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Metabolic Syndrome and Mitochondrial Function:
Molecular Replacement and Antioxidant Supplements
to Prevent Membrane Peroxidation and Restore
Mitochondrial Function

Garth L. Nicolson*

Department of Molecular Pathology, The Institute for Molecular Medicine,
Huntington Beach, California 92647

Abstract Metabolic syndrome consists of a cluster of metabolic conditions, such as hypertriglyeridemia, hyper-
low-density lipoproteins, hypo-high-density lipoproteins, insulin resistance, abnormal glucose tolerance and hyperten-
sion, that—in combination with genetic susceptibility and abdominal obesity—are risk factors for type 2 diabetes,
vascular inflammation, atherosclerosis, and renal, liver and heart disease. One of the defects in metabolic syndrome and
its associated diseases is excess cellular oxidative stress (mediated by reactive oxygen and nitrogen species, ROS/RNS) and
oxidative damage to mitochondrial components, resulting in reduced efficiency of the electron transport chain. Recent
evidence indicates that reduced mitochondrial function caused by ROS/RNS membrane oxidation is related to fatigue, a
common complaint of MS patients. Lipid replacement therapy (LRT) administered as a nutritional supplement with
antioxidants can prevent excess oxidative membrane damage, restore mitochondrial and other cellular membrane
functions and reduce fatigue. Recent clinical trials have shown the benefit of LRT plus antioxidants in restoring
mitochondrial electron transport function and reducing moderate to severe chronic fatigue. Thus LRT plus antioxidant
supplements should be considered for metabolic syndrome patients who suffer to various degrees from fatigue. J. Cell.
Biochem. 9999: 1-18, 2007. © 2007 Wiley-Liss, Inc.
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METABOLIC SYNDROME mia (increased triacylglyerols, increased levels
of small and dense low-density lipoproteins and
reduced levels of high-density lipoproteins),
elevated blood pressure, and the presence of
prothrombotic and proinflammatory states
[Grundy, 2006]. MS has also been termed
Syndrome X [Reaven, 1993] and insulin-resis-
tance syndrome [Einhorn et al., 2003], and it is
estimated that over 22% of the U.S. population
have MS. In the age group over 60, over 40%
have MS [Ford et al., 2002; Park et al., 2003].
Four separate organizations have validated the
above risk factors in various diseases, such as
coronary heart disease (CHD), type 2 diabetes,

Metabolic syndrome (MS) is a term that evolv-
ed from the 1920s observations of a Swedish
physician [Kylin, 1923] as a cluster of metabolic
risk factors for cardiovascular disease, type 2
diabetes and other disorders [Eckel et al., 2005].
MS is a complex syndrome made up of several
interrelated disturbances of glucose and lipid
homeostasis [Fonseca, 2005]. The major risk
factors for MS are: abdominal obesity, elevated
fasting plasma glucose, artherogenic dyslipide-
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hypertension, among others, and each organi-
zation has its own approach to solving the
problem of MS and its associated diseases
[Cifkova et al., 2003; Einhorn et al., 2003;
Pasternak, 2003; Whitworth, 2003; Grundy
et al., 2004; Lagenfeld et al., 2004].

The most important interacting features of
MS have been proposed by Grundy [2006] as
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obesity plus endogenous (genetic) metabolic
susceptibility, such as manifested by insulin
resistance and other factors. Along with the
multiple risk factors listed above, a diagnosis of
MS can be made, although there is still some
discussion as to the relative merits of using MS
as a diagnosis in clinical practice, as opposed
to a strictly biological concept [Reaven, 2006].
Grundy [2006] makes the case that genetic-
based insulin resistance, increased abdominal
fat, genetic factors, physical inactivity, advan-
cing age and endocrine dysfunction establish
the metabolic susceptibility of MS, which when
combined with additional risk factors deter-
mined by laboratory tests, such as dyslipidemia,
elevated blood glucose, etc., increases dramati-
cally the propensity of contracting life-threa-
tening diseases later in life.

In evaluating patients for MS by examining
clusters of risk factors the goal is to identify
patients who are at high lifetime risk for
developing future CHD, type 2 diabetes, and
other diseases. It is not done to simply identify
MS patients [Reaven, 2006]. Thus when any of
the MS risk factors are found, patients are
usually examined for other risk factors in the
cluster, and appropriate interventions can then
be applied to prevent future life-threatening
diseases. There are also additional risk factors
for MS that have been added recently, such as
elevated plasminogen activator inhibitor-1, and
C-reactive protein (CRP) [Dandona et al., 2005].

This brief review will focus on the role that
mitochondrial dysfunction plays in fatigue
associated with certain clinical conditions, such
as MS and associated diseases. I will also
discuss ways that mitochondrial membrane
damage can be prevented and, in some cases,
even reversed by non-pharmacologic treat-
ments. Thus this review is not intended to be a
comprehensive discussion of the various mole-
cular aspects of MS and associated diseases and
their treatment. Some of this is dealt with in
other reviews on the subject [Dandona et al.,
2005; Fonseca, 2005; Houston and Egan, 2005].
Here the focus will be on preventing excess
oxidative damage, increasing mitochondrial
function, and reducing fatigue.

METABOLIC SYNDROME AND
INSULIN RESISTANCE

Insulin resistance is a major worldwide
clinical problem and one of the initial signs in

the development of MS [Einhorn et al., 2003].
Insulin secreted by the pancreatic cells in
response to increased circulating levels of
glucose and amino acids is essential for devel-
opment, growth, apoptosis, and maintenance of
glucose homeostasis by regulating gene expres-
sion and carbohydrate, lipid and protein meta-
bolism [Chakraborty, 2006]. For example,
insulin regulates glucose homeostasis by redu-
cing hepatic output and increasing the rate of
glucose uptake in tissues as well as increasing
lipid synthesisin liver and fat cells and reducing
triglyceride breakdown in fat and muscle. When
the circulating concentrations of insulin are
insufficient to regulate the above processes,
insulin resistance occurs. This, in turn, can lead
to clinically diverse syndromes, such as type A
syndrome, leprechaunism, Rabson—Mendenhall
syndrome, and type 2 diabetes.

Insulin resistance has been identified in
children long before the development of dysli-
pidemia, hypertension and hyperglycemia that
occur much later in life [Kendall et al., 2003].
Insulin resistance and MS have been described
as polygenetic disorders with lifestyle influ-
ences that determine their biochemical and
clinical presentations [Houston and Egan,
2005]. Impaired size at birth has a bearing on
insulin resistance and the future development
of MS and type 2 diabetes [Simmons, 2006]. In
one study men who had the smallest birth
weights (<2.5 kg) and obese childhoods were
nearly seven-times as likely to have impaired
glucose tolerance, higher systolic blood pressure
and triglyceride levels and eventual develop-
ment of type 2 diabetes [Barker et al., 1993].
Fetal growth retardation is known to alter the
development of adipose tissue, which is closely
linked to the future development of insulin
resistance [Jaquet et al., 2000], and when these
arelinked with overweight in childhood, there is
a high risk of developing type 2 diabetes and
CHD later in life [Bavdekar et al., 2004].

Insulin resistance in abdominally obese
patients is often initially compensated for by
pancreatic hyper-insulinemia and decreased
hepatic insulin clearance. Over time, however,
pancreatic beta cell exhaustion results in
impaired glucose tolerance and eventually type
2 diabetes. During the early time period before
noticeable pathologies are present a constella-
tion of metabolic and biochemical changes
occurs that are characteristic of MS. Houston
and Egan [2005] have outlined several factors
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that are involved in insulin resistance and MS:
multiple genes (polygenetic disorder), epige-
netic contributions (nutrition, low birth weight,
ete.), visceral obesity, body-mass index, caloric
and carbohydrate intake, sedentary lifestyle,
age, ethnicity, gender, menopausal status,
alcohol consumption and inflammation. Insulin
resistance is one of the primary events in the
development of MS, and it is thought to induce
the biochemical, pathophysiological and clinical
sequelae that we know as MS.

A primary link between insulin resistance
and MS is thought to be abdominal obesity, the
central risk factor for MS and its associated
diseases (Fig. 1) [Fonseca, 2005]. In obese
individuals free fatty acids levels remain ele-
vated throughout the day, resulting in a wide
range of metabolic effects in the liver, muscle,
pancreas, and other tissues [Raz et al., 2005].
Importantly, increases in free fatty acids induce
oxidative stress [Fonseca, 2005]. Free fatty

acids can also decrease insulin sensitivity
through inhibition of insulin-mediated glucose
uptake transporters, for example the GLUT4
transporter in skeletal muscle, and by contri-
buting to hyperinsulinemia [Vitarius, 2005].
This results in stimulation of adipose cell
secretion of cytokines, such as tumor necrosis
factor-alpha (TNFao) and interleukin-6 (IL-6),
which cause exacerbation of insulin resistance.
In this state there is also an accumulation of
acylglycerols and lipid intermediates in skeletal
muscle. Increased adipose tissue stores, decreas-
ed non-esterified fatty acid uptake (resulting
in increased circulating concentrations) and
altered insulin regulated lipolysis promote
insulin resistance and MS [Blaak, 2003].
Defects in the capacity to metabolize fatty
acids and glucose are thought to play an
important role in insulin resistance and MS
[Schrauwen and Hesselink, 2004]. Accumula-
tions of diacylglycerol (DAG), triacylglycerol,
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Possible feedback mechanisms in the generation of excess ROS/RNS in MS, type 2 diabetes, and

other MS-associated diseases. Modified from Ceriello [2003] and Schrauwen and Hesselink [2004].
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and free fatty acids in non-adipose tissues
correlate strongly with insulin resistance
[Krssak et al., 1999; Perseghin et al., 1999;
Itani et al., 2002]. Increases in free fatty acids
may play a role in blocking insulin signal
transduction [Dandona et al., 2005], and DAG,
in particular, has been implicated in insulin
resistance by activating distinct isoforms of
protein kinase C, which in turn can directly
modulate insulin signaling by phosphorylating
and inhibiting the tyrosine kinase activity of the
insulin receptor and activating genes responsi-
ble for fatty acid-induced impairment of insulin
action [Itani et al., 2002; Shoelson et al., 2003].
Gene expression modifications in adipose tissue
are thought to be responsible for enhanced
secretion of MS-related factors, such as the
proinflammatory cytokine TNFa and the tissue-
specific protein adiponectin [Sonnenberg et al.,
2004], and in muscle tissue decreased oxidative
capacity and fat accumulation may also induce
skeletal muscle insulin resistance and contri-
bute to the development of type 2 diabetes
[Schrauwen and Hesselink, 2004].

OXIDATIVE STRESS, MITOCHONDRIAL
DAMAGE, AND TYPE 2 DIABETES

Various studies point to generalized mito-
chondrial dysfunction in MS and type 2 diabetes
patients [Schrauwen and Hesselink, 2004].
For example, mitochondria of type 2 diabetes
patients have been shown to possess reduced
electron transport chain capacities and reduced
citrate synthase activity [Kelly et al., 2002].
Mitochondrial dysfunction has been linked to
chronic insulin resistance, which causes pre-
ferential metabolism of fatty acids, reducing
glucose utilization [Perseghin et al., 2003].
This causes gradual pancreatic beta and other
cell dysfunction due to fatty acid-stimulated
changes in mitochondrial uncoupling proteins
UCP2 and UCP3, resulting in an increase in
uncoupling of mitochondrial respiration, reduc-
ed electron transport chain activity and ATP
production and subsequent fatigue [Hagen and
Vidal-Puig, 2002; Schrauwen, 2002].

