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Abstract

Unsaturated carbon-carbon double bonds particularly at exposed end groups of nonsolid fluids are
susceptible to free-radical covalent bonding on one carbon atom creating a new free radical on the
opposite carbon atom. Subsequent reactive secondary sequence free-radical polymerization can
then continue across extensive carbon-carbon double bonds to form progressively larger molecules
with ever-increasing viscosity and eventually produce solids. In a fluid solution when carbon-
carbon double bonds are replaced by carbon-carbon single bonds to decrease fluidity, increasing
molecular organization can interfere with molecular oxygen (O») diffusion. During normal
eukaryote cellular energy synthesis O, is required by mitochondria to combine with electrons from
the electron transport chain and hydrogen cations from the proton gradient to form water. When
05, is absent during periods of irregular hypoxia in mitochondrial energy synthesis, the generation
of excess electrons can develop free radicals or excess protons can produce acid. Free radicals
formed by limited O, can damage lipids and proteins and greatly increase molecular sizes in
growing vicious cycles to reduce oxygen availability even more for mitochondria during energy
synthesis. Further, at adequate free-radical concentrations a reactive crosslinking unsaturated
aldehyde lipid breakdown product can significantly support free-radical polymerization of lipid
oils into rubbery gel-like solids and eventually even produce a crystalline lipid peroxidation with
the double bond of O,. Most importantly, free-radical inhibitor hydroquinone intended for medical
treatments in much pathology such as cancer, atherosclerosis, diabetes, infection/inflammation and
also ageing has proven extremely effective in sequestering free radicals to prevent chain-growth
reactive secondary sequence polymerization.
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Introduction

Free-radical polymerization is one of the most important chemistries in the world today key
to many diverse applications including use in the development for various types of aerotech
structures, aircraft, marine manufacturing, commercial/military cars and trucks, ballistic
material, medical bone cements, many dental restoratives, water resistant surface protection
and repairs. A breakthrough in free-radical chemistry is distinguished by reactive secondary
sequence covalent bonding through multiple carbon-carbon double bonds especially during
intermittent hypoxia that provides significant understanding to most known medical states
[1-3]. Free radicals are extremely unstable molecules with an unpaired electron in an outer
valence orbital that needs an extra electron to restore stability [4-6]. Unsaturated carbon-
carbon double bonds particularly at exposed end groups are especially susceptible to a free-
radical forming a covalent single bond on one carbon atom to create a new free radical on
the opposite carbon atom [1,2]. Reactive secondary sequence free-radical bonding can then
continue a polymerization chain-growth reaction across numerous carbon-carbon double
bonds to form larger molecules or ultimately macromolecular polymers [1,2].

Cellular mitochondrial organelles produce over 90% of the adenosine triphosphate for the
cell during aerobic energy synthesis [7,8]. As a result, mitochondria consume approximately
85% of all cellular O, [9]. However, during hypoxic aerobic conditions mitochondria also
produce electrons that are the chief source for free radicals as reactive oxygen species (ROS)
like superoxide anion (O,"") by the one electron reduction of O, [9-16]. ROS comprise
0,°7, hydrogen peroxide (H205) and the hydroxyl radical (HO®) [1,2,9,17]. The free radical
0O,°~ and HO" are unstable molecules with an unpaired electron [1,2]. Alternatively, HoO5 is
a moderately stable molecule but can produce HO® when exposed to transition metal cations
for example divalent ferrous iron or Fe*2 [1] common to the heme molecule [18] and found
in connective tissue [19,20]. High levels of ROS generated through mitochondria can cause
damage to lipids, proteins and DNA [17,21-30]. Further, ROS can augment pathology
[1,3,15,17,22,25,27,30] and even increase ageing [9,19,20,24,31]. On the other hand, ROS
can provide a level of biology for physiologic protection at low concentrations
[17,21,22,30,32-36].

Mitochondria require O, during energy metabolism so that electrons generated through the
electron transport chain and protons that develop around the proton gradient can combine
with help from proteins that are enzymes to form water (Figure 1). In the process of
mitochondrial aerobic metabolism NADH is oxidized to NAD* releasing 2 electrons and a
proton. Without O, during mitochondrial energy synthesis excess electrons can form free
radicals and protons can produce acid [1,2]. When combined with acid free radicals can
break down large lipids such as polyunsaturated fatty acids (PUFAs) and with possible help
from enzymes produce smaller reactive unsaturated aldehydes that greatly increase free-
radical crosslinking reactive secondary sequence polymer chemistry [1,2]. Lipids are
classified by two types as simple fats and waxes with hydrolyzable ester linkages between
fatty acids and glycerol or as complex ring structures like cholesterol and other steroids
without ester linkages [37]. Simple lipids are further categorized by the fatty acid chains as
fats or oils in relation to the amount of bond saturation or also carbon-carbon double bonds
respectively [37,38]. When the number of carbon-carbon double bonds is lowered saturation
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is increased with greater amounts of hydrogen-carbon bonds for higher melting points and
unsaturated low viscosity oils can become solid-like saturated fats [37]. Free radicals
produced as a result of O, structural barriers and decreased O diffusion to mitochondria are
then possibly accessible for chain growth polymerization crosslinking with the reactive
unsaturated aldehydes by covalent bonding across PUFA double bonds to increase molecular
structure to a great extent [1,2]. Subsequent PUFA double-bond reactive secondary sequence
crosslinking can then generate an increasing run-away spiral of molecular barrier structures
to O, diffusion and lower O, availability for mitochondria during energy synthesis resulting
in continuing ever-greater production of free radicals [1,2].

