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Abstract

Age-related Ecto-Nicotinamide Adenine Dinucleotide Oxidase Disulfide Thiol Exchangers 3 (ENOX3)
or age-related NADH oxidases (arNOX) are expressed at the cell surface as five members of the
TM-9 superfamily, initially membrane anchored, all functionally similar, with the N-termini ex-
posed at the cell’s exterior. ECTO-NOXes are cell surface proteins with both time-keeping CoQH;
[NAD(P)H] oxidase and protein disulfide-thiol interchange activities. They are designated as
ECTO-NOX proteins because of their localization on the outer surface of the plasma membrane and
to distinguish them from the phox-NOXes of host defense. A ca. 30 kDa N-terminal fragment is
cleaved and accumulates in body fluids (serum, saliva, urine, perspiration). arNOXes appear
around age 30 and increase steadily thereafter. Reduced quinones, i.e., reduced coenzyme Q, of the
plasma membrane are natural substrates. NAD(P)H is oxidized as an artificial substrate. In one
phase of the arNOX cycle electrons are transferred to oxygen to generate superoxide. Substrates
for the shed forms of arNOX appear to be proteins of body fluids. Circulating lipoproteins and skin
matrix proteins emerge as potentially important health-related targets. Through oxidation of col-
lagen, elastin and other proteins of the skin matrix, arNOXes are major contributors to skin aging
through tyrosine and thiol oxidation and subsequent cross linking. The main destructive action of
arNOX, however, may be to directly oxidize circulating lipoproteins. arNOX in the blood is struc-
tured as an integral component of the LDL particle through site-specific binding. As such, arNOXes
are implicated as major risk factors for cardiovascular disease due to specific oxidation of LDLs.
The superoxide produced and its conversion to hydrogen peroxide would be one part of the po-
tentially destructive properties by contribution to lipid oxidation. Inhibition of arNOX proteins
provides a rational basis for anti-aging interventions and their elimination as a major risk factor
of atherogenesis.
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1. Introduction

A growing number of pharmaceutical companies worldwide are engaged in programs to identify genes asso-
ciated with the aging process as targets for anti-aging interventions (either to modulate gene expression at the
level of messenger RNA or to modulate the protein products of the genes). The group of proteins designated as
arNOX or age-related NADH oxidases, represent one such example as a family of aging genes amenable to such
modulation (Figure 1). Age-related nicotinamide adenine dinucleotide oxidase (arNOX) proteins are one of
several species of ECTO-NOX (external NADH oxidases) or ENOX proteins that have been postulated to link
the accumulation of lesions in mitochondrial DNA to the cell surface accumulation of reactive oxygen species
(ROS) [1] [2] and, as proteins shed into body fluids, to oxidize molecular targets at a distance from their tissues
of origin [2].

The ENOX proteins are cell-surface located, terminal oxidases involved in the plasma membrane oxido-re-
ductase (PMOR) system. Aging leads to the accumulation of mitochondrial DNA lesions and a shift towards
energy production via glycolysis, resulting in a hyperactive-PMOR system. Generated superoxide can then form
H,O, and other ROS capable of damaging adjacent cells, circulating lipoproteins and the collagen and elastin
components of the skin’s extracellular matrix. The arNOX proteins are low or absent from individuals aged 20
to 40 y or younger [3]. The activity appears at about age 30, reaches a peak between the ages of 55 to 65 y in
women and the ages of 65 to 75y in men [3] (Figure 2). In completed studies, high serum or salivary arNOX
levels in subjects within these age ranges correlated with atherogenic risk and older-appearing skin [4] [5].

Age and oxidative stress are major risk factors for heart disease [6]. A large body of evidence supports the no-
tion that reactive oxygen species provide a causal link in the appearance of circulating oxidized lipoproteins (i.e.,
oxidized low density lipoproteins) and their subsequent clearance by macrophages and delivery to the arterial
wall (Figure 3). A major role of arNOX proteins in this process is now indicated [5].

