

81


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Singh%20DK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Porter%20TD%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Pharmacol%20Exp%20Ther.');
javascript:AL_get(this,%20'jour',%20'J%20Pharmacol%20Exp%20Ther.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Singh%20DK%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Porter%20TD%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Nutr.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Taylor%20EB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ellingson%20WJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lamb%20JD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chesser%20DG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Compton%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Winder%20WW%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Circ%20Res.');

Varady KA, Wang Y, Jones PJ.( 2003) Role of policosanols in the prevention and

treatment of cardiovascular disease. Nutr Rev. 61(11):376-83.

Velasquez MT, Bhathena SJ. (2007) Role of dietary soy protein in obesity. Int J
Med Sci. 4(2):72-82.

Viollet B, Mounier R, Leclerc J, Yazigi A, Foretz M, Andreelli F(2007)Targeting
AMP-activated protein kinase as a novel therapeutic approach for the treatment
of metabolic disorders. Diabetes Metab. 33:395-402.

Wang YW, Jones PJ, Pischel |, Fairow C.(2003)Effects of policosanols and
phytosterols on lipid levels and cholesterol biosynthesis in hamsters. Lipids.
38(2):165-70.

Weinhofer |, Forss-Petter S, Zigman M, Berger J.(2002) Cholesterol regulates
ABCD2 expression: implications for the therapy of X-linked
adrenoleukodystrophy. Hum Mol Genet 11:2701-2708.

Wong JM, de Souza R, Kendall CW, Emam A, Jenkins DJ.(2006) Colonic health:
fermentation and short chain fatty acids.J Clin Gastroenterol.40(3):235-43.

Woods A, Dickerson K, Heath R, Hong SP, Momcilovic M, Johnstone SR et
al.(2005) Ca?*/calmodulin-dependent protein kinase kinase-beta acts upstream

of AMP-activated protein kinase in mammalian cells. Cell Metab 2: 21-33.

Woods A, Johnstone SR, Dickerson K, Leiper FC, Fryer LG, Neumann D,
Schlattner U, Wallimann T, Carlson M, Carling D. (2003) LKB1 is the upstream
kinase in the AMP-activated protein kinase cascade Curr Biol 13(22):2004—2008

Wright CM, Zielke JC, and Whayne TF (2005) Policosanol, an aliphatic alcohol
sugarcane derivative: use in patients intolerant of or inadequately responsive to
statin therapy. Int J Angiol 13:173-175.

82


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Varady%20KA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20PJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Nutr%20Rev.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Velasquez%20MT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bhathena%20SJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Int%20J%20Med%20Sci.');
javascript:AL_get(this,%20'jour',%20'Int%20J%20Med%20Sci.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20YW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20PJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pischel%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fairow%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Lipids.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wong%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Souza%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kendall%20CW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Emam%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jenkins%20DJ%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'J%20Clin%20Gastroenterol.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Woods%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Johnstone%20SR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dickerson%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leiper%20FC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fryer%20LG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Neumann%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schlattner%20U%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wallimann%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carlson%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carling%20D%22%5BAuthor%5D

Xie Z, Dong Y, Scholz R, Neumann D, Zou MH.(2008)Phosphorylation of LKB1 at
serine 428 by protein kinase C-zeta is required for metformin-enhanced
activation of the AMP-activated protein kinase in endothelial cells. Circulation
117(7):952-62.

Xie ZQ, Liang G, Zhang L, Wang Q, Qu Y, Gao Y, Lin LB, Ye S, Zhang J, Wang
H, Zhao GP, Zhang QH. (2009) Molecular mechanisms underlying the
cholesterol-lowering effect of Ginkgo biloba extract in hepatocytes: a

comparative study with lovastatin. Acta Pharmacol Sin. 30(9):1262-75.

Zammit VA, Easom RA.(1987)Regulation of hepatic HMG-CoA reductase in vivo
by reversible phosphorylation. Biochim Biophys Acta. 927(2):223-8.

Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, Wu M, Ventre J,
Doebber T, Fujii N, Musi N, Hirshman MF, Goodyear LJ, Moller DE.(2001)Role of
AMP-activated protein kinase in mechanism of metformin action. J Clin Invest.
108(8):1167-74.

Zydowo MM, Smolenski RT, Swierczynski J. (1993) Acetate-induced changes of

adenine nucleotide levels in rat liver. Metabolism 42(5):644—648

83


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xie%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dong%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scholz%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Neumann%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zou%20MH%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Circulation.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xie%20ZQ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liang%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhang%20L%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20Q%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Qu%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gao%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lin%20LB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ye%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhang%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20H%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20H%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhao%20GP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhang%20QH%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Acta%20Pharmacol%20Sin.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zammit%20VA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Easom%20RA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biochim%20Biophys%20Acta.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhou%20G%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Myers%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shen%20X%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fenyk-Melody%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wu%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ventre%20J%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Doebber%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fujii%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Musi%20N%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hirshman%20MF%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goodyear%20LJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'J%20Clin%20Invest.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zydowo%20MM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smole%C5%84ski%20RT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Swierczy%C5%84ski%20J%22%5BAuthor%5D

VITA

PERSONAL INFORMATION

Name: Subhashis Banerjee
Date of Birth: November 3, 1978
Place of Birth: Kolkata, India
EDUCATION

2004- 2010

Graduate Center for Toxicology,

University of Kentucky, Lexington, Kentucky, USA

2000- 2002
M.Sc in Zoology,

University of Kalyani, West Bengal, India
1997-2000

BSc in Zoology,

University of Calcutta, West Bengal, India

WORK EXPERIENCE

2002-2003 Researcher in Department of Hematology, NRSMCH
Kolkata, India

84



UNIVERSITY SERVICE

University of Kentucky

2007-2009 Resident Council, Graduate and Family Housing,
University of Kentucky, Lexington Vice Chair

HONORS AND AWARDS

2004- 2005 Research Challenge Trust Fund Scholarship,
University of Kentucky

2007 SOT graduate student travel award at the annual SOT

conference in Charlotte, North Carolina

2010 ASPET graduate student travel award at the

Experimental Biology conference in Anaheim, California

PUBLICATIONS

Banerjee S, Ghoshal S and Porter TD. Activation of AMP-kinase by

policosanol requires peroxisomal metabolism (submitted)

Banerjee S, Stolarczyk E and Porter TD. Suppression of cytochrome P450

reductase expression in hepatoma cells replicates the hepatic lipidosis

85



observed in hepatic reductase-null mice (in preparation)

Singh DK, Banerjee S, Porter TD. Green and black tea extracts inhibit
HMG-CoA reductase and activate AMP kinase to decrease cholesterol
synthesis in hepatoma cells. Journal of Nutritional Biochemistry (2008) PMID:
18926682

Glauert HP, Tharappel JC, Banerjee S, Chan NL, Kania-Korwel I, Lehmler HJ,
Lee EY, Robertson LW, Spear BT. Inhibition of the promotion of
hepatocarcinogenesis by 2,2',4,4',5,5'-hexachlorobiphenyl (PCB-153) by
the deletion of the p50 subunit of NF-kappaB in mice. Toxicology and
Applied Pharmacology (2008) PMID: 18644402

Glauert HP, Tharappel JC, Lu Z, Stemm D, Banerjee S, Chan LS, Lee EY,
Lehmler HJ, Robertson LW, Spear BT. Role of oxidative stress in the
promoting activities of PCBs . Environmental Toxicology and
Pharmacology (2008), 25(2), 247-250 PMID: 19122744

PRESENTATIONS

Todd D Porter, Subhashis Banerjee, and Elzbieta | Stolarczyk (2010)
Suppression of cytochrome P450 reductase expression in hepatoma cells
replicates the hepatic lipidosis observed in hepatic reductase-null mice.

Annual Experimental Biology meeting, Anaheim, CA.