Free radicals can interact for increased structural organization by molecular crosslinking to
reduce O, transport at the molecular, cellular, tissue and vascular levels that may generate
pathology in cancer, atherosclerosis, diabetes, trauma, inflammation and infection as basic
examples. Free-radical ROS at the normal low levels are considered to be part of cell
physiology for example with antimicrobial oxidative bursts to destroy microbes, control
autophagy to reuse intracellular organelles or molecules by a type of nutrition biosynthesis,
provide a form of cell signaling as a way of adapting to stress and following trauma support
healing in association with molecular growth factors [17,21,22,30,32-36]. But, at higher
free-radical levels molecules such as lipids, proteins and DNA can be damaged [17,21-30].
When free-radical crosslinking occurs between unsaturated lipids especially in the presence
of low molecular-weight reactive unsaturated lipid aldehyde breakdown products the low oil
viscosity can increase and eventually produce rubbery solids and even crosslink between the
double bonds of O, concentrated near a nonpolar interface to generate crystalline lipid
peroxidation products [1] (Figures 2 and 3). With sufficient concentration levels of free-
radicals and reactive unsaturated aldehydes the unsaturated lipid polymerization process is
thermodynamically favorable even at just room temperature [1]. During covalent free-radical
reactive secondary sequence crosslinking lipid oils increase viscosity [1,2] and cell
membranes can draw together to become less rounded with decreased fluidity so that
molecular oxygen diffusion through the membrane is reduced [2]. Also, free radicals can
stiffen the extracellular matrix as in many cancers [39-45]. Further, by free-radical reactive
secondary sequence polymerization the lipid core of plaque lesions in atherosclerosis can
develop hardness with size enlargement [1,36] as part of a complex process that may restrict
blood flow [36]. Multiple initiating events that start the cascading reductions in transport of
05, could include many combined factors from toxicity of environmental chemical
interactions or improper nutrition, ionizing radiation, tissue trauma with irregular healing
and scarring, various infections coordinated with damaging inflammation, vascular
obstructions, increased extracellular matrix stiffness, or reduced cell membrane fluidity to
name a few associated events or initiating sources.

Cell Membranes

Free radicals can result in reducing membrane fluidity to increase membrane rigidity
[2,9,46-50]. Most importantly, free radicals target PUFAs that lower in content as a sign
crosslinking occurs with loss of carbon-carbon double bonds [46-50]. When the fatty acid
saturated/unsaturated ratio increases membrane fluidity can also decrease due to increased
molecular packing by saturated single bond rotation entanglements compared to
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unsaturation with carbon-carbon double bonds that reduce bond entanglements [2,51,52].
Further, membrane fluidity can decrease by increasing the fatty acid chain lengths [51].
Conversely, membrane fluidity can increase during free-radical electrophilic attack with
hydrolysis on PUFA carbon-carbon double bonds [2,53,54] by oxidative cleavage forming
smaller molecules as relatively unreactive aldehydes that can travel easier into less
significant spaces [1]. Increased fluidity occurs as a result of smaller molecules increasing
diffusion exponentially whereas longer molecules decrease movement by single bond
rotation entanglements [55]. The Fluid Mosaic Membrane Model offers the best accepted
insight into limitations on lateral diffusion of lipids and proteins within the membrane
[56,57]. The present Fluid Mosaic Membrane Model illustrates how lateral protein mobility
is dependent on membrane fluidity along with protein size or protein aggregation [58]. As a
result, within the membrane lateral molecular movement allows lipids and proteins to search
for molecules of similar covalent polarities by weak attractive forces [2]. Saturated lipids
that form as more rigid-like macromolecules from unsaturated lipid oils to reduce more fluid
membrane regions appear to be influenced through free-radical ROS crosslinking into lipid
rafts by demonstrating increased saturated amounts with increasing H,O, [50]. Structural
rigidity organization of the plasma cell membrane increases for lower fluidity as a
consequence of ageing [9]. Further, oxidative damage decreases fluidity of the inner
mitochondrial membrane [9]. Plasma cell membrane unsaturated fatty acids and especially
PUFAs are especially at risk to ROS electrophilic attack [49,50] because of susceptible
carbon-carbon double = bonds that in turn create lipid products with saturated single o
bonds [1,2]. Regarding other ROS influences to increase membrane rigidity and reduce
molecular lateral diffusion, proteins are found to agglomerate or crosslink when exposed to
ROS for example by dityrosine crosslinks with metal catalyzed reactions [59-61], through
cysteine disulfide crosslinks [62,63] or from the reactive unsaturated aldehyde acrolein that
crosslinks amino acids with serine, histidine, arginine, theronine and lysine being most
susceptible [64].