arNOX proteins not only generate superoxide by transfer of single electrons to molecular oxygen but oxidize
proteins as well [7]. arNOX-catalyzed oxidation and cross-linking of protein-bound tyrosines and measurements
of Advanced Glycation Endproducts correlate with age and arNOX activity amenable to ablation by topical ar-
NOX inhibitors, for example, to reduce skin aging. Inhibition of arNOX also provides a rational basis for the use
of dietary or oral interventions to retard formation of aging-related arterial lesions through a reduction or pre-
vention of LDL oxidation. Recognition of at least 5 isoforms of arNOX, their genetic cloning and the production
of arNOX-specific polyclonal and monoclonal antibodies now leads us to look forward to interventions based on
controlling gene expression and possibly mimicking gene expression profiles of younger skin and heart healthy
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Figure 1. Generation of superoxide at the cell surface from the action of plasma membrane-situated arNOX activity (Mod-

ified from Morré et al. [2]).
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Figure 2. Serum arNOX correlates with age to a maximum between 66 and 75 years.
Individuals reaching age 85 and beyond have reduced levels of serum arNOX.
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Figure 3. Foam cell formation by macrophages scavenging oxidized low density lipo-
proteins (LDL). Foam cells deliver the oxidized LDLs to the arterial wall resulting in
the formation of atherosclerotic plaques.

individuals. In this report, a potential new source of intrinsic ageing, the arNOX proteins, is described and data
showing a correlation between elevated arNOX proteins and an aged appearance plus an increased cardiovascu-
lar risk are presented.

2. Methods

In aged volunteers, arNOX activity was found in sera, saliva, lymphocytes (buffy coats) and epidermis [8]. Ar-
NOX activities from all sources correlated with age [9]. arNOX activity based on superoxide catalyzed reduc-
tion of ferricytochrome ¢ was determined spectrophotometrically from absorbance at 550 nm with reference at
540 nm and inhibited by superoxide dismutase (SOD) [10]. Not only was arNOX activity observed in serum and
saliva but in perspiration as well along with extracellular supporting matrices important to skin health. As with
serum and saliva, arNOX activity of perspiration and skin increased with age. In addition to sera and perspira-
tion, human saliva contains arNOX activity. Saliva offers an opportunity to readily monitor arNOX in patients
and volunteers and to monitor responses to supplements.

(=)
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As a result of proteolytic cleavage, ca. 30 kDa arNOX fragments are shed and enter the blood and other body
fluids or are internalized into endosomes. The soluble fragments generate superoxide as estimated from the su-
peroxide inhibited reduction of ferricytochrome c, a standard measure of superoxide production.

Levels of oxidized LDL in serum were measured by using a malondialdehyde protocol modified from Smith
et al. [11]. Malondialdehyde equivalents were calculated for 1,1,3,3-tetramethoxypropane (Aldrich) standards.

Lipoproteins were isolated by flotation ultracentrifugation. Sera, saliva and perspiration of healthy volunteers
were collected using Institutional Review Board (IRB)-approved protocols. Informed consent was used.

Unless stated otherwise, subjects were Caucasian, ages 25 to 98, enrolled from the greater Lafayette, IN area
and both males and females in nearly equal numbers. Subjects for skin assessments were Caucasian females re-
cruited in the Palo Alto, CA area.

Correlations used linear regression (p < 0.001). Statistical comparisons of means with standard deviations
used a two-tailed t-test (InStat). Values with non-overlapping standard deviations were highly significant (p <
0.001).

Cloning

At least three members of this family have been described so far: (1) the constitutive NADH oxidase (ENOX1
or CNOX), expressed in normal cells and located on chromosome 13g14.11 [8], (2) the tumour-associated
NADH oxidase (also known as ENOX2 or tNOX), present on the surface of invasive cancer cells and located on
chromosome Xqg25-026.2 [12], and (3) the age-related NADH oxidase (also named arNOX or Ecto-NOX3),
consisting of 5 isoforms each located on a separate chromosome [12]. The first two family members were
cloned in the last decade (GenBank Accession No. EF432052 and AF207881, for Ecto-NOX1 and Ecto-NOX2,
respectively). The identity of arNOX or ENOX3 was determined only recently (GenBank Accession No. BK
008759) as members of the TM-9 family of ca 72 kDa transmembrane proteins with transmembrane helices
(Figure 4). Five isoforms are known so far based on sequences. arNOX is synthesized as a membrane anchored
protein with its catalytic N-terminus directed toward the cell’s exterior. Ca 30 kDa N-termini are then shed and
circulate. Each of the shed isoforms has a unique peptide sequence. However, all of the shed forms have similar
functional motifs characteristic of ENOX proteins. They are resistant to protease digestion (proteinase K) and
heat (70°C - 80°C) as istypical of the ENOX proteins. Moreover, they all catalyze oscillation patterns of redox
activities which impart a time-keeping function, arNOX proteins are a novel discovery made more important by
the paucity of biomarkers which serve as aging-related indicators of cardiovascular oxidative damage amenable
to the- rapeutic intervention. As a potentially important parameter of antioxidant defenses and oxidative stress,
measurements of arNOX may be used to determine whether an intervention achieves its intended biochemical or
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Figure 4. arNOX proteins are members of the TM9 family of transmembrane proteins.
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physiological endpoint or whether the enrolled subjects in a clinical trial present with oxidative stress at the be-
ginning of the trial. Thus, a reliable biomarker correlated with aging such as arNOX has the potential to give
guidance to the design and outcome measures of clinical trials with age-related disorders. Moreover, research
exploring agents capable of inhibiting arNOX has been greatly facilitated by the availability of recombinant
arNOX proteins. Specific nutritional supplements to prevent or slow aging are expected to represent a major
advance in human nutrition and nutritional supplements. Identification of the arNOX gene and its gene products,
for example, has allowed strategies to seek drugs, botanicals and natural non-botanical substances that slow or
block both aging and atherogenic processes.