No single lesion can account for MS or its
associated diseases [St. Pierre et al., 2005; Flatt
and Green, 2006]. However, gene expression
studies have shown that there is a coordinate
reduction in oxidative gene activities along with
increased expression of several other genes in
type 2 diabetes [Vechoor et al., 2002]. Using

microarray assays to monitor gene expression
clusters of oxidative genes were down-regu-
lated. Since they could not find defects that
pointed to a single gene or protein product
involved in substrate oxidation in type 2
diabetics, the findings support the notion that
more generalized mitochondrial dysfunction
occurs in type 2 diabetes [Schrauwen and
Hesselink, 2004]. This also correlated with
reduced muscle electron transport chain activ-
ity [Kelly et al., 2002] and decreased whole body
anaerobic capacity in type 2 diabetes patients
[Schneider et al., 1984]. Kelly et al. [2002] found
that mitochondria in type 2 diabetes patients
were also smaller, correlating this finding with
insulin sensitivity. In type 2 diabetics genetic
polymorphisms have also been found that are
involved in fatty acid oxidation and in factors
that control transcriptional activities (reviewed
in Houston and Egan [2005]).

It is well known that M'S and type 2 diabetes
patients show reduced fat oxidative capacities
[Kelly and Simoneau, 1994]. In obese, pre-
diabetic and diabetic patients free fatty acid
levels are increased together with decreases
in fat oxidative capacity, and in time this
can result in accumulation of fatty acids and
acylglycerols in beta cells and other tissues,
which has been shown to correlate strongly with
insulin resistance [Schrauwen and Hesselink,
2004; Touyz and Schiffrin, 2004; Fonseca,
2005].

When mitochondrial respiration functions
properly, excess superoxide produced as a
consequence of electron transport activity is
effectively neutralized by endogenous anti-
oxidants and antioxidant enzymes [Turrens,
2003]. Although continuous production of
superoxide and peroxide are necessary for
normal cellular functions [Linnane and East-
wood, 2006], in MS and associated diseases
oxidants, mainly reactive oxygen species (ROS),
are overproduced [Schrauwen, 2002; Schrau-
wen and Hesselink, 2004]. Mitochondria are one
of but not the only cellular sources of ROS
[Halliwell, 1999], and production of ROS is
essential in cell signaling and gene regulation
[Griendling et al., 2000; Touyz and Schiffrin,
2004; Goldstein et al., 2005]. Excess superoxide
produced continually as a byproduct of normal
mitochondrial respiration can directly damage
iron sulfur center-containing enzymes, be con-
verted to hydrogen peroxide (and ultimately to
hydroxyl radical) and also react with nitrogen
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oxide to produce peroxynitrite, a very reactive
nitrogen species (RNS) [Beckman et al., 1990].
Fatty acids are particularly sensitive to ROS/
RNS oxidation, resulting in the formation of
lipid peroxides, which are cytotoxic and lead to
free-radical damage to other lipids, proteins and
DNA, especially in MS and type 2 diabetics
[Green et al., 2004; Schrauwen and Hesselink,
2004]. In obese, insulin-resistant, pre-diabetic
subjects higher amounts of free fatty acids and
their peroxide derivatives have been found
compared to endurance-trained subjects [Rus-
sell et al., 2003]. Free fatty acids accumulate,
particularly in muscle cell mitochondria, where
ROS/RNS damage can occur, and there they are
thus prone to peroxidative events that result in
damage to mitochondrial membranes, proteins,
and DNA. Once mitochondrial membrane lipids
have been modified, they are less likely to
maintain the low levels of proton leakage and
membrane fluidity required to maintain the
proper mitochondrial membrane potential
[Nicolson, 2003], an absolute requirement of
oxidative phosphorylation [Mitchell, 1966].
Even before the diagnosis of MS or type 2
diabetes, the accumulation of oxidized fatty
acids in mitochondria can result in progressive
oxidative damage. For example, in elderly
subjects who do not have MS or type 2 diabetes
oxidized fatty acids accumulate in muscle
mitochondria, and this is related to mitochon-
drial dysfunction [Peterson et al., 2003].
Normally the oxidative phosphorylation
enzyme system that generates superoxide and
ROS/NRS is tightly controlled. One of the
control systems that regulates oxidative phos-
phorylation by regulating the flow of protons
back across the inner mitochondrial membrane
tomaintain an appropriate membrane potential
[Mitchell, 1966] is made up of uncoupling
proteins (UCPs), such as UCP2 and UCP3. In
addition to regulating electron transport chain
activity, UCP3 and other UCPs also prevent
build-up of excessive concentrations of ROS/
RNS by limiting oxidative phosphorylation
[Vidal-Puig et al., 2000]. Also, it has been
suggested that UCP3 functions to remove fatty
acid anions (formed by oxidative reactions) that
can build-up during excess fatty acid partition-
ing into the mitochondria [Russell et al., 2003].
These fatty acid anions can cause reactions with
other lipids, proteins, and DNA.
Under normal conditions UCP3 in skeletal
muscle and brown adipose tissue is up-regulated

during fasting, acute exercise, and high-fat
intake when there is a high level of free fatty
acids. In contrast, it is down-regulated when
fatty acid oxidation isincreased or plasma levels
of free fatty acids are lowered (reviewed in
Schrauwen and Hesselink [2004]). Type 2
diabetes patients have been found to have about
one-half the normal levels of UCP3 in their
skeletal muscles [Schrauwen et al., 2001], but
the levels of UCP3 can be up-regulated, at least
in pre-diabetic subjects, by exercise and life-
style modifications [Mensink et al., 2003].
Pancreatic beta cells contain mainly UCP2,
and while activation of UCPs can reduce ROS/
RNS production in peripheral tissues, it may
disrupt glucose-stimulated insulin secretion in
beta cells [Green et al., 2004]. These results
suggest that reduced levels of UCPs in MS and
type 2 diabetic patients could indicate a defec-
tive feedback mechanism between ROS-lipid
peroxides and mitochondrial protection against
fat accumulation and could contribute to oxida-
tive mitochondrial damage [Schrauwen and
Hesselink, 2004].

The pathophysiology of type 2 diabetes is
thought to occur as a consequence of persistent
hyperglycemia [Green et al., 2004], which
causes: (a) formation of advanced glycation
end products (AGEs, the products of non-
enzymatic glycation and oxidation), their oxida-
tion and interactions with cell receptors and
cellular accumulation; (b) activation of various
isoforms of protein kinase C; (¢) induction of the
polyol pathway; and (d) increased hexosamine
pathway flux [Brownlee, 2001; Rosen et al.,
2001; Ceriello, 2003]. Most of these pathways
are associated with elevated oxidative stress
and overproduction of superoxide (and thus
ROS/RNS) by the mitochondrial respiratory
chain during hyperglycemia, but the link
between hyperglycemia and increased mito-
chondrial superoxide production may not be
mediated solely by the redox state of electron
carriers [Green et al., 2004]. A proposal that
arose from various studies (reviewed by Green
etal.[2004]) isthat an increase in mitochondrial
ROS/RNS in response to hyperglycemia is the
proximal defect that leads to most pathological
consequences of hyperglycemia. In contrast to
this proposal, hyperlipidemia as a consequence
of obesity results in increased fatty acid oxida-
tion products that stimulate insulin secretion,
resulting in hyperinsulinemia. This, in turn,
down-regulates insulin receptors, reducing
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insulin action, and increasing blood glucose
levels [Opara, 2004]. Whether or not this
mechanism is essential to the formation of type
2 diabetes, beta cell mitochondria are essential
to glucose-stimulated insulin secretion and are
quite susceptible to ROS/RNS damage during
hyperglycemia that suppresses glucose-stimu-
lated insulin secretion. Thus mitochondrial
excess oxidative stress likely contributes to
disease progression by disrupting the ability of
beta cells to respond to elevated blood glucose
[Green et al., 2004].

Intype 2 diabetes the pancreatic beta cells are
quite susceptible to ROS/RNS-stimulated fibro-
sis and loss of tissue architecture, and compared
to other cell types beta cells are unequipped to
deal with excess ROS/RNS and are prone to
ROS/RNS-mediated apoptosis [Hayden et al.,
2005¢, 2006]. In the oxidatively stressed beta
cells there is an excessive demand for insulin
secretion, which can result in biosynthetic
overload ultimately resulting in deficient insu-
lin secretion. Apoptosis stimulated by excess
ROS/RNS results in loss of beta cells and
reduced production of insulin [Butler et al.,
2003]. Reduction in insulin production also
occurs because of oxidative stress on the
endoplasmic reticulum at the site of insulin
synthesis. Excess ROS/RNS in the beta cell
cytoplasm results in protein oxidation and mis-
folding, causing aberrant protein structures
and polymer deposition in a process called con-
formation disease [Hayden et al., 2005c]. It has
been proposed that beta cells modified by the
build-up of aberrant, cytotoxic proteins, and
polymers, such as islet amyloid polymers, in
type 2 diabetics results in lethal cellular defects
that further deplete beta cells [Kahn et al.,
1999].

METABOLIC SYNDROME, INFLAMMATION,
AND ENDOTHELIAL DYSFUNCTION

The vascular endothelium and surrounding
tissue matrix, smooth muscle and other cells
constitute the central tissue system involved in
the pathogenesis of dyslipidemia, hypertension,
and CHD. The endothelium regulates vascular
tone through the release of vasodilating and
vasoconstricting substances. One of the most
important of the vasodilating substances is
nitric oxide (NO), which is also a vascular
protective substance that inhibits oxidation,

inflammation and vascular smooth muscle cell
migration and proliferation [Hsueh and Qui-
fones, 2003]. In addition to vasodilation, NO
is considered antiatherosclerotic, anti-platelet,
anti-growth, and antioxidant [Houston and
Egan, 2005]. Damage to the endothelium causes
endothelial dysfunction with impaired release
of NO and loss of its antiatherogenic and other
properties. At the early stages of insulin-
resistance before the development of MS in
obese young adults, reductions in vascular
smooth muscle NO vasodilatory capacity have
been seen using positron emission tomography
[Hsueh and Quifiones, 2003]. Thus insulin
resistance contributes to endothelial dysfunc-
tion by its linkage to NO-mediated vasodilation,
and vascular dysfunction may be one of the
initial steps in the development of hyperten-
sion, MS, and type 2 diabetes.