Erythrocytes with high concentrations of PUFAs exposed to ROS experience reduced
fluidity that indicates free radicals are involved by crosslinking [48,49]. Also, erythrocyte
membranes deform when exposed to ROS developing a pointed extension [49] similar to
pointed membrane extensions that are traits of free-radical crosslinked cancer cells [3].
Consequently, PUFA free-radical crosslinked stiffer membranes during irregular hypoxic
conditions with mitochondrial energy synthesis could explain loss of membrane fluidity and
resultant pathology [2]. In addition, longevity is thought to increase with lower fatty acid
unsaturation levels due to less exposure of carbon-carbon r bonds vulnerable to ROS attack
[65].

Nonpolar O, diffuses through the nonpolar cell membrane phospholipids by similar polarity
attractions to ultimately combine with excess electrons and protons during mitochondrial
energy synthesis [1,2]. Also, lateral motion of lipids and proteins in the membrane requires
sufficient fluidity [58]. But, with irregular hypoxic conditions electron radicals can generate
from the mitochondrial electron transport chain and hydrogen cations can increase from the
proton gradient [1,2]. As a result of hypoxic environments, membrane fluidity can be
decreased by free-radical crosslinking with PUFAs [9,46-50]. ROS also influence lowering
membrane fluidity and reduced molecular lateral diffusion by agglomerating or crosslinking
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proteins [59-64]. Resultant reductions in membrane fluidity consequently interfere with
diffusion of O, [66-68]. Less O, available for normal mitochondrial energy synthesis in turn
produces more free radicals [1-3]. Consequently, an escalation of free-radical concentrations
over time can increase membrane PUFA crosslinking to reduce membrane fluidity with
increased macromolecular barriers to decrease O, diffusion even more [2]. As free-radical
concentrations rise molecular degenerative insults accumulate on lipids, proteins and DNA
[17,21-30]. Subsequent build up of free-radical damage is considered an important
component for many medical conditions [1,3,17,22,25,27,30] and even ageing
[9,19,20,24,31].

As presented previously, elevated pathologic ROS levels and oxidative damage can decrease
membrane fluidity [2,9,46-50]. Hypoxia in cancer cells produces high concentrations of free
radicals [3,69-77], expected by irregular O, availability to mitochondria during energy
synthesis to generate the superoxide anion O,°~ [9,15,16,31,54,78-80]. Cancer cell
membranes reflect oxidative stress by ROS with uneven distorted borders, membrane
ruffling and irregularly shaped nuclei compared to smoother more even rounder membranes
of normal cells with smooth nuclei [3]. A notable expression of free-radical covalent bond
polymerization is the linear or volumetric shrinkage from the original fluid-like material
toward a harder and smaller more solid mass [1-3,81-84]. Also, free-radical polymerization
shrinkage creates a distortion or warpage at some level because of uneven covalent bonding
[1-3,81,83,84]. Uneven nonuniform polymerization shrinkage with warpage is enhanced
with film coatings having uneven depth without smooth regular support underneath [84].
Cytoskeletal actin fibers provide strength inside the plasma cell membrane [85]. Unsaturated
lipid oils of the plasma cell membrane would then crosslink over supporting actin fibers set
irregularly beneath to increase polymerization shrinkage warpage [3]. Unsaturated lipids
pulled together by free-radical covalent crosslinking at rounder more even membrane
borders would need invagination to wrinkle inward particularly when coupled with irregular
actin fiber support underneath to explain the distorted appearance that occurs during the
transformation to cancer cells [3]. Related to irregular uneven cancer cell membranes,
vitamin A and B,p-carotene nutrient capsules both with numerous multiple carbon-carbon
double bonds in unsaturated oil suspensions produced extensive wrinkling and warpage
during free-radical polymerization into solid rubbery gels [1] (Figure 4). Similar to carbon-
carbon double bond polymerization shrinkage with warpage, cell cultures demonstrate
comparisons between normal smoother membranes in contrast to cancer cells with more
distorted uneven membranes that include spike-type extensions to create deeper invaginated
borders (Figure 5).