3. Results
3.1. arNOX and Skin Health

arNOX (ENOX3) activity of skin increases with age beginning at age 30 as determined for both dermis and epi-
dermis (Figure 5). The arNOX generates superoxide and reactive oxygen at the cell surface, significantly in-
creasing the ratio of production of reactive oxygen species (ROS) vs. antioxidant defense. This increase greatly
accelerates the age-related changes due to lipid and/or protein oxidation. Hence, agents that reduce this activity
are anticipated to have value for anti-aging intervention, since arNOX emerges as a compelling molecular target
to explain how coenzyme Qo and other anti-aging substances offer protection to maintain skin vitality [8].

The arNOX proteins, being very stable to heat, proteolysis and chemical degradation,are released into the
outer layers of the skin, for example, where it oxidizes skin proteins such as collagen and elastin by converting
thiols to disulfides and by converting tyrosines to tyrosyl radicals. The latter then react to cross-link proteins
through dityrosyl linkages as a major factor in altering skin texture and appearance, in wrinkle formation and
other degenerative conditions related to skin aging [13]. arNOX is found in both the epidermis and dermis at
both sun-exposed and non-sun exposed sites [14].

Evidence to link arNOX activity levels to oxidative changes during aging includes correlation with Advanced
Glycation Endproduct (AGE) readings estimated using a Dianoptic (San Diego, CA) fluorescence AGE reader
[15] [16] (Figure 6). Oxidation end products (fluorescent adducts of oxidized lipids and proteins) normally ac-
cumulate with aging. A light source excites fluorescent moieties in the tissue which then emit light of a different
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Figure 5. arNOX activity of epidermal and dermal explants of skin increase with age beginning about age 30.
The subjects were females. Values of activities susceptible to inhibition by superoxide dismutase did not be-

come measurable until after age 30.
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Figure 6. Advanced glycation oxidation endproducts rise as arNOX activity of
sera increase with increasing age.

wavelength. In the wavelength band used, the major contribution to fluorescence came from fluorescent AGE
linked to proteins, mostly to collagen.

To correlate mean error in estimating age with arNOX, studies were conducted with female subjects. Inde-
pendent graders reviewed photographs of close-ups of subject’s faces taken at a baseline visit and estimated
each subject’s age. The graders estimated age and scored skin according to overall skin health, fine wrinkling,
deep wrinkling, skin color, skin laxity, pore size and evenness. Estimates of age were averaged and compared to
the subject’s actual age. Age differences and other skin assessment scores were compared to arNOX levels de-
termined from serum, saliva and sweat collections (Figure 7). Subjects with high arNOX activity had skin cha-
racteristics that made them appear on average 7 y older than their chronological age whereas subjects with low
arNOX activity at the same age had on average 7 y younger-appearing skin than their actual age. arNOX activity
in skin cells that increased with age was shown as well for primary keratinocytes and fibroblasts from human
donors [17].