Insulin itself is a vasodilator and stimulates
NO production as well as growth and motility
in some cells. One of the signaling pathways
for insulin action, the phosphatidylinositol
3-kinase pathway, is important in regulating
insulin-mediated glucose uptake and insulin-
dependent endothelial cell NO production
[Shepherd et al., 1998; Zeng et al., 2000]. This
pathway is negatively affected in obese subjects,
MS and type 2 diabetes [Cusi et al., 2000]. In
endothelial cells the impaired activation of the
phosphatidylinositol 3-kinase pathway is also
associated with enhanced activation of the other
major insulin signaling pathway mediated by
mitogen-activated protein kinase (MAPK)
[Pessin and Saltiel, 2000]. NO formed in endo-
thelial cells (eNO) by the action of endothelial
nitric oxide synthase (eNOS) can be inactivated
by superoxide anion radical to form the NRS
peroxynitrite anion (ONOO™), which can cause
further oxidative damage and depress eNO
endothelial-dependent, acetylcholine-induced
arterial relaxation [Hsueh and Quinones, 2003].
In MS many of the altered blood components,
such as excess free fatty acids and small, dense
low-density LDL, also decrease eNOS activity
[Uittenbogaard et al., 2000]. A decrease in eNO
and an excess of angiotensin-II synthesis or
action causes vasoconstriction, growth pro-
motion and pro-thrombotic, pro-inflammatory,
pro-oxidant states [Houston and Egan, 2005].
This, in turn, is related to insulin resistance and
dyslipidemia and eventually vascular inflam-
mation, hypertension, MS and type 2 diabetes
[Gotah and Mori, 2006].
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Adipose tissue also plays a role in endothelial
dysfunction by producing pro-inflammatory
cytokines, such as IL-6 and TNF«, and other
factors. Molecules like TNFo activate the
important NF-xB transcription factor and can
indirectly induce serine phosphorylation of the
insulin receptor, thereby interfering with insu-
lin receptor signaling pathways [Hotamisligil
et al., 1996; Sonnenberg et al., 2004]. Activation
of the NF-kB transcription pathway also
increases production of NO [Collins, 1993].
Adipose cells express receptors for inflamma-
tory cytokines. In addition, the infiltration of
adipose tissue by inflammatory macrophages
with their production of ROS is a common
feature of obesity [Weisberg et al., 2003].

Hypertension is directly related to vascular
dysfunction and MS, which can be preceded
by insulin resistance for 10—20 years before
becoming apparent in most patients [Hall et al.,
2003; Sowers and Frohlich, 2004]. As indicated
above, the primary abnormalities associated
with hypertension include loss of eNOS and
reduced eNO availability, up-regulation of the
MAPK pathway, inflammation of the vascular
endothelium and accumulation of ACEs, col-
lagen overproduction and other factors [Ber-
gandi et al., 2003; Wolk et al., 2003]. Linked to
insulin resistance, excess oxidative stress
mediated mainly by ROS/RNS causes changes
in endothelial and smooth muscle cells that
eventually result in vascular inflammation.
Under normal conditions ROS/RNS are pro-
duced in a controlled manner where they
function as signaling molecules regulating
vascular smooth muscle cell contraction/relaxa-
tion and cellular growth [Irani, 2000; Touyz and
Schiffrin, 2004]. However, at higher concentra-
tions ROS/RNS can affect a variety of cellular
targets and can initiate apoptosis and modify
gene expression [Turrens, 2003].

METABOLIC SYNDROME, ATHEROSCLEROSIS,
AND CORONARY HEART DISEASE

Atherosclerosis involves chronic inflamma-
tory damage to blood vessels due to lipid
accumulation, inflammatory response, vessel
cell death and thrombosis, which can eventually
result in the occlusion of heart and other tissue
blood vessels. A main cause of CHD and stroke,
atherosclerosis is characterized by a number of
risk factors, including abnormalities in lipopro-
tein subclass distribution, increases in vascular

acute phase response proteins, changes in
vascular endothelial cell adhesion molecules
and certain cytokines [Zambon et al., 2005].
In the cardiovascular system ROS/RNS play
an essential physiological role in maintaining
vascular integrity, and when they are in excess
a pathological role in cardiovascular dysfunc-
tion by their association with hypertension,
type 2 diabetes, atherosclerosis, ischemic heart
disease, and congestive heart failure [Griend-
ling et al., 2000; Touyz and Schiffrin, 2004].

The process of atherosclerosis is thought to
begin with abnormalities in lipoprotein sub-
classes, such as triglyceride-rich lipoproteins,
their remnants, and smaller, denser low-den-
sity lipoproteins, hallmarks of MS [Berliner and
Watson, 2005]. In MS these proinflammatory
lipoproteins and their remnants are suscept-
ible to oxidation [Chait et al., 1993], and the
presence of the oxidized lipoprotein subclasses
is significantly associated with an abundance of
macrophages in atherosclerotic lesions [Faggin
et al., 2002]. As discussed above, macrophages
are thought to be an important element of
vascular inflammatory responses. A key event
in leukocyte (mainly monocyte) adhesion to the
vascular endothelium and migration into the
intima is the expression of endothelial adhesion
molecules, such as vascular adhesion molecule 1
(VCAM-1), intercellular adhesion molecule 1
(ICAM-1) and E-selection [Libby, 2003]. These
endothelial cell adhesion molecules can be
released into the circulation, and their presence
and concentration in blood is associated with
MS and degree of insulin resistance [Bonora
et al., 2003]. Inflammatory cells in the intima
release ROS as well as S100/calgranulins and
amphoterin that stimulate a potent feedback
loop for sustained oxidant stress.

When they interact with the blood vessel wall,
the oxidized lipoprotein subclasses are proin-
flammatory and can induce endothelial adhe-
sion molecules [Colome et al., 2000; Doi et al.,
2000]. In vessel walls the expression of endothe-
lial adhesion molecules attracts monocytes, and
their adhesion to endothelial cells results in
endothelial cell retraction and movement of
adherent monocytes to subendothelial layers
and their differentiation into inflammatory,
ROS-producing macrophages that are abun-
dant within thickened vessel walls and unstable
atherosclerotic plaques that form slowly over
time. The unstable plaques can break off and
form thrombi that can occlude blood vessels and
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interrupt blood flow, and when this occurs in the
heart—myocardial infarction, ischemia, heart
failure and sudden death can occur.

Another association between MS and chronic
inflammation in the cardiovascular system is
the elevation of CRP [Festa et al., 2000; Ford,
2003]. In MS the presence of CRP is one of the
best predictors for future CHD and type 2
diabetes [Ridker, 2003; Ridker et al., 2004;
Ndumele et al., 2006]. Synthesis and release of
CRP, TNFa, IL-1, IL-6 and adhesion molecules
(discussed above) begins in obese subjects
before the onset of insulin resistance, type 2
diabetes and CHD [Heinrich et al., 1990; Visser
et al., 1999], probably due to ROS/RNS stimula-
tion of the NF-xB transcription pathway. CRP
can also enhance the uptake of low-density
lipoproteins by the endothelium and stimulate
macrophages to express inflammatory cyto-
kines [Pasceri et al., 2000; Zwaka et al., 2001].

Endothelial dysfunction and insulin resis-
tance are thought to be among the most basic
physiologic abnormalities in MS [Mikhail and
Tuck, 2000; Hsueh and Quinones, 2003].
Although the exact mechanism of endothelial
dysfunction and insulin resistance and the
contribution of dyslipidemia are not known,
Hsueh and Quinones [2003] have argued that
endothelial dysfunction occurs early in the
pathogenesis of insulin resistance, MS and
related diseases, suggesting that vascular damage
(associated with excess oxidation, inflamma-
tion, and thrombosis) is a primary event that
may be critical to the development of effective
measures to stop progression to CHD and other
diseases.

METABOLIC SYNDROME AND OXIDATIVE
DAMAGE TO OTHER ORGAN SYSTEMS

In addition to the pancreas, muscle, adipose,
and cardiovascular system, MS affects many
other tissues. Although type 2 diabetes, CHD
and stroke are the best known diseases asso-
ciated with MS, diseases of other organ systems
are also at high risk in MS, such as diseases
of the kidney, liver, brain, eye, among other
sites, causing, nephropathy, intimopathy, neu-
ropathy, retinopathy, and other pathologies
[Hayden et al., 2005b, 2006]. A common feature
among these diseases is extracellular matrix
remodeling where degradation and modifica-
tion of extracellular matrix components occurs
[Hayden and Tyagi, 2003, 2005a]. Extracellular

matrix collagens and elastins, in particular, are
degraded by matrix metalloproteinases and
elastinase, respectively, which are activated
by excess ROS/RNS and released by endothelial
cells, inflammatory cells such as macrophages,
pericytes, and other cell types [Hayden et al.,
2006]. Once matrix degradation has occurred
and extracellular components are resynthe-
sized, ACEs and other oxidized components
play a role in cross-linking and changing the
biochemical and mechanical properties of the
newly synthesized extracellular matrix [Al Aly
and Edwards, 2004; Hayden et al., 2005a]. This
can also result in alterations of intracellular
structures in what Hayden et al. [2005¢] have
described as conformational dysfunction where
proteins undergo changes in shape and asso-
ciations with other proteins and cellular com-
ponents to generate abnormal intracellular
polymer structures that alter cellular physiol-
ogy and tissue architecture.

Approximately 11% of the U.S. population
has some manifestation of chronic kidney dis-
ease (CKD). Thisislargely due to the prevalence
of MS, hypertension, and type 2 diabetes. CKD
also carries a high risk for subsequent CHD and
other MS-associated diseases, and in fact, CHD
accounts for the most prevalent cause of death
in end stage renal disease [Hayden et al.,
2005b]. Oxidative stress has been found in MS
patients with renovascular hypertension, and it
is thought that this and NO deficiency precede
the development of renal disease. ROS/RNS can
affect afferent arteriolar tone and enhance
vascular smooth muscle cell reactivity as well
as mediate extracellular matrix remodeling,
resulting ultimately in alterations in blood flow
and ion transport that precede CKD [Wilcox,
2005]. In patients with end stage renal disease
natural antioxidant capacity is decreased,
allowing excess ROS/RNS to cause severe organ
damage [Manning et al., 2005].

In most patients with CKD and end stage
renal disease insulin resistance, MS and type 2
diabetes are the predecessors. Patients that
have type 2 diabetes and CKD as comorbid
conditions generally have a worse outcome, and
the management of the combined diseases is
much more expensive than dialysis expenses
alone. In addition, CHD is also frequently
associated with CKD, and patients with CKD
are likely to die of CHD before they develop fatal
renal failure [Levey et al., 1998]. In such
patients the presence of chronic intracellular
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infections, inflammatory cytokines, dimethy-
larginine, vascular calcification and other fac-
tors also determine outcome [Al Aly and
Edwards, 2004].

An important organ disease related to insulin
resistance and MS is fatty liver disease unre-
lated to alcoholism. The majority of patients
with non-alcoholic fatty liver disease are obese
and have MS-associated metabolic risk factors,
such as insulin resistance, dyslipidemia, cyto-
kine production, among others [Bugianesiet al.,
2005; Harrison, 2006]. Since the liver is inti-
mately involved in lipid and glucose metabo-
lism, it is clear that obesity-related increases in
free fatty acids and altered glucose metabolites
will affect the liver, and this can cause enhance-
ment of oxidative stress and excess production
of ROS/RNS. Eventually patients suffer from
non-alcoholic hepatic steatosis, hepatocyte dis-
array, lobular and portal inflammation, fibrosis
and eventually steatohepatitis [Pessayre and
Fromenty, 2005; Harrison, 2006]. In such
conditions increased lipid peroxidation and
mitochondrial damage due to excess ROS/RNS
results in hepatocyte apoptosis and stellate cell
fibrosis and increased hepatic cancer risk
[Pessayre et al., 2004].