Cancer transformation entails cell movement through an epithelial-mesenchymal transition
(EMT) with alterations in cell shape and invasion of neighboring tissue [85,86]. Cancer cells
have shown motility responses to ROS with H,O5 that can degrade into HO® and produce
projections at the cell membrane borders [87,88]. Chemotaxis has been sustained by ROS as
H,0, to direct chemotaxis by controlling chemoattractants that connect to the cell
membrane with actin polymerization for cell movement toward H,O, and other ROS [89-
91]. Cell membrane projections can generate adhesive attachments to the extracellular
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matrix that are able to contract as molecular bonds develop to advance the cell forward
[87,92,93]. Mitochondrial electrons appear capable of delocalizing during oxidative stress
through microtubules and actin fibers out to the plasma cell membrane [3]. Free-radical
covalent bond crosslinking and weak secondary bonding supply a method for contraction
that can bring large macromolecular structures closer together [1,82-84] and provide
forward cell movement [2,3]. Polymerization of actin can extend fibers outward from the
plasma cell membrane creating projections that contain focal adhesions to the extracellular
matrix and advance the cell forward as adhesive bonds form to contract [87,92,93]. Cancer
plasma cell membranes demonstrate the irregular membrane borders with ruffling and wide
spike-like projections lengthening away from the cell (Figure 6).

Despite spike-like projections extending from the cancer plasma cell membrane that could
interfere with mobility, invasive cancer cells have smaller membrane surface areas with
lower modulus to provide flexibility and better facilitate squeezing through small spaces
such as openings in the blood vessel endothelium [94]. Nevertheless, spike-like projections
are a strong characteristic on the leading edge of cancer cells during metastatic movement
[95]. Actin fibers align along the axis of the membrane extensions for highest modulus to
resist sideways deflections in the forward direction [95]. As the stiff membrane extensions
squeeze through small spaces leverage can be applied to force such narrow openings further
apart to help invade new tissue [95] (Figure 7). Fibers of the cytoskeleton conduct electrons
from the negative centrosome near the nucleus to the positively charged outer plasma cell
membrane surface side as radical negatively charged electrons to provide polymerization
chemistry for advancing actin fibers [3]. Electrons conducted through microtubules to actin
fibers [96] are generated in excess by mitochondria under irregular oxidative conditions with
hypoxia [3]. Actin has shown reorganization during exposure to free radicals from H,O5 that
increase cell movement [97]. In terms of free-radical initiation, H,O, has been shown to be
excellent for polymerizing polyester resins [98]. By analogous ROS free-radical chemistry,
oxidized low density lipids have demonstrated the ability to produce actin polymerization in
macrophages [99]. Of great concern, H,0, with other ROS are found in many cancer cells
[3,69-77,100].

Metastatic cancer cells have a lower modulus (or less stiffness approximately) to deform
more easily than normal cells and also show pleomorphic smaller sizes with less membrane
area [101-103]. Cell modulus increases with actin fiber cytoskeleton organization, but in
cancer actin fibers become disordered where cells become less stiff and more easily distort
[103]. Conversely, tumor tissue density increases as a risk factor in cancer [40,104-106].
Higher tissue density reflects greater amounts of extracellular matrix collagen [40,104],
collagen crosslinking [42,45], and increasing stiffness [42,45] to provide increased traction
for cancer cell focal adhesions that improve cell motility [106,107]. Stiffer tumor substrata
found in higher density fibrotic areas with increased collagen promote ROS at the cancer
cell membrane to activate the EMT for cancer cells during tumor metastasis [43]. Also, cells
tend to move toward stiffer substrates of higher modulus [107]. Stiffer collagen tissue would
interfere with O, diffusion to account for promoting ROS from associated mitochondria
nearby the hypoxia of the plasma membrane. Further, ROS response near the plasma
membrane in contact with increased fibrotic collagen should include creation of focal
adhesions at the leading edges to contract by free-radical covalent bonding that pull the cell
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forward toward the stiffer tumor tissue and better explain EMT cancer cell motility. By
possible relationship to ROS and EMT cancer cell movements, lysyl oxidase is an enzyme
that promotes extracellular matrix collagen crosslinking and stiffness [108-110] as a
hypoxia-related protein which is associated with cancer metastasis [41,111].