Thus, the hypothesis under investigation is that arNOX proteins are a major cause of oxidative protein dam-
age in the outer layers of the skin and that arNOX inhibitors would be of cutaneous value in persons between
ages of 45 and 65. The findings suggest that arNOX oxidizes skin proteins, collagen and elastin, directly as a
source of electrons to generate superoxide. Tyrosines are especially susceptible to oxidation by arNOX and
when oxidized to tyrosyl radicals, the tyrosyl radicals form cross links in the protein. Since the arNOX is shed, it
is able to migrate into the outer layers of the epidermal epithelium to carry out extracellular protein oxidation.
Since arNOX appears to be overexpressed with increasing age, these potentially destructive molecules will
persist even in the face of genetic changes affecting protein renewal and their inhibition presents potentially safe
and effective anti-aging strategies whereby skin ageing is controlled directly at its source.

3.2. arNOX and Coronary Artery Disease

Age and oxidative stress are major risks for heart disease [6]. The causal link is the generation in the circulation
of oxidized low density lipoproteins (LDLSs) and their subsequent clearance by macrophages and delivery to the
arterial wall [18]. The process of internalizing the oxidized particles transforms the macrophages into foam cells.
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Figure 7. Serum arNOX activity is correlated with mean error in estimating age. Sera
were collected from 25 female subjects and compared to ages estimated from photo-
graphs taken at the same time. From Rehmus et al. [13].

If oxidation of lipoprotein particles was prevented or significantly reduced by oral inhibitors of arNOX, the li-
poprotein particles would not be internalized to create foam cells and deposits beneath the arterial intimae would
be greatly reduced as a result.

However, until now there has not been a clear cause as the basis for LDL oxidation in the blood. Levels of
most antioxidants including a-tocopherol, B-carotene and ascorbate decline with age in the elderly but there is
no apparent correlation between ingestion of these common antioxidants and amelioration of the aging process
or decreased mortality [19]. The implication is that the oxidative damage leading to aging and increased athero-
genic risk is the result of a much more specific causation. A correlation with levels of arNOX activity may ex-
plain why LDL oxidation increases in the elderly and is greater in some individuals than in others. arNOX pro-
teins appear after age 30 and increase to a maximum at about age 55 to 65 in women and age 65 to 75 in men in
direct correlation to atherogenic risk. Of those who die of a heart attack, 85% are age 65 or older [20]. Women
surviving beyond age 65 usually have diminished arNOX levels compared to men and a lower risk of coronary
artery disease compared to men [21] further suggesting some causal relationship between ar NOX levels and
atherogenic risk.

A number of observations point to arNOX as a primary generator of reactive oxygen species (ROS) in the
body, especially with regard to oxidation of circulating lipoprotein particles. arNOX proteins actually bind to
LDLs and utilize thiol groups as the source of electrons transferred to oxygen to form superoxide or to oxygen to
form water. Not only does arNOX activity result in oxidation of the lipid core with formation of malondialde-
hyde-like adducts but the LDL coat proteins are oxidized as well in supplying electrons to the oxidase [22].

arNOX in the blood appears to be structured as an integral component of the LDL particle in that, after over-
night flotation centrifugation, 30% - 40% of the arNOX is associated with the lipoprotein particles. The LDL-
associated arNOX floats up through saline or distilled water and cannot be washed off. The TM94 arNOX fami-
ly member that binds LDL has a 27 amino acids sequence with 40% similarly to the LDL receptor binding sur-
face (Figure 8). Not only does arNOX of sera target the apoB of LDL particles as an electron source for supe-
roxide formation, the arNOX emerges as being complexed with its apoB target. Thus, much of the oxidative
damage is through direct oxidation of protein thiols and tyrosines.

(=)
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@

Figure 8. Cartoon illustrating the role of arNOX in lipoprotein oxidation. a) LDL particles bind to LDL re-
ceptors on the cell surface to initiate lipid delivery to peripheral cells. b) arNOX attaches to ApoB receptor
by a portion of their sequence similar to that of the cell surface LDL receptor in a) ¢) The arNOX attaches to

the ApoB, withdrawing electrons to generate superoxide (O, ). The superoxide is then converted to lipid

oxidizing H,0, by superoxide dismutase. d) Oxidized LDL particles are recognized by macrophages and in-
ternalized to form foam cells leading to atherosclerosis.

The pathway of the role for arNOX in apoB oxidation and subsequent pathology requires formation of lysine
adducts [12] with malondialdehyde derived from ROS-catalyzed lipid oxidation as an obligatory step [23]. For-
mation of malondialdehyde-like products in human serum lipoproteins correlated previously with arNOX levels
in a cell free co-incubation system [24]. ROS generation from superoxide would ensure superoxide dismutase
catalyzed dismutation of superoxide to form H,0,.