Another organ at long-term risk in MS is the
eye. Lipid peroxidation events caused by excess
ROS/RNS produced in the macula, the under-
lying cell layer containing retinal pigment in
the small area of the retina responsible for sight
in the center of the field of vision, results in a
build-up of abnormal material in lysosomes and
deposition of lipofuscin compounds [Kopitz
et al.,, 2004]. Eventually this can result in
macular degeneration, the most common cause
of visual loss and legal blindness in industria-
lized nations [Kopitz et al., 2004]. In diabetic
retinopathy, oxidative stress or excess mito-
chondrial ROS/RNS causes lipid peroxidation
and glycation (forming AGEs) in the retinal
microvessels, resulting in vascular damage,
infiltration of leukocytes and loss of vascular
permeability properties. This eventually results
in macular edema and damage and loss of vision
[van Reyk et al., 2003].

In late-stage diabetes an important complica-
tion is the presence of diabetic neuropathies.
The most common of these is diabetic sensory
neuropathy associated with small fiber or
unmyelinated fiber neuropathy, which results
in progressive sensory loss. It can also result
in pain, hyperestesia and parestesias. When

this affects both somatic and autonomic periph-
eral nerves, it is termed diabetic polyneuro-
pathy, and this can result in damage to sensory,
motor and autonomic nerves [Sima, 2006].
Oxidative stress and mitochondrial dysfunction
are thought to be the most overriding causes of
diabetic neuropathies, but other factors, such
as genetics, hyperglycemia and neurotrophin
synthesis, are also important factors [Baynes
and Thorpe, 1999]. Mitochondrial dysfunction
also occurs following nerve injury and damage,
and it is thought to be pivotal in neuronal cell
survival and death following injury [Sullivan
et al., 2004].

OXIDATIVE DAMAGE TO MITOCHONDRIAL
MEMBRANES IN AGING AND FATIGUE

Fatigue or lack of energy occurs naturally
during aging and is a common condition in many
clinical diagnoses, including MS, type 2 dia-
betes, CHD, respiratory, musculoskeletal and
bowel conditions as well as infections and
cancer [Morrison, 1980; Kroenke et al., 1988;
McDonald et al., 1993; Nicolson, 2003, 2005; von
Roenn and Paice, 2005]. The phenomenon of
fatigue has been defined as a multidimensional
sensation, and recently attempts have been
made to determine its extent and possible
causes [Piper et al.,, 1987, 1988; McDonald
et al., 1993]. Fatigue is related to reductions in
the efficiency of mitochondrial energy systems,
and ROS/RNS damage to mitochondrial compo-
nents can impair oxidative phosphorylation and
cause fatigue. This occurs naturally with aging
[Huang and Manton, 2004] and in chronic
illnesses where the overproduction of ROS/
RNS can cause excess oxidative stress and
oxidation of lipids, proteins, and DNA [Richter
et al., 1988; Wei and Lee, 2002; Huang and
Manton, 2004].

Mitochondria have been proposed to be
critical elements in the process of aging and
the regulators of cellular life span [Xu and
Finkel, 2002]. It has also been proposed that
during aging and fatigue antioxidant enzymes,
low molecular weight antioxidants and enzyme
repair mechanisms along with biosynthesis
cannot restore or replace enough of the ROS/
RNS-damaged molecules to maintain mitochon-
drial function [Harman, 1956; Richter et al.,
1988; Chen et al., 2002; Huang and Manton,
2004]. Disease and infection can also result in
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excess oxidative damage that exceeds the
abilities of cellular systems to repair and
replace damaged molecules [Richter et al.,
1988; Halliwell, 2001; Opara, 2002].

In the case of fatigue and fatiguing illnesses
there is good evidence that oxidative damage
impairs mitochondrial function [Logan and
Wong, 2001; Manuel y Keenoy et al., 2001].
For example, in chronic fatigue syndrome
patients there is evidence of ROS/RNS-
mediated damage to DNA and lipids as well as
the presence of oxidized blood markers, such as
methemoglobin, that are indicative of excess
oxidative stress, and these occur in fatiguing
illnesses more than in age matched control
subjects [Richards et al., 2000; Manuel y Keenoy
et al., 2001]. In addition, oxidative damage to
DNA and membrane lipids has been found in
muscle biopsy samples obtained from chronic
fatigue syndrome patients as well as increases
in antioxidant enzymes, such as glutathione
peroxidase, suggesting an attempt to compen-
sate for excess oxidative stress [Felle et al.,
2000]. Chronic fatigue syndrome patients have
sustained elevated levels of peroxynitrite, and
this can result in lipid peroxidation, enzyme
oxidation, and loss of mitochondrial function as
well as changes in cytokine levels that exert a
positive feedback on NO production [Castro
et al., 1994; Radi et al.,, 1994; Pall, 2000].
Although there are small molecules that coun-
teract the excess oxidative capacity of ROS/
RNS, such as glutathione and cysteine, these
have been found at lower levels in chronic
fatigue syndrome patients [Manuel y Keenoy
et al., 2000]. Thus similar to insulin resistance,
MS, type 2 diabetes, and other MS-associated
diseases aging and fatigue are linked to excess
oxidative stress and overproduction of ROS/
RNS, damage to mitochondrial electron trans-
port systems and reduced oxidative phos-
phorylation capacities [Agadjanyan et al.,
2003; Nicolson, 2003; Nicolson and Ellithrope,
2006].

USE OF ANTIOXIDANTS TO
PREVENT EXCESS ROS/RNS AND
MITOCHONDRIAL DAMAGE

Preventing damage to cellular and mitochon-
drial membranes is important in preventing
loss of electron transport function and cellular
energy in MS and other chronic conditions
[Opara, 2002]. This can be accomplished, in

part, by neutralizing excess ROS/RNS with
various types of antioxidants or increasing
free-radical scavenging systems [Machlin and
Bendich, 1987; Chen et al., 2002; Opara, 2002,
2004; Green et al., 2004]. In MS and diseases
caused or promoted by excess ROS/RNS and
mitochondrial oxidative damage dietary sup-
plementation with low molecular weight anti-
oxidants, some accessory molecules, such as the
metal ion cofactors zine, manganese, copper,
vanadium, chromium, and selenium necessary
for antioxidant and other enzymes, and certain
vitamins with some antioxidant properties (C,
E, A, CoQ,p) are important in maintaining
antioxidant levels and free-radical scavenging
systems [Logan and Wong, 2001; Miquel, 2002;
Opara, 2002; Green et al., 2004; Houston, 2005;
Sheu et al., 2006]. In addition to trace metal ions
and vitamins, there are at least 40 micronu-
trients required in the human diet [Ames,
1998], and aging increases the need to supple-
ment these to prevent age-associated damage to
mitochondria and other cellular components.
Supplementation with low molecular weight
antioxidants, enzyme and other cofactors and
vitamins, however, may not be sufficient to
maintain cellular components free of ROS/RNS
damage [Granot and Kohen, 2003; Hsueh and
Quinones, 2003; Sheu et al., 2006], and anti-
oxidants cannot replace damaged cellular com-
ponents.

In animal studies dietary antioxidant admin-
istration has partially reversed the age-related
declines in cellular antioxidants and mitochon-
drial enzyme activities and prevented or
reduced the rate of decline of mitochondria from
age-associated loss of function. For example, in
rodents fed diets supplemented with antioxi-
dants the antioxidants were found to inhibit the
progression of certain age-associated changesin
cerebral mitochondrial electron transport chain
enzyme activities [Sugiyama et al., 1995; Shar-
man and Bondy, 2001]. The dietary use of
antioxidants has also been shown to inhibit
the age-associated decline in immune and other
functions and prolong the lifespan of laboratory
animals [De and Darad, 1991; Sugiyama et al.,
1995; Arivazhagen et al., 2001; Sharman and
Bondy, 2001]. In addition, antioxidant admin-
istration has certain neuroprotective effects,
such as prevention of age-related hearing loss
[Seidman et al., 2002]. Thus some animal
studies have shown that antioxidants can
partially prevent age-associated changes in
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mitochondrial function, but it is not clear
whether similar protection is afforded to
humans [Granot and Kohen, 2004].

Dietary antioxidants along with trace metals
and antioxidant vitamins may modify the
pathogenic processes of certain human diseases
[Heitzer et al., 1996; Ting et al., 1996; Logan and
Wong, 2001; Opara, 2002; Houston, 2005; Sheu
et al., 2006]. In support of this, patients with
type 2 diabetes have been found to be deficient in
certain antioxidant vitamins and minerals
correlating with oxidative excess in type 2
diabetes [Strain, 1991; Preuss, 1998; Morris
et al., 1999].

In MS-associated diseases dietary antioxi-
dants, trace metal ions and vitamins have been
proposed (separately or together) to alter the
course of MS progression and inhibit the
progression of MS-associated diseases [Opara,
2002; Green et al., 2004]. In most of these cases
the effects of antioxidants and other supple-
ments were measured by changes in blood or in
the vascular system [Houston, 2005; Houston
and Egan, 2005]. For example, vitamin C has
been shown to improve endothelial-dependent
vasodilation in MS and type 2 diabetes [Ting
et al., 1996, 1997], and excess vitamin C in
combination with vitamin E may reduce the
overall risk of CHD [Hsueh and Quinones,
2003]. However, despite the evidence for a link
between excess oxidative stress in MS and
associated diseases, a direct link between the
intake of antioxidant nutrients, even in high
concentrations, and the ability to prevent or
delay MS disease progression has not been
proven [Paolisso et al., 1999; Leppala et al.,
2000; Granot and Kohen, 2004]. For example, in
the antioxidant prevention of CHD or its
complications only one-half (4/8) of the pub-
lished clinical studies reviewed by Paolisso et al.
[1999] showed positive results in terms of
reducing markers associated with CHD. In type
2 diabetes patients antioxidant supplementa-
tion reduced blood glucose or other markers of
diabetes in five of seven studies examined
[Opara, 2004]. The variations in results were
explained by differences in the design of the
studies, differences in supplement dose(s) and
duration of the trials as well as the criteria for
beneficial results. Often randomized, controlled
clinical trials failed to show any significant
benefit of antioxidants, whereas initial cohort
studies suggested otherwise [Ueda and Yasunari,
2006].

Mixtures of antioxidants, vitamins, trace
minerals, and herbal extracts may be more
effective in preventing early stage MS progres-
sion than in reversing late stage MS-associated
disease states [Opara, 2002]. Even in late stage
MS-associated diseases like type 2 diabetes,
mixtures of antioxidants and minerals were
useful in controlling some signs, such as blood
pressure [Farvid et al., 2004; Houston, 2005].
Blinded, controlled studies on antioxidant-
vitamin-mineral-herbal products like the
Akesis supplement (Akesis Scientific, Inc.) have
yet to be published, but preliminary open label
studies indicate that such supplements may be
beneficial in type 2 diabetes patients as mea-
sured by glycemic control or decreases in
circulating oxidant markers [Opara, 2002]. A
newer version of this antioxidant-vitamin-
mineral supplement mixture (InResponse™,
Response Micronutrients, Inc.) has shown good
results in animal studies [Opara, 2004]. How-
ever, long-term studies will be necessary to see
if nutritional antioxidant mixtures affect MS
disease progression or the development of MS-
associated diseases, such as type 2 diabetes,
CHD, and other organ diseases.