Atherosclerosis

Atherosclerosis known by “hardening of the arteries” is a foremost medical problem that
embodies extensive disease linked with high ischemic-related mortality [28,112-114].
Avrterial stiffness appears to be associated with oxidative stress [115-119] and increased
extracellular matrix collagen deposition crosslinking [120]. In addition to advancing arterial
stiffening, atherosclerosis represents systemic pathology where lipids infiltrate into the
vessel walls with inflammation, cells and fibrotic scar tissue to produce appreciable
narrowing of the main susceptible arteries and the foundation for most cardiovascular
disease [112-114,121]. Further, from National Institutes of Health records by gross
pathology imaging, considerable lipid-rich solids can form to accumulate directly in a vessel
lumen [1] that suggests intense free-radical covalent chemistry is involved. Ischemia can
cause a heart attack with infarct or a stroke and brain damage when blood flow is interrupted
to the heart or brain, respectfully [36,112,113]. Free radicals attack carbon-carbon double
bonds in the alkene PUFAs that increase the risks for cardiovascular disease [122], while
ROS generated by mitochondria are considered an important part of the development for
atherosclerosis [28,36,121,123]. Further, alkanes form saturated solid fats by molecular
single bond rotation entanglements whereas planar alkene carbon-carbon double bonds
decrease molecular bond entanglements to form unsaturated oils [2,37,38,51,52]. Following
chronic free-radical buildup with oxidative cleavage of PUFAs at lower pH to produce
shorter reactive unsaturated lipid aldehyde crosslink products, reactive secondary sequence
carbon-carbon double-bond chain-growth PUFA polymerization might include a loose
interpenetrating network through the lipid core with other molecules like saturated lipids to
alter fluidity of normal structures [1].

Extracellular lipid “fatty streak™ deposition with inflammatory oxidized low density lipid-
filled macrophage “foam cells” is the initial signal of atherosclerosis in coronaries for young
adults and children [36,112-114]. Extracellular lipid pools form to accumulate that stain as
esters amassed in both macrophages and the extracellular space [36]. Ester staining indicates
the presence of simple lipids as triglyceride-fatty acids rather than complex lipid ring
structured cholesterol [37]. During the development of atherosclerosis, endothelial oxidative
stress is related to free-radicals and ROS [112,123-125], low density lipids
[36,112,124,125], ischemia [125], inflammation [112,124,125], and infection [112,124,125].
Subsequent free radicals form through the mitochondria in periods of ischemia [9-16,112]
that can support atherosclerosis [126,127]. Also, free radicals oxidize low density lipids that
deposit in vessel walls [112,124], accumulate by neutrophiles during inflammation [128]
and occur with infection [129-131]. Further, free radicals build up in all layers of the
atherosclerotic wall [124]. The plaque central lipid core may also contain a crystalline lipid
following necrosis of the macrophage foam cells [36]. By possible related chemistry, a
crystalline lipid has been shown possible by free-radical unsaturated lipid crosslinking in
connection with nonpolar O, accumulation near a nonpolar interface that might be compared
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to a cell membrane surface [1]. Thick fibrotic lipid-rich-core plaques subsequently diminish
O, diffusion [36,112] that can speed up the production of mitochondrial free-radicals
through ischemia [9-16,112]. Reduced O, transport could produce both excess
mitochondrial free radicals and acids that should be better acknowledged toward increasing
the build up of lipid pathology at all stages and forms of disease [1]. When free radicals
crosslink alkenes, subsequent oxygen diffusion is compromised even more to deeper inner
layers [132-135].

Lipid peroxyl free-radical products due to crosslinking by O, that can generate a hard lipid
peroxidation crystalline-like material are a matter of more concern [1]. When harder lipid
peroxidation crystal formation develops even at the molecular level, O, diffusion to deeper
layers would subsequently be even more restricted than with the rubbery gellation of
reactive secondary sequence carbon-carbon double-bond crosslinking [1]. Saturation of a
hydrocarbon polymer by removing carbon-carbon r double bonds and replacement with o
single bonds interferes greatly with electron travel and also changes more polar surfaces
toward nonpolar [6,136] that needs some understanding for likeness between the weak
intermolecular forces of attraction [137]. Nonpolar O, concentration could exaggerate at a
nonpolar insulating surface like nonpolar endothelial lipid cell membranes in an artery to
create a possible nonpolar insulating free-radical sequestering condition that could develop
with reactive lipid breakdown aldehyde acrolein crosslinking unsaturated lipids [1].
Increasing free radical concentrations then create the potential reaction circumstances for
both combined double-bond molecular oxygen lipid peroxidation into crystal structure also
with lipid alkene carbon-carbon double-bond reactive secondary sequence crosslinking into
a solid lipid gel-like polymer [1].