Subhashis Banerjee and Todd D Porter (2010) Tea and policosanol act
through different mechanisms to activate AMP-kinase and suppress
HMG-CoA reductase to inhibit cholesterol synthesis. Annual Experimental

Biology meeting, Anaheim, CA,

86


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Glauert%20HP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Tharappel%20JC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Banerjee%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Chan%20NL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kania-Korwel%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lehmler%20HJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lee%20EY%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Robertson%20LW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Spear%20BT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Glauert%20HP%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Tharappel%20JC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lu%20Z%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Stemm%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Banerjee%20S%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Chan%20LS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lee%20EY%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Lehmler%20HJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Robertson%20LW%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

Subhashis Banerjee and Todd D. Porter (2009) Activation of AMP-kinase and
suppression of HMG-CoA reductase by policosanol requires peroxisomal
metabolism. Gill Heart Cardiovascular Research Conference, Lexington, KY

Elzbieta Stolarczyk, Subhashis Banerjee and Todd D. Porter (2009)
Suppression of cytochrome P450 reductase expression in hepatoma cells
replicates the hepatic lipidosis observed in hepatic reductase-null mice Gill

Heart Cardiovascular Research Conference, Lexington, KY.

Daniel Katz , Subhashis Banerjee and Todd Porter (2009) Activation of
AMP-Kinase in Mouse Liver Following Oral Administration of Policosanol
Summer Undergraduate Research Program Poster Session University of

Kentucky, Lexington.

Subhashis Banerjee and Todd D. Porter (2009) Inhibition of cholesterol
synthesis by tea and policosanol: Identification of the pathways by which
these botanicals activate AMP-kinase 50" anniversary meeting of the
American Society of Pharmacognosy, Honolulu, Hawaii and The Gordon
Research Conference on Molecular and Cellular Biology of Lipids, Waterville
Valley, NH.

Subhashis Banerjee, Dev K Singh and Todd Porter (2008) Mechanisms
underlying the hypocholesterolemic effects of green and black tea extracts

Gill Heart Cardiovascular Research Conference, Lexington, KY 2008.

Melissa Douglas, Subhashis Banerjee, Elzbieta Stolarczyk, Todd Porter (2008)
Small Interfering RNA-Mediated Silencing of Cytochrome P450 Reductase

87



in Rat Hepatoma Cells Summer Undergraduate Research Program Poster

Session University of Kentucky, Lexington.

Subhashis Banerjee, Lap Shun Chan, Job C. Tharappel, Brett T. Spear,
Hans-Joachim Lehmler, Larry W. Robertson and Howard P. Glauert (2007)
Alteration of growth regulation during the promotion of
hepatocarcinogenesis by PCBs in mice lacking the p50 subunit of NF-kB

Annual Meeting of the Society of Toxicology, Charlotte, NC.

88



	INHIBITION OF CHOLESTEROL SYNTHESIS BY POLICOSANOL
	Recommended Citation

	ABSTRACT
	TITLE PAGE
	DEDICATION
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1:BACKGROUND
	Use of natural products to lower cholesterol
	Policosanol lowers blood cholesterol
	Policosanol decreases cholesterol synthesis
	Composition and metabolism of policosanol
	Regulation of HMG-CoA reductase activity
	Very long chain fatty alcohol metabolism
	Inhibition of cholesterol synthesis in hepatoma cells by policosanol


	CHAPTER 2:EXPERIMENTAL RATIONALE
	Specific Aims

	CHAPTER 3:MATERIALS AND METHODS
	Chemicals
	Policosanol
	Cell culture
	Animals
	Gel electrophoresis and immunoblotting
	Immunoprecipitation
	Plasmid preparation
	Transfections
	RT-PCR

	CHAPTER 4:RESULTS
	Phosphorylation of AMP-kinase and HMG-CoA reductase after policosanol treatment
	Activation of pathways upstream of AMP-kinase by policosanol
	Activation of AMP-kinase by policosanol requires peroxisomal metabolism
	Activation of AMP-kinase by policosanol results from the generation of excess acetyl-CoA via peroxisomal metabolism
	Policosanol does not activate AMP-kinase in the small intestine

	CHAPTER 5:SUMMARY OF RESULTS
	CHAPTER 6:DISCUSSION
	REFERENCES
	VITA