Mitochondrial targeting of antioxidants is a
promising new area that may overcome pro-
blems in bioavailability and tissue distribution
of antioxidants [Green et al., 2004; Sheu et al.,
2006; Szeto, 2006]. For example, mitochondria-
targeted versions of CoQ¢ and vitamin E may
prove useful [Smith et al., 2003]. One of the
problemsin depending entirely on antioxidants,
trace metal ions and vitamins is that although
these components may have some protective
effect, they have little direct effect on the
removal and replacement of existing, oxidized
cellular components.

REPLACEMENT OF DAMAGED
MITOCHONDRIAL MEMBRANE COMPONENTS
BY LIPID REPLACEMENT THERAPY

In MS and other diseases the critical targets
of ROS/NRS damage are the genetic apparatus
and cellular membranes, especially mitochon-
drial membrane lipids [Huang and Manton,
2004; Kanno et al., 2004]. Membrane oxidation
modifies lipid structure and can affect lipid
fluidity, permeability, and membrane funct-
ion [Nicolson et al., 1977; Subczynski and
Wisniewska, 2000]. In MS-associated diseases
and fatiguing illnesses, such as chronic fatigue
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syndrome, patients show increased susceptibil-
ity to oxidative stress, lipid peroxidation, and
loss of electron transport function [Logan and
Wong, 2001; Manuel y Keenoy et al., 2000,
2001].

Although lipid replacement therapy (LRT)
plus antioxidants has been used to replace ROS/
NRS damaged lipids and increase mitochon-
drial function in certain clinical disorders and
conditions involving loss of mitochondrial func-
tion [Agadjanyan et al., 2003; Nicolson, 2003,
2005], LRT has not been used exclusively in MS
patients. LRT should be useful in MS, however,
because it results in replacement of damaged
cellular lipids with undamaged lipids to ensure
proper structure and function of critical compo-
nents, including cellular and mitochondrial
membranes [Nicolson, 2003, 2005]. Since damage
to membrane lipids can impair membrane
fluidity, electrical properties, enzymatic activ-
ities and transport functions, the LRT lipids
must be protected from oxidative and other
damage, and this is also necessary during
storage as well as during ingestion, digestion,
and absorption in vivo. To be effective LRT must
result in delivery of high concentrations of
unoxidized, undamaged membrane lipids in
order to reverse the damage by replacement
and restore function to cellular and organelle
membranes. It should also be combined with
antioxidants, vitamins, and minerals to provide
additional antioxidant protection [Nicolson,
2003, 2005].

Combined with antioxidant supplements,
LRT has proven to be an effective method
to prevent and reverse ROS/RNS-associated
changes in mitochondrial function [Agadjanyan
et al., 2003; Nicolson, 2003, 2005]. LRT works
because cellular lipids are in dynamic equili-
brium in the body, and orally ingested lipids
diffuse to the gut epithelium and are bound
and eventually transported into the blood and
lymph using specific carrier lipoproteins
and also by non-specific partitioning and diffu-
sion mechanisms. Within minutes, lipid mole-
cules are transported from gut epithelial cells to
endothelial cells, then excreted into and trans-
ported in the circulation bound to lipoproteins
and blood cells where they are generally
protected from oxidation [Hamilton, 1998;
Fellmann et al., 2000; Hajri and Abumrad,
2002]. In the blood circulation, specific lipopro-
tein carriers and red blood cells protect lipids
throughout their passage and eventual deposi-

tion onto specific cell membrane receptors
where they can be taken into cells via endo-
somes and by diffusion [Conner and Schmid,
2003]. After binding to specific cell surface
receptors that bring the lipids into cells, lipid
transporters in the cytoplasm deliver specific
lipids to cell organelles where they are taken in
by specific transport proteins as well as by
partitioning and diffusion. The concentration
gradients that exist from the gut during the
digestion of lipids to their absorption by gut
epithelial cells and their transfer to blood and
then tissues are important in driving the un-
oxidized lipids into cells and returning oxidized
lipids to the intestinal track or to degradative
enzymes [Mansbach and Dowell, 2000].

CLINICAL STUDIES USING LIPID
REPLACEMENT ANTIOXIDANT THERAPY

As discussed above antioxidants alone may
not completely eliminate or reverse ROS/RNS
damage to mitochondrial and other mem-
branes, and this is why LRT is an important
addition to antioxidant dietary supplementa-
tion in order to replace damaged cellular and
mitochondrial membrane phospholipids and
other lipids that are essential structural and
functional components of cells [Nicolson, 2003,
2005]. One such LRT dietary supplement is
NTFactor®™ (Nutritional Therapeutics, Inc.),
and this supplement has been used successfully
in animal and clinical lipid replacement studies
[Seidman et al., 2002; Agadjanyan et al., 2003;
Ellithorpe et al., 2003; Nicolson and Ellithorpe,
2006]. NTFactor’s encapsulated lipids are pro-
tected from oxidation in the gut and can be
absorbed and transported into tissues without
undue oxidative damage. NTFactor contains
a variety of components, including phospholi-
pids, glycophospholipids and other membrane
lipids, nutrients, probiotics, antioxidants, vita-
mins, minerals, and plant extracts [Nicolson,
2003].

NTFactor has been used to reduce age-related
mitochondrial damage in laboratory animals. In
aged rodents, Seidman et al. [2002] found that
NTFactor prevented hearing loss associated
with aging and shifted the threshold hearing
from 35 to 40 dB in control, aged animals to 13—
17 dB. They also found that NTFactor preserved
cochlear mitochondrial function. In addition,
NTFactor prevented aging-related mitochon-
drial DNA deletions found in the cochlear
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[Seidman et al., 2002]. Thus LRT was successful
in preventing age-associated hearing loss and
reducing mitochondrial damage in rodents.

In clinical studies LRT has been used to
reduce fatigue and protect cellular and mito-
chondrial membranes from damage by ROS/
RNS (TableI) [Agadjanyan et al., 2003; Nicolson
and Ellithorpe, 2006]. Propax™ (Nutritional
Therapeutics, Inc.), a dietary supplement con-
taining NTFactor, vitamins and minerals and
other nutrients, has been used in a dietary LRT
study with severely chronic fatigued patients,
and it was found to reduce their fatigue
approximately 40% within 8 weeks [Ellithorpe
et al., 2003]. In more recent studies we examine
the effects of NTFactor on fatigue in moderately
and severely fatigued subjects and determined
if their mitochondrial function and fatigue
scores improved with administration of NT-
Factor. We found that after 12 weeks of oral
supplement there was 35.5% reduction in
fatigue (P <0.001) [Agadjanyan et al., 2003].
In this clinical trial there was good correspon-
dence between reductions in fatigue and gains
in mitochondrial function. Within 8 weeks of
LRT with NTFactor, mitochondrial function
significantly improved (P<0.001), and by
12 weeks of NTFactor supplementation, mito-
chondrial function was found to be similar to
that found in young healthy adults. In contrast,
after a 12-week washout period fatigue and
mitochondrial function were intermediate
between the initial starting values and those
found after 8 or 12 weeks on supplement
[Agadjanyan et al., 2003]. The results indicated
that in moderately to severely fatigued subjects
dietary LRT can significantly improve and even
restore mitochondrial function and signifi-
cantly improve fatigue scores. Similar findings
have been observed in chronic fatigue syndrome
and fibromyalgia syndrome patients on LRT

plus antioxidants for 8 weeks [Nicolson and
Ellithorpe, 2006]. In this case LRT with Propax
containing NTFactor reduced moderate to
severe fatigue by 43.1%. Such studies indicate
that LRT plus antioxidants should also be
useful as an adjuvant therapy in the manage-
ment of MS and associated diseases where
mitochondrial function is impaired due to
excess ROS/RNS. The advantage of LRT plus
antioxidants over antioxidant mixtures alone is
that further oxidative damage is reduced and
damaged lipid components (the main target of
ROS/RNS) are gradually replaced by unoxi-
dized lipids.

FINAL COMMENTS

MS is an emerging health problem that will
require our immediate attention if we hope to
reduce the incidence of CHD, type 2 diabetes,
and other associated diseases that evolve from
MS. Since excessive oxidative stressis one of the
elements in the evolution of M'S and associated
diseases, attempts at reducing excess mitochon-
drial ROS/RNS by diet, exercise, and weight
loss as well as by dietary supplementation
and pharmacologic intervention should be
undertaken in the rather large segment of
the population that has MS characteristics.
Attempts at reducing the progression of MS to
more life threatening diseases, such as type 2
diabetes, heart, kidney and liver disease and
stroke, should be a major focus of preventive
medicine. Currently there is no one single
therapeutic approach that has proven effective
in managing MS progression [Houston and
Egan, 2005; Collantes et al., 2006]. Thus future
efforts should combine existing therapies with
dietary supplements that reduce excess oxida-
tive stress and replace molecules that are
damaged by oxidative reactions.

TABLE 1. Effects of NTFactor, a Dietary LRT Supplement, on Fatigue Scores in Patients With
Chronic Fatigue, Chronic Fatigue Syndrome, or Fibromyalgia Syndrome’

Piper Fatigue Scale

Subjects/patients Average age  Time on NTFactor fatigue reduction (%) References
Chronic fatigue 50.3 8 weeks 40.5% Ellithorpe et al. [2003]
Chronic fatigue 68.9 12 weeks 35.5%* Agadjanyan et al. [2003]
CFS/FMS* 44.8 8 weeks 43.1%* Nicolson and Ellithorpe [2006]

"From Nicolson [2005] with permission.

*P <0.0001, compared to data without supplement. Data were collected using the Piper Fatigue Scale.
**P <0.001, compared to data without supplement. Data were collected using the Piper Fatigue Scale.

2Chronic Fatigue Syndrome and/or Fibromyalgia Syndrome.



14 Nicolson

REFERENCES

Agadjanyan M, Vasilevko V, Ghochikyan A, Berns P,
Kesslak P, Settineri RA, Nicolson GL. 2003. Nutritional
supplement (NT Factor) restores mitochondrial function
and reduces moderately severe fatigue in aged subjects.
J Chronic Fatigue Syndr 11(3):23-36.

Al Aly Z, Edwards JC. 2004. Vascular biology in uremia:
Insights into novel mechanisms of vascular injury. Adv
Chronic Kidney Dis 11:310-318.

Ames BM. 1998. Micronutrients prevent cancer and delay
aging. Toxicol Lett 102:1035—-1038.

Arivazhagen P, Ramanathan K, Panneerselvam C. 2001.
Effect of DL-alpha-lipoic acid on mitochondrial enzymes
in aged rats. Chem Biol Interact 138:189-198.

Barker DJP, Hales CN, Fall CHD, Osmond C, Phipps K,
Clark PMS. 1993. Type 2 diabetes mellitus, hypertension
and hyperlipidemia (syndrome X): Relation to reduced
fetal growth. Diabetologica 36:62—67.

Bavdekar A, Sachdev HS, Fall CHD, Osmond C, Lakshmy
R, Barker DJP, Biswas SKD, Ramji S, Prabhakran D,
Reddy KS. 2004. Relation of serial changes in childhood
body-mass index to impaired glucose tolerance in young
adulthood. N Engl J Med 350:865—875.

Baynes JW, Thorpe SR. 1999. Role of oxidative stress in
diabetic complications: A new perspective on an old
paradigm. Diabetes 48:1-9.

Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman
BA. 1990. Apparent hydroxyl radical production by
peroxynitrite: Implications for endothelial injury from
nitric oxide and superoxide. Proc Natl Acad Sci USA
87:1620-1624.