ROS are involved in the development of obesity or diabetes and further thought to promote
insulin resistance [138]. High oxidative damaged lipids and proteins are found in different
tissues of both type I and type 1l diabetes [138]. In type Il diabetes mellitus the cell
membrane PUFA: saturated fatty acid ratio reduces with an increase in membrane stiffness
[52]. In addition to greater membrane rigidity by increased packing of saturated fatty acids
with loss of unsaturated fatty acid oils [2,51,52], covalent crosslinks need consideration
between carbon-carbon double bonds that pull molecules together at the molecular bond
level [2]. Since type 1l diabetes mellitus is associated with ROS [22,139], the PUFA:
saturated fatty acid ratio decrease with increased membrane stiffness [52] is also indicative
of free-radical carbon-carbon double bond breakdown with an initial loss of unsaturated
lipids and subsequent generation of lipid breakdown aldehydes that can produce percents of
highly reactive unsaturated aldehyde products [1]. Lower molecular weight reactive
unsaturated aldehydes then greatly promote free-radical carbon-carbon double bond reactive
secondary sequence chain growth crosslinking with covalent structural rigidity [1].
Crosslinked unsaturated lipid chain growth organization structure could subsequently be
apparent pathology chemistry for the increased membrane stiffness in type Il diabetes
mellitus [2]. An important concern regarding the free-radical lipid crosslinked membranes
and lowered membrane fluidity would be to interfere with O, diffusion [66-68] that could
then increase associated diseases [2].
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Reduced membrane fluidity can generate membrane interactions unfavorable for glucose
transport with increased insulin resistance [52]. Insulin resistance develops through a
complex manner in the cell membrane with multiple molecularly integrated network-type
steps that interplay for insulin signaling [138]. Physiologic lower ROS concentrations with
cell-signaling protein actions [30] might include molecular attractions favorable for insulin
function. Conversely, clinically potential high ROS concentrations could combine at several
levels to exacerbate diabetes and increase insulin resistance. As examples, lower membrane
fluidity interferes with molecular diffusion, possible uneven crosslinked surface membrane
irregularities with exposed lipid radicals might interfere with insulin membrane docking and
the total of damaging protein modifications collectively could then severely limit insulin
molecular performance at the outer plasma cell membrane.

Of particular pathologic alarm related to ROS associated with diabetes mellitus is the high
risk of cardiovascular diseases including complications from renal damage, microangiopathy
that causes blindness and heart attacks [139]. Increased membrane stiffness with reduced
deformability caused by ROS in erythrocytes [48,49,52] and increased stiffness with plasma
cell membranes of endothelial cells surrounding vessel walls [52] both of similar diameters
could possibly reduce capillary blood flow to tissues resulting in hypoxia, nutritional
deficiencies and microangiopathy [52]. Also, National Institutes of Health gross pathology
imaging shows that lipid-rich solids can form directly in a vessel lumen [1] that may suggest
concentrated free-radical crosslink chemistry to generate interference with blood flow at any
level. Further, ROS associated diabetic microangiopathy extends to the bone marrow and
may play a role in reducing hematopoietic stem cells that are needed for tissue repair and
differentiation particularly in ageing individuals with diabetes mellitus and ischemic
complexities [139]. Another severe complication of diabetes mellitus and secondary kidney
damage that promotes inflammation with an increase in ROS is diabetic neuropathy
[140,141].

Infection and Inflammation Responses

Infection or tissue damage can elicit an inflammatory response [142-146]. During
inflammation ROS are produced by the host cells to remove microorganisms [142-146].
Further, interruption of molecular oxygen at any level to mitochondria during energy
synthesis can increase the production of electrons from the electron transport chain
producing ROS and H,0, [1-3,9-16,147]. Excess H,0, that is not converted to water can
travel through cell membranes and generate ROS as HO® [147]. In the extracellular space
ROS can produce damage to increase injury with increasing exaggerated immune responses
[142-145,147]. Conversely, as tissue damage proceeds the inflammatory response may not
control the infection to even promote invasive microorganisms deeper and expand initial
micropathology into more severe clinical manifestations or chronic complications [142—
145,147].
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Free-Radical Theory for Ageing Regarding Vitamins as Antioxidants and
Clinical Error

The Free-Radical Theory of Ageing asserts that ageing is due to the accumulation of free-
radical biologic damage which increases disease and death [19,20]. The chemical foundation
was thought to be a result of free radicals produced by mitochondrial oxidative proteins that
are enzymes through the energy synthesis process combined with the cation transition metal
catalysts in the connective tissue [19,20]. After generation free radicals reacted within cells
and tissues to begin the progression of ageing [19,20]. As one example, the accumulation of
oxidative damage is thought to play a significant role in creating mitochondrial degeneration
during ageing [9]. Consequently, the Free Radical Theory of Ageing indicated that treatment
could begin with antioxidants to safeguard cells and tissues from free radicals to reduce
ageing, increase lifetime and prevent disease [19,20]. Epidemiological research suggested
that nutrition especially by fruits and vegetables with an association to antioxidants could
prevent diseases and prolong life with vitamin A, B,B-carotene, vitamin E and vitamin C
recognized [148-161]. Age-related diseases considered for antioxidants most vulnerable to
ROS included cancers, cardiovascular disease, diabetes and neurological disorders
[36,138,150,155,158,160,161].