Mitochondria appear not to be a major source of cellular superoxide anion or hydrogen peroxide. Uninhibited
respiring mitochondria produce very little of either [25]-[27]. The actual amount of H,O, produced by mito-
chondria appears to be in the order of 0.1 nmoles formed/min/mg mitochondrial protein. In contrast, in the el-
derly, the bulk of the superoxide anion and H,O, appears to be produced by the plasma membrane or exterior to
the cells themselves. At peak production which occurs on average at about age 65, approximately 0.06 nmoles/
min superoxide is produced/10’ cells (human buffy coat or epidermal epithelia) [13]. The value in sera is ap-
proximately 0.3 nmoles/ml/min which results in several millimoles of superoxide being produced on a daily ba-
sis in the proximity of circulating lipoproteins just from the circulating form.

4. Discussion

Structure-activity analysis and related arNOX blocking molecules have been used to identify arNOX substrate
blocking molecules appropriate to anti-aging interventions. Some identified supplement candidates are effi-
ciently absorbed and extremely effective at dilutions corresponding to < 100 ng/ml or approximately 0.1 mg/kg
body weight. Included are gallic acid, salicin, tyrosol, and coenzyme Qo (Table 1).

The basic premise is that the arNOX protein provides a molecular target to explain how coenzyme Qo and
other anti-aging substances could offer protection to maintain skin vitality and possibly ablate aging-related car-
diovascular changes. arNOX is inhibited by coenzyme Qy, a substance long implicated as having anti-aging
properties but for which there was no clear biochemical rationale to completely explain its effects (Figure 9).
Relative arNOX activities of sera correlate with those of saliva making salivary arNOX an attractive indicator of
the efficacy of arNOX inhibitors in clinical trials.

A second platform for a dietary intervention strategy directed toward reducing aging-related cardiovascular
risk is based on the inhibition of arNOX by certain culinary seasonings often referred to as “Herbs de Provence,”
all of which are ingredients used extensively in the French kitchen [28]. A possible explanation for the French
Paradox is provided by these observations where the French diet or lifestyle leads to reduced atherogenic risk
despite a cholesterol-rich diet high in cheese and butter. Previous studies attributed the reduction in risk to con-
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Table 1. Specific inhibitors of arNOX activity.

ECsgo TMOISF2 TMOISF4
arNOX Block? 1:30 1:20
CoQqo 30nM 50 nM
Tyrosol 3uM lu
Gallic Acid 2 uM 2 uM

0 uL of an aqueous mixture of 4 mg/mL Schizandra chinensis extract,
9% schizandrins (Draco, San Jose CA), plus 1 mg/mL salicin (Sigma,
St. Louis, MO), and 20 pL of IBR Dormin (lIsraeli Biotechnology Re-
search, Ramat-Gan, Israel) added to 2.5 pL of assay volume.
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Figure 9. arNOX activities of sera and saliva correlate.
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Figure 10. Inhibition of serum arNOX by finely ground savory
supplied as a sustained release formulation.
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sumption of red wine as a natural source of the polyphenol resveratrol [29]. However, the herbs which are
staples of the French diet offer a more compelling explanation as resveratrol is only very poorly absorbed into
the blood stream in man [30] [31].

Inhibitions by herbal infusionsat a final concentration of 7.5 pug/mL in the assay varied from 50% to 90% for
savory, estragon (tarragon), basil, majoram, rosemary and sage along with a corresponding inhibition of arNOX
catalyzed lipid oxidation. Savory and estragon (tarragon) were effective at concentrations as low as 75 ng/mL in
the assay. Also effective were gallic acid at a final concentration of 2 uM (340 ng/mL) and tyrosol at 1 to 3 uM
(138 to 414 ng/mL).

By formulating the herbal preparations as sustained-release preparations, 24 h of protection were attained with
just two 400-mg capsules/day (one in the morning and one before bedtime) (Figure 10). It is this aspect that
makes possible a therapeutic utility of the technology to reduce aging-related arterial damage from oxidized cir-
culating lipoproteins in individuals as they age beyond 30 years. Ablation of reactive oxygen species important
to skin ageing has been achieved by topical arNOX inhibitors. Recognition of a least 5 isoforms of arNOX, their
genetic cloning and the production of arNOX-specific polyclonal and monoclonal antibodies now leads us to
look forward to intervention based on controlling gene expression and possibly mimicking gene expression pro-
files of younger skin.
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