Bergandi L, Silvagno F, Russo I, Riganti C, Anfossi G,
Aldieri E, Ghigo D, Trovati M, Bosia A. 2003. Insulin
stimulates glucose transport via nitric oxide/cyclic GMP
pathway in human vascular smooth muscle -cells.
Arterioscler Thromb Vasc Biol 23:2215-2221.

Berliner JA, Watson AD. 2005. A role for oxidized
phospholipids in artherosclerosis. N Eng J Med 353:
9-11.

Blaak EE. 2003. Fatty acid metabolism in obesity and type
2 diabetes mellitus. Proc Nutr Soc 62:753-760.

Bonora E, Kiechi S, Willeit J, Oberhollenzer F, Egger G,
Bonadonna RC, Muggeo M. 2003. Metabolic syndrome:
Epidemiology and more extensive phenotypic descrip-
tion. Cross-sectional data from the Bruneck Study. Int J
Obes 37:1283-1289.

Brownlee M. 2001. Biochemistry and molecular cell biology
of diabetic complications. Nature 414:813—-820.

Bugianesi E, Gastadelli A, Vanni E, Gambino R, Cassader
M, Baldi S, Ponti V, Pagano G, Ferrannini E, Rizzetto M.
2005. Insulin resistance in non-alcoholic fatty liver
disease: Sites and mechanisms. Diabetalogia 48:634—
642.

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA,
Butler PC. 2003. Beta-cell deficit and increased beta-cell
apoptosis in humans with in type type 2 diabetes.
Diabetes 52:102—-110.

Castro L, Rodriguez M, Radi R. 1994. Aconitase is readily
inactivated by peroxynitrite, but not by its precursor,
nitric oxide. J Biol Chem 269:29409-29415.

Ceriello A. 2003. New insights on oxidative stress and
diabetic complications may lead to a “causal” antioxidant
therapy. Diabetes Care 26:1589—1596.

Chait A, Brazg RL, Tribble DL, Krauss RM. 1993.
Susceptibility of small, dense, low-density lipoportiens
to oxidative modification in subjects with the arthero-
genic lipoprotein phenotype, pattern B. Am J Med 94:
350—356.

Chakraborty C. 2006. Biochemical and molecular basis of
insulin resistance. Curr Protein Peptide Sci 7:113—-131.

Chen D, Cao G, Hastings T, Feng Y, Pei W, O’Horo C, Chen
J.2002. Age-dependent decline of DNA repair activity for
oxidative lesions in rat brain mitochondria. J Neurochem
81:1273-1284.

Cifkova R, Erdine S, Fagard R, Farsand C, Heagerty AM,
Kiolski W, Kjeldsen S, Luscher T, Mallion JM, Mancia G,
Poulter N, Rahn KH, Rodicio JL, Ruilope LM, Waeber B,
Williams B, Zanchetti A. 2003. Practice guidelines for
primary care physicians: 2003 ESH/ESC hypertension
guidelines. J Hypertens 21:1779-1786.

Collantes RS, Ong JP, Younossi ZM. 2006. The metabolic
syndrome and nonalcoholic fatty liver disease. Panmi-
nerva Med 48:41-48.

Collins T. 1993. Endothelial nuclear factor NF-kB and the
initiation of the atherosclerotic lesion. Lab Invest
68:499-508.

Colome C, Martinez-Gonsalez J, Vidal F, de Castellarnau
C, Badimon L. 2000. Small oxidative changes in athero-
genic LDL concentration irreversibly regulate adhesive-
ness of human endothelial cells: Effect of the lazaroid
U74500A. Atherosclerosis 149:295-302.

Conner SD, Schmid SL. 2003. Regulated portals of entry
into the cell. Nature 422:37—44.

Cusi K, Maezono K, Osman A, Pendergrass M, Patti ME,
Pratipanawatr T, DeFronzo RA, Kahn CR, Mandarino
LdJ. 2000. Insulin resistance differentially affects the PI
3-kinase-mediated signaling in human muscle. J Clin
Invest 105:311-320.

Dandona P, Aljada A, Chaudhuri A, Mohanty P, Garg R.
2005. Metabolic syndrome. A comprehensive perspective
based on interactions between obesity, diabetes and
inflammation. Circulation 111:1448-1454.

De AK, Darad R. 1991. Age-associated changes in anti-
oxidants and antioxidative enzymes in rats. Mech Ageing
Dev 59:123-128.

Doi H, Kugiyama K, Oka H, Sugiyama S, Ogata N, Koide
SI, Nakamura SI, Yasue H. 2000. Remnant lipoproteins
induce proatherothrombogenic molecules in endothelial
cells through a redox-sensitive mechanism. Circulation
102:670-676.

Eckel RH, Grundy SM, Zimmet PZ. 2005. The metabolic
syndrome. Lancet 365:1415-1428.

Einhorn D, Reaven GM, Cobin RH, Ford E, Ganda OP,
Handelsman Y, Hellman R, Jellinger PS, Kendall D,
Krauss RM, Neufeld ND, Petak SM, Rodbard HW, Siebel
JA, Smith DA, Wilson PW. 2003. American College of
Endocrinology position statement on the insulin resis-
tance syndrome. Endocr Pract 9:237—-252.

Ellithorpe RR, Settineri R, Nicolson GL. 2003. Reduction of
fatigue by use of a dietary supplement containing
glycophospholipids. J Am Nutraceut Assoc 6(1):23—-28.

Faggin E, Zambon A, Pauto M, Deeb SS, Bertocco S,
Sartore S, Crepaldi G, Pessina AC, Pauletto P. 2002.
Association between the 514C—T polymorphism of
hepatic lipase gene promoter and unstable carotid plaque
in patients with severe carotid artery stenosis. J Am Coll
Cardiol 40:1059—-1066.



Metabolic Syndrome and Mitochondrial Function 15

Farvid MS, Jalali M, Siassi F, Saadat N, Hosseini M. 2004.
The impact of vitamins and/or mineral supplementation
on blood pressure in type 2 diabetes. J Am Coll Nutr
23:272-279.

Felle S, Mecocci P, Fano G, Vecchiet I, Vecchini A, Racciotti
D, Cherubini A, Pizzigallo E, Vecchiet A. 2000. Specific
oxidative alterations in vastus lateralis muscle of
patients with the diagnosis of chronic fatigue syndrome.
Free Radical Biol Med 29:1252—1259.

Fellmann P, Herve P, Pomorski T, Muller P, Geldwerth D,
Herrmann A, Devaux PF. 2000. Transmembrane move-
ment of diether phospholipids in human erythrocytes and
human fibroblasts. Biochem 39:4994-5003.

Festa A, D’Agostino R, Jr., Howard G, Kykkanen L, Tracy
RP, Haffner SM. 2000. Chronic subclinical inflammation
as part of the insulin resistance syndrome: The insulin
Resistance Atherosclerosis Study (IRAS). Circulation
102:42-47.

Flatt PR, Green BD. 2006. Nutrient regulation of beta cell
function in diabetes: Problems and potential solutions.
Biochem Soc Trans 34:774-778.

Fonseca VA. 2005. The metabolic syndrome, hyperlipide-
mia and insulin resistance. Clin Cornerstone 7:61-72.
Ford ES. 2003. The metabolic syndrome and C-reactive
protein, fibrinogen and leukocyte count: Finding from the
third national health and nutrition examination survey.

Atherosclerosis 168:351—-358.

Ford ES, Giles WH, Dietz WH. 2002. Prevalence of the
metabolic syndrome among US adults: Findings form the
Third National Health and Nutrition Examination
Survey. JAMA 287:356—359.

Goldstein BJ, Mahadev K, Wu X. 2005. Redox paradox:
Insulin action is facilitated by insulin-stimulated reac-
tive oxygen species with multiple potential signaling
targets. Diabetes 54:311-321.

Gotah T, Mori M. 2006. Nitric oxide and endoplasmic
reticulum stress. Arterioscler Thromb Vasc Biol 26:
1439-1446.

Granot E, Kohen R. 2003. Oxidative stress in childhood—in
health and disease states. Clin Nutr 23:3—11.

Granot E, Kohen R. 2004. Oxidative stress in childhood—in
health and disease states. Clin Nutr 23:3—-11.

Green K, Brand MD, Murphy MP. 2004. Prevention of
mitochondrial oxidative damage as a therapeutic strat-
egy in diabetes. Diabetes 53(Suppl 1):S110-S118.

Griendling KK, Sorescu D, Lassegue B, Ushio-Fukai M.
2000. Modulation of protein kinase activity and gene
expression by reactive oxygen species and their role in
vascular physiology and pathophysiology. Artioscler
Thromb Vasc Biol 20:2175-2183.

Grundy SM. 2006. Does a diagnosis of metabolic syndrome
have value in clinical practice? Am J Clin Nutr 83:1248—
1251.

Grundy SM, Brewer HB, Cleeman JI, Smith SC, Lenfant C.
2004. Definition of metabolic syndrome. Report of the
National Heart, Lung and Blood Institute/American
Heart Association Conference on Scientific Issues
Related to Definition. Circulation 109:433—-438.

Hagen T, Vidal-Puig A. 2002. Mitochondrial uncoupling
proteins in human physiology and disease. Minerva Med
93:41-57.

Hajri T, Abumrad NA. 2002. Fatty acid transport across
membranes: Relevance to nutrition and metabolic
pathology. Annu Rev Nutr 22:383-415.

Hall JE, Jones DW, Kuo JJ, Da SA, Tallam LS, Liu J. 2003.
Impact of the obesity epidemic on hypertension and renal
disease. Curr Hypertens Rep 5:386—392.

Halliwell B. 1999. Antioxidant defence mechanisms: From
the beginning to the end (of the beginning). Free Radic
Res 31:261-272.

Halliwell B. 2001. Role of free radicals in the neurodegen-
erative diseases: Therapeutic implications for antioxi-
dant treatment. Drugs Aging 18:685-716.

Hamilton JA. 1998. Fatty acid transport: Difficult or easy?
J Lipid Res 39:467—-481.

Harman D. 1956. Aging: A theory based on free radical and
radiation chemistry. J Gerontol 2:298-300.

Harrison SA. 2006. New treatments for nonalcoholic fatty
liver disease. Curr Gastroenterol Rep 8:21-29.

Hayden MR, Tyagi SC. 2003. Mycardial redox stress and
remodeling in metabolic syndrome, type 2 diabetes and
congestive heart failure. Med Sci Monit 9:SR35—-SR52.

Hayden MR, Sowers JR, Tyagi SC. 2005a. The central role
of vascular extracellular matrix and basement mem-
brane remodeling in metabolic syndrome and type 2
diabetes: The matrix reloaded. Cardiovasc Diabetol 4:9—
29.

Hayden MR, Tyagi SC, Kolb L, Sowers JR, Khanna R.
2005b. Vascular ossification-calcification in metabolic
syndrome, type 2 diabetes mellitus, chronic kidney
disease and calciphylaxis-calcific uremic arteriolopathy:
The emerging role of sodium thiosulfate. Cardiovasc
Diabetol 4:4-26.

Hayden MR, Tyagi SC, Kerklo MM, Nicolls MR. 2005c.
Type 2 diabetes mellitus as a conformational disease.
J Pancreas 6:287—-302.

Hayden MR, Stump CS, Sowers JR. 2006. Organ involve-
ment in the cardiometabolic syndrome. J Cardiometa-
bolic Syndr 1:16—24.