Because of the numerous nutrition research trials done on diets high in vegetables and fruit
demonstrating preventive improvements for disease, treatments for patients were regarded
on the foundation of potential vitamin antioxidant actions to offset the damaging properties
of ROS. Nevertheless, large vitamin clinical trials using supplements like vitamin A and B,p-
carotene, vitamin E or vitamin C or several combinations have not demonstrated successful
results in preventing cancer [161-169], cardiovascular disease [163,164,170-172] or
diabetes [138,173]. In fact, to much concern a 3, p-carotene cancer prevention clinical study
that included 29,133 male smokers for an average of 6.1 years statistically significantly
increased risk of lung cancer 18% and overall mortality [162]. The higher mortality rate was
due to other pathology related to cardiovascular disease [162]. Another clinical trial that
examined a combination of B,B-carotene and vitamin A with smokers and asbestos-exposed
workers discovered a statistically significant 28% increase in lung cancer with the nutritional
supplementation and 17% increase in total mortality that required the clinical study to
conclude 21 months earlier than intended [164].

Despite the disappointing outcomes of the clinical trials with vitamin supplements, since
diets high in fruits and vegetables with vitamin A and vitamin E lowered risks for cancer and
cardiovascular disease, positive antioxidant properties may be related to nutrients other than
vitamins not yet recognized [161]. Similar recommendations for diabetes emphasize the
need for vitamins supplied from natural food sources by a balanced diet with alarm for
potential harm from nutritional vitamin supplementation [138,173]. As an extremely
important problem, antioxidant results for covalent bond crosslinking by polymerization
shrinkage tests with vitamin A and B,B-carotene nutrition supplements both demonstrated
exceedingly strong oxidative reactions by generating solids from low-viscosity oils when
reacted with peroxide-derived free radicals [1] (Figure 4). Lowering analogous cell
membrane fatty acid oil fluidity would reduce oxygen diffusion [66—68] and eventually
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create increased production of cellular free radicals during mitochondrial energy synthesis
and related diseases with mitochondrial ROS pathology [2]. Immense inconsistencies
between vitamin antioxidant potentials and clinical failures are due to the fundamental
vitamin antioxidant tests using spectrophotometer methods [174-176]. Antioxidant
spectrophotometer tests are based on optical color changes [174-176] that are the result of
conjugated molecules adsorbing energy chiefly by bond stretching or bending and electrons
moving to a higher-energy orbital [177] that is not an equivalent measure of biologic
covalent bonding. Conversely, covalent bonds generated by reactive secondary sequence
chemistry for oils as unsaturated oleic and linoleic fatty acid lipids (Figures 2 and 3), or
vitamin A and p,B-carotene (Figure 4), that all produced rubbery solid gels or also a possible
peroxidation crystalline lipid by molecular oxygen crosslinking (Figure 3) create a more
accurate foundation for all major ROS pathology. In addition, free-radical reactive secondary
sequence covalent chemistry or possible lipid peroxidation expose key failures in laboratory
vitamin tests that inaccurately influenced the disappointing vitamin A and p,B-carotene
clinical trials [1].

Free-Radical Inhibitor Hydroquinone

Important antioxidant properties of fruits and vegetables may be derived from compounds
other than vitamins not yet known [138,161]. The most familiar antioxidants for ROS are
recognized as the enzyme cellular proteins superoxide dismutases, catalase and glutathione
peroxidase [31,78,79,80] and can further include protein chains and peptide bonds that can
delocalize radicals [2,3]. Also, coenzyme Q10/ubiquinone is a small molecule that carries
electrons through the inner mitochondrial membrane in the electron transport chain which
has been accepted as an antioxidant and so utilized as an over-the-counter nutritional
supplement [178]. Additional quinones are developed for use in dermatology, food
preservatives, and as antioxidants to safeguard chemicals in polymer manufacturing.
Hydroquinone is utilized as a reducing agent, antioxidant, free-radical inhibitor for
polymerization, food preservative and nonprescription skin lightener to treat hyper-
pigmentation [179].

Hydroquinone epidemiological studies in a manufacturing plant with 9040 workers with an
equivalent 94,524 survival years over about a 10-year period showed statistically significant
decreases in mortality when evaluating exposed workers to both non-exposed plant workers
and the common population [179,180]. The identical worker exposure study further showed
statistically significant reductions in cancer rates, ischemic cardiovascular and
cerebrovascular diseases, respiratory diseases and digestive diseases when evaluating state
and national vital statistics [179,180]. An additional broad epidemiology study by 858 men
with specific hydroquinone exposure for 22,895 person-years at another manufacturing plant
for 48 years with an average contact of 13.7 years showed statistically significant decreases
in mortality and cancer rates when evaluating both non-exposed plant workers and the
common population [181,182]. More human exposure studies at a manufacturing plant with
significant levels of hydroquinone dust contact demonstrated no systemic toxicity [179,183].