Heinrich PC, Costell JV, Andus T. 1990. Interleukin-6 and
the acute phase response. Biochem J 265:621-636.

Heitzer T, Just H, Munzel T. 1996. Antioxidant vitamin C
improves endothelial dysfunction in chronic smokers.
Circulation 94:6-9.

Hotamisligil GS, Peraldi P, Budavari A, Ellis R, White NF,
Spiegelman BM. 1996. IRS-1-mediated inhibition of
insulin receptor tyrosine kinase activity in TNF-alpha-
and obesity-induced insulin resistance. Science 271:665—
668.

Houston MC. 2005. Nutraceuticals, vitamins antioxidants
and minerals in the prevention and treatment of
hypertension. Prog Cardiovasc Dis 47:396—449.

Houston MC, Egan BM. 2005. The metabolic syndrome.
Pathophysiology, diagnosis, clinical aspects, prevention
and nonpharmacologic treatment: Emphasis on lifestyle
modifications, nutrition, nutritional supplements, vita-
mins, minerals, antioxidants, weight management and
exercise. J Am Nutraceutical Assoc 8(2):3—83.

Hsueh WA, Quinones MdJ. 2003. Role of endothelial
dysfunction in insulin resistance. Am J Cardiol
92(Suppl 4A):10J-17J.

Huang H, Manton KG. 2004. The role of oxidative damage
in mitochondria during aging: A review. Front Biosci
9:1100-1117.

Irani K. 2000. Oxidant signaling in vascular cell growth,
death and survival: A review of the roles of reactive
oxygen species in smooth muscle and endothelial cell
mitogenic and apoptotic signaling. Circ Res 87:179-183.



16 Nicolson

Itani SI, Ruderman NB, Schmieder F, Boden G. 2002.
Lipid-induced insulin resistance in human muscle is
associated with changes in diacylglycerol, protein kinase
C and IxB-o. Diabetes 51:2005-2011.

Jaquet D, Gaboriau A, Czernichow P, Levy-Marchal C.
2000. Insulin resistance early in childhood in subjects
born with intrauterine growth retardation. J Clin End-
rocrin Metab 85:1401-1406.

Kahn SE, Andrikopoulos S, Verchere CB. 1999. Islet
amyloid: A long-recognized by underappreciated patho-
logical feature of type 2 diabetes. Diabetes 48:241—-253.

Kanno T, Sato EE, Muranaka S, Fujita H, Fujiwara T,
Utsumi T, Inoue M, Utsumi K. 2004. Oxidative stress
underlies the mechanism for Ca(2")-induced permeabil-
ity transition of mitochondria. Free Radical Res 38:27—
35.

Kelly DE, Simoneau J-A. 1994. Impaired free fatty acid
utilization by skeletal muscle in non-insulin dependent
diabetes mellitus. J Clin Invest 94:2349—-2356.

Kelly DE, He J, Menshikova EV, Ritov VB. 2002. Dysfunc-
tion of mitochondria in human skeletal muscle in type 2
diabetes. Diabetes 51:2944—-2950.

Kendall DM, Sobel BE, Coulston AM, Peters-Harmel AL,
McLean BK, Peragallo-Dittko V, Buse JB, Fonseca VA,
Hill JO, Nesto RW, Sunyer FX. 2003. The insulin
resistance syndrome and coronary heart disease. Coron
Artery Dis 14:335—348.

Kopitz J, Holz FG, Kaemmerer E, Schutt F. 2004. Lipids
and lipid peroxidation products in the pathogenesis of
age-related macular degeneration. Biochimie 86:825—
831.

Kroenke K, Wood DR, Mangelsdorff AD, Meier NJ, Powell
JB. 1988. Chronic fatigue in primary care: Prevalence,
patient characteristics, and outcome. JAMA 260:929—
934.

Krssak M, Falk Petersen K, Dresner A, DiPietro L, Vogel
SM, Rothman DL, Roden M, Shulman GI. 1999.
Intramyocellular lipid concentrations are correlated with
insulin sensitivity in humans: A 1H NMR study.
Diabetologica 42:113-116.

Kylin E. 1923. Studien ueber das Hypertonie-Hyper-
glykamie-Hyperurikamiesyndrom. Zentralblatt Innere
Medizin 44:105-127.

Lagenfeld MR, Frost T, Standl E, Strotmann HdJ, Lubben G,
Pahler S, Kann P, Pfutzner A. 2004. IRIS II Study:
Sensitivity and specificity of intact proinsulin, adiponec-
tin and the proinsulin/adiponectin ratio as markers for
insulin resistance. Diabetes Technol Ther 6:836—843.

Leppala JM, Virtamo J, Fogelholm R, Huttunen JK,
Albanes D, Taylor PR, Heinonen OP. 2000. Control trial
of alpha-tocopheraol and beta carotene supplements
on stroke incidence and mortality in male smokers.
Arteriolscler Thromb Vasc Biol 20:230—235.

Levey AS, Beto JA, Coronado BE, Eknoyan G, Foley RN,
Kasiske BL, Klag MdJ, Mailloux LU, Manske CL, Meyer
KB, Parfrey PS, Pfeffer MA, Wenger NK, Wilson PW,
Wright JT, Jr. 1998. Controlling the epidemic of
cardiovascular disease in chronic renal disease: What
do we know? What do we need to learn? Where do we go
from here. Am J Kidney Dis 32:853—906.

Libby P. 2003. Inflammation in atherogenesis. Nature
420:868—-874.

Linnane AW, Eastwood H. 2006. Cellular redox regulation
and prooxidant signaling systems: A new perspective on

the free radical theory of aging. Ann NY Acad Sci
1067:47-55.

Logan AC, Wong C. 2001. Chronic fatigue syndrome:
Oxidative stress and dietary modifications. Altern Med
Rev 6:450-459.

Machlin IJ, Bendich A. 1987. Free radical tissue damage:
Protective role of antioxidant nutrients. FASEB J 1:441—
445.

Manning RD, Jr., Tian N, Meng S. 2005. Oxidative stress
and antioxidant treatment in hypertension and the
associated renal damage. Am J Nephrol 25:311-317.

Mansbach CM, Dowell R. 2000. Effect of increasing
lipid loads on the ability of the endoplasmic reticulum
to transport lipid to the Golgi. J Lipid Res 41:605—
612.

Manuel y Keenoy B, Moorkens G, Vertommen J, Noe M,
Neve J, De Leeuw I. 2000. Magnesium status and
parameters of the oxidant-antioxidant balance in
patients with chronic fatigue: Effects of supplementation
with magnesium. J Am Coll Nutr 19:374—-382.

Manuel y Keenoy B, Moorkens G, Vertommen J, De Leeuw
I. 2001. Antioxidant status and lipoprotein peroxidation
in chronic fatigue syndrome. Life Sci 68:2037—-2049.

McDonald E, David AS, Pelosi AJ, Mann AH. 1993. Chronic
fatigue in primary care attendees. Psychol Med 23:987—
998.

Mensink M, Feskens EdJ, Saris WH, De Bruin TW, Blaak
EE. 2003. Study on lifestyle intervention and impaired
glucose tolerance. Maastricht (SLIM): Preliminary
results after one years. Int J Obes Relat Metab Disord
27:377-384.

Mikhail N, Tuck ML. 2000. Insulin and the vasculature.
Curr Hypertens Rep 2:148—153.

Miquel J. 2002. Can antioxidant diet supplementation
protect against age-related mitochondrial damage? Ann
NY Acad Sci 959:317—-347.

Mitchell P. 1966. Chemiosmotic coupling in oxidative and
photosynthetic phosphorylation. Biol Rev Camb Philos
Soc 41:445-502.

Morris BW, MacNeil S, Hardisty CA, Heller S, Burgin C,
Gray TA. 1999. Chromium homeostasis in patients with
type II (NIDDM) diabetes. J Trace Elem Med Biol 13:
57-61.

Morrison JD. 1980. Fatigue as a presenting complaint in
family practice. J Family Pract 10:795-801.

Ndumele CE, Pradhan AD, Ridker PM. 2006. Interrelation-
ships between inflammation, C-reactive protein and
insulin resistance. J Cardiometabolic Syndr 1:190—
196.

Nicolson GL. 2003. Lipid replacement as an adjunct to
therapy for chronic fatigue, anti-aging and restoration of
mitochondrial function. J Am Nutraceutical Assoc
6(3):22—-28.

Nicolson GL. 2005. Lipid replacement/antioxidant therapy
as an adjunct supplement to reduce the adverse effects of
cancer therapy and restore mitochondrial function.
Pathol Oncol Res 11:139-144.

Nicolson GL, Ellithorpe R. 2006. Lipid replacement and
antioxidant nutritional therapy for restoring mitochon-
drial function and reducing fatigue in chronic fatigue
syndrome and other fatiguing illnesses. J Chronic
Fatigue Syndr 13(1):57—68.

Nicolson GL, Poste G, Ji T. 1977. Dynamic aspects of cell
membrane organization. Cell Surf Rev 3:1-73.



Metabolic Syndrome and Mitochondrial Function 17

Opara EC. 2002. Oxidative stress, micronutrients, diabetes
mellitus and its complications. J Royal Soc Health 122:
28-34.

Opara EC. 2004. Role of oxidative stress in the etiology of
type 2 diabetes and the effect of antioxidant supplemen-
tation on glycemic control. J Investig Med 52:19-23.

Pall ML. 2000. Elevated, sustained peroxynitrite levels as
the cause of chronic fatigue syndrome. Med Hypotheses
54:115-125.

Paolisso G, Esposito R, D’Alessio MA, Barbieri M. 1999.
Primary and secondary prevention of arterosclerosis: Is
there a role for antioxidants? Diabetes Metab 25:298—
306.

Park YW, Zhu S, Palaniappan L, Heska S, Carenthon MR,
Heymsfield SB. 2003. The metabolic syndrome. Preva-
lence and associated risk factor findings in the U.S.
population form the Third National Health and Nutrition
Examination Survey, 1988-1994. Arch Intern Med
163:427-436.

Pasceri V, Willerson JT, Yeh ET. 2000. Direct proinflam-
matory effect of C-reactive protein on human endothelial
cells. Circulation 102:2165—-2168.

Pasternak RC. 2003. Report of the Adult Treatment Panel
III: The 2001 National Cholesterol Education Program
guidelines on the detection, evaluation and treatment of
elevated cholesterol in adults. Cardiol Clin 21:393—
398.

Perseghin G, Scifo P, De Cobelli F, Pagliato E, Battezzati A,
Arcelloni C, Vanzuli A, Testolin G, Pozza G, Del Maschio
A, Luzi L. 1999. Intramyocellular triglyceride content is a
determinant of in vivo insulin resistance in humans: A
1H-13C nuclear magnetic resonance spectroscopy assess-
ment in offspring of type 2 diabetic parents. Diabetes
48:1600-1606.

Perseghin G, Petersen K, Shulman GI. 2003. Cellular
mechanism of insulin resistance: Potential links with
inflammation. Int J Obes Relat Metab Disord 27:S6—S11.

Pessayre D, Fromenty B. 2005. NASH: A mitochondrial
disease. J Hepatol 42:928—-940.

Pessayre D, Fromenty B, Mansouri A. 2004. Mitochondrial
injury in steatohepatitis. Eur J Gasteroenterol Hepatol
16:1-11.