Vitamin E a-tocopherol compared to hydroquinone (Figure 8), has some molecular
resemblance to hydroquinone with an aromatic hydroxyl group that greatly increases
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aromatic reactivity to possibly perform as an antioxidant. But, the aromatic ring for vitamin
E is fully substituted with molecular groups. On the other hand, hydroquinone has four
unsubstituted aromatic positions that can efficiently be activated toward ortho positions by
two para substituent hydroxyl groups for reactivity with a strong electrophile as a free
radical [184]. Two hydroquinone hydroxyl substituents must donate electrons by resonance
stabilization to the aromatic ring so that electrons can flow from the oxygen lone pair
electrons to add negative charges on the ring at the four possible open ortho positions for the
hydroquinone molecule [184]. Consequently, electrophilic aromatic substitution reactions
with hydroquinone or p-dihydroxybenzene would seem to be the main antioxidant chemistry
to scavenge free-radical electrophiles [2]. Further, vitamin E a-tocopherol is a great deal
larger hydrophobic or nonpolar molecule than hydroquinone and through laboratory
observations is virtually insoluble in water while hydroguinone has solubility to easily
diffuse through water [2].

To compare the covalent-bond reaction for antioxidant properties between vitamin E and
free-radical inhibitor hydroquinone, an unsaturated lipid and crosslinking unsaturated
reactive aldehyde acrolein mixture were combined with the Fenton redox couples benzoyl
peroxide initiator 4 wt% and cation transition metal cobalt naphthenate accelerator 4wt% to
create free radicals [1]. For evaluations, equal control groups were combined with different
weight percents of either vitamin E ((x)-a-tocopherol) or hydroquinone [1]. Polymerization
shrinkage was then measured over a period of 50 hours by quantifying the differences
between the original levels for the lipid reactant mixture volumes with the volumetric
shrinkage polymerization levels as a comparative measure of covalent bond crosslinking.
Results for hydroquinone demonstrated remarkable statistically significant increased
antioxidant properties for removing free radicals with reductions in polymerization
shrinkage during 50-hours of testing from the 28.2% control at 0.0wt% down to 11.6% at
7.3wt% (p<0.0001) (Figure 9). Antioxidant comparisons demonstrated an enormous
statistical significant increase in free-radical inhibition for 7.3wt% hydroquinone over 7.3wt
% vitamin E that showed virtually no antioxidant activity in scavenging free radicals by
polymerization shrinkage measurements of 27.8% after 50 hours, (£<0.00001).
Hydroquinone and vitamin E are compared simultaneously at 7.3wt% each in Figure 10.
Nonetheless, vitamin E appears to have beneficial properties other than as an antioxidant, for
example as a viscosity reducer [1,2].

Conclusions

Free radicals generated under mitochondrial oxidative stress are associated with excess
production of electrons and acid. Combined acid and free radicals with appropriate enzymes
can break unsaturated lipids down into reactive unsaturated aldehydes of lower molecular
weight. Subsequent reactive unsaturated aldehydes can then greatly help crosslink carbon-
carbon double bonds by a reactive secondary sequence free-radical chain growth
polymerization and even crosslink with O, to form crystalline lipid peroxidation products.
Crosslinking decreases the respective fluidity of lipids or even forms solid structure that
reduces or blocks O, diffusion. Subsequent lower O, diffusion to mitochondria during
energy synthesis increases more generation of free radicals and acids in possible continuing
vicious cycles toward creating or maintaining most pathology known to mankind. Free
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radicals are also associated with crosslinking proteins and collagen to stiffen the
extracellular matrix in much pathology. Most importantly, hydroquinone, a free-radical
inhibitor designed to efficiently sequester free radicals, is a potential pharmaceutical for
medical treatment.

Acknowledgments

Support in part from National Institutes of Health Grant T32DE014300.

Abbreviations

References

1.

0O, Molecular Oxygen

ROS Reactive Oxygen Species
0, Superoxide Anion

H»0, Hydrogen Peroxide

HO® Hydroxyl Radical

PUFAS Polyunsaturated Fatty Acids

EMT Epithelial-Mesenchymal Transition

Petersen RC. Reactive secondary sequence oxidative pathology polymer model and antioxidant
tests. International Research Journal of Pure and Applied Chemistry. 2012; 2:247-285. [PubMed:
25909053]

. Petersen RC. Free radicals and advanced chemistries involved in cell membrane organization

influence oxygen diffusion and pathology treatment. AIMS Biophysics. 2017; 4:240-283. [PubMed:
29202036]

. Petersen RC. Free-radical polymer science structural