Pessin JE, Saltiel AR. 2000. Signaling pathways in insulin
action” molecular targets of insulin resistance. J Clin
Invest 106:165—169.

Peterson KF, Befroy D, Dufour S, Dziura J, Ariyan C,
Rothman DL, DiPietro L, Cline GW, Shulman GI. 2003.
Mitochondrial dysfunction in the elderly: Possible role in
insulin resistance. Science 300:1140—-1142.

Piper BF, Linsey AM, Dodd MJ. 1987. Fatigue mechanism
in cancer. Oncol Nursing Forum 14:17-23.

Piper BF, Dibble SL, Dodd MJ, Weiss MC, Slaughter RE,
Paul SM. 1988. The revised Piper Fatigue Scale:
Psychometric evaluation in women with breast cancer.
Oncol Nursing Forum 25:667—-684.

Preuss HG. 1998. The insulin system: Influence of
antioxidants. J Am Coll Nutr 17:101-102.

Radi R, Rodriguez M, Castro L, Telleri R. 1994. Inhibition
of mitochondrial electronic transport by peroxynitrite.
Arch Biochem Biophys 308:89-95.

Raz I, Eldor R, Cernea S, Shafrir E. 2005. Diabetes: Insulin
resistance and derangements in lipid metabolism. Cure
through intervention in fat transport and storage.
Diabetes Metab Res Rev 21:3—-14.

Reaven GM. 1993. Role of insulin resistance in human
disease (syndrome X). Annu Rev Med 44:121-131.

Reaven GM. 2006. The metabolic syndrome: Is this
diagnosis necessary? Am J Clin Nutr 83:1237-1247.

Richards RS, Roberts TK, McGregor NR, Dunstan RH, Butt
H. 2000. Blood parameters indicative of oxidative stress
are associated with symptom expression in chronic
fatigue syndrome. Redox Rep 5:35—-41.

Richter C, Par JW, Ames B. 1988. Normal oxidative
damage to mitochondrial and nuclear DNA is extensive.
Proc Natl Acad Sci USA 85:6465—6467.

Ridker PM. 2003. High-sensitivity C-reactive protein and
cardiovascular risk: Rationale for screening and primary
prevention. Am J Cardiol 92(Suppl 4B):17K—-22K.

Ridker PM, Wilson PW, Grundy SM. 2004. Should C-
reactive protein be added to metabolic syndrome and to
assessment of global cardiovascular risk? Circulation
109:2818-2825.

Rosen P, Nawroth PP, King G, Moller W, Tritschler HdJ,
Packer L. 2001. The role of oxidative stress in the onset
and progression of diabetes and its complications: A
summary of a Congress Series sponsored by UNESCO-
MCBN, the American Diabetes Association and the
German Diabetes Society. Diabetes Metab Res Rev
17:189-212.

Russell AP, Gastaldi G, Bobbioni-Harsch E, Arboit P,
Gobelet C, Deriaz O, Golay A, Hesselink MKC, Greenhaff
PL, Constantin-Teodosiu D, Hultman E, Saris WHM,
Nieuwlatt R, Schaart G, Kornips E, Schrauwen P. 2003.
Increased uncoupling protein 3 content does not affect
mitochondrial function in human skeletal muscle in vivo.
J Clin Invest 111:479-486.

Schneider SH, Amorosa LF, Khachadurian AK, Ruderman
NB. 1984. Studies on the mechanism of improved glucose
control during regular exercise in type 2 (non-insulin-
dependent) diabetes. Diabetologia 26:355—360.

Schrauwen P. 2002. Skeletal muscle uncoupling protein 3
(UCP3): Mitochondrial uncoupling protein in search
of a function. Curr Opin Clin Nutr Metab Care 5:265—
270.

Schrauwen P, Hesselink MKC. 2004. Oxidative capacity,
lipotoxicity and mitochondrial damage in type 2 diabetes.
Diabetes 53:1412—-1417.

Schrauwen P, Hesselink MK, Blaak EE, Borgouts LB,
Schaart G, Saris WH, Keizer HA. 2001. Uncoupling
protein 3 content is decreased in skeletal muscle of
patients with type 2 diabetes. Diabetes 50:2870-2873.

Seidman M, Khan MJ, Tang WX, Quirk WS. 2002.
Influence of lecithin on mitochondrial DNA and age-
related hearing loss. Otolaryngol Head Neck Surg 127:
138-144.

Sharman EH, Bondy SC. 2001. Effects of age and dietary
antioxidants on cerebral electron transport chain activ-
ity. Neurobiol Ageing 22:629—634.

Shepherd PR, Withers DdJ, Siddle K. 1998. Phosphoinosi-
tide 3-kinase: The key switch mechanism in insulin
signaling. Biochem J 333:471-490.

Sheu S-S, Nauduri D, Anders MW. 2006. Targeting
antioxidants to mitochondria: A new therapeutic direc-
tion. Biochim Biophys Acta 1762:256—265.

Shoelson SE, Lee J, Yuan M. 2003. Inflammation and the
IKKbeta/ITkappaB/NF-kappaB axis in obesity- and diet-
induced insulin resistance. Int J Obes Relat Metab
Disord 27(Suppl 3):S49-S52.



18 Nicolson

Sima AAF. 2006. Pathological mechanisms involved in
diabetic neuropathy: Can we slow the process? Curr Opin
Invest Drugs 7:324—-337.

Simmons RA. 2006. Developmental origins of diabetes: The
role of oxidative stress. Free Rad Biol Med 40:917-922.

Smith RAJ, Proteous CM, Gane AM, Murphy MP. 2003.
Delivery of bioactive molecules to mitochondria in vivo.
Proc Nat Acad Sci USA 100:5407—-5412.

Sonnenberg GE, Krakower GR, Kissebah AH. 2004. A novel
pathway to the manifestations of metabolic syndrome.
Obesity Res 12:180—186.

Sowers JR, Frohlich ED. 2004. Insulin and insulin
resistance: Impact on blood pressure and cardiovascular
disease. Med Clin North Am 88:63—82.

St. Pierre J, Vohl MC, Despres JP, Gaudet D, Poirier P.
2005. Genetic aspects of diabetes and its cardiovascular
complications: Contribution of genetics to risk assess-
ment and clinical management. Can J Cardiol 21:199—
209.

Strain JJ. 1991. Disturbances of micronutrient and anti-
oxidant status in diabetes. Proc Nutr Soc 50:591-604.
Subczynski WK, Wisniewska A. 2000. Physical properties
of lipid bilayer membranes: Relevance to membrane

biological functions. Acta Biochim Pol 47:613-625.

Sugiyama S, Yamada K, Ozawa T. 1995. Preservation of
mitochondrial respiratory function by coenzyme Q10 in
aged rat skeletal muscle. Biochem Mol Biol Int 37:1111—
1120.

Sullivan PG, Springer JE, Hall ED, Scheff SW. 2004.
Mitochondrial uncoupling as a therapeutic target follow-
ing neuronal injury. J Bioenerg Biomemb 36:353—356.

Szeto HH. 2006. Cell-permeable, mitochondrial-targeted,
peptide antioxidants. AAPS J 8:E277-E283.

Ting HH, Timimi FK, Boles KS, Creager SJ, Ganz P,
Creager MA. 1996. Vitamin C improves endothelium-
dependent vasoldilation in patients with non-insulin-
dependent diabetes mellitus. J Clin Invest 97:22—28.

Ting HH, Timimi FK, Haley EA, Roddy MA, Ganz P,
Creager MA. 1997. Vitamin C improves endothelium-
dependent vasodilation in forearm resistance vessels of
humans with hypercholesterolemia. Circulation 95:
2617-2622.

Touyz RM, Schiffrin EL. 2004. Reactive oxygen species in
vascular biology: Implications in hypertension. Histo-
chem Cell Biol 122:339-352.

Turrens JF. 2003. Mitochondrial formation of reactive
oxygen species. J Physiol 552:335-344.

Ueda S, Yasunari K. 2006. What we learned from
randomized clinical trials and cohort studies of antiox-
idant vitamins. Focus on vitamin E and cardiovascular
disease. Curr Pharm Biotechnol 7:69-72.

Uittenbogaard A, Shaul PW, Yuhanna IS, Blair A, Smart
EdJ. 2000. High-density lipoprotein prevents oxidized low-

density lipoprotein-induced inhibition of endothelial
nitric oxide synthase localization and activation in
caveolae. J Biol Chem 275:11278-11283.

van Reyk DM, Gilles MC, Davies MJ. 2003. The retina:
Oxidative stress and diabetes. Redox Rep 8:1-6.

Vechoor VK, Patti ME, Saccone R, Kahn CR. 2002.
Coordinate patterns of gene expression for substrate
and energy metabolism in skeletal muscle of diabetic
mice. Proc Nat Acad Sci USA 99:1087-1092.

Vidal-Puig AdJ, Grujic D, Zhang CY, Hagen T, Boss O, Ido Y,
Szcepanik A, Wade J, Mootha V, Cortright R, Muoio DM,
Lowell BB. 2000. Energy metabolism in uncoupling
protein 3 gene knockout mice. J Biol Chem 275:16258—
16266.

Visser M, Bouter LM, McQuillan GM, Wever MH, Harris
TB. 1999. Elevated C-reactive protein levels in over-
weight and obese adults. JAMA 282:2131-2135.

Vitarius JA. 2005. The metabolic syndrome and cardiovas-
cular disease. Mt Sinai J Med 72:257—-262.

von Roenn JH, Paice JA. 2005. Control of common, non-
pain cancer symptoms. Semin Oncol 32:200—210.

Wei YH, Lee HC. 2002. Oxidative stress, mitochondrial
DNA mutation and impairment of antioxidant enzymes
in aging. Exp Biol Med 227:671-682.

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel
RL, Ferrante AW, Jr. 2003. Obesity is associated with
macrophage accumulation in adipose tissue. J Clin
Invest 112:1796—-1808.

Whitworth JA. 2003. World Health Organization (WHO)/
International Society of Hypertension (ISH) statement
on management of hypertension. J Hypertens 21:1983—
1992.

Wilcox CS. 2005. Oxidative stress and nitric oxide defi-
ciency in the kidney: A critical link to hypertension? Am J
Physiol Regul Integr Comp Physiol 289:R913-R935.

Wolk R, Shamsuzzaman AS, Somers VK. 2003. Obesity,
sleep apnea and hypertension. Hypertension 42:1067—
1074.

Xu D, Finkel T. 2002. A role for mitochondria as potential
regulators of cellular life span. Biochem Biophys Res
Commun 294:245-248.

Zambon A, Pauletto P, Crepaldi G. 2005. The metabolic
syndrome—a chronic cardiovascular inflammatory con-
dition. Aliment Pharmacol Ther 22(Suppl 2):20-23.

Zeng G, Nystrom FH, Ravichandron LV, Cong LN, Kirby
M, Mostowski H, Quon MdJ. 2000. Roles for insulin
receptor, PI3-kinase, and Akt in insulin-signaling path-
ways related to production of nitric oxide in human
vascular endothelial cells. Circulation 101:1539—1545.

Zwaka TP, Hombach V, Torzewski J. 2001. C-reactive
protein-mediated low-density lipoprotein uptake by
macrophages: Implications for atherosclerosis. Circula-
tion 103:1194-1197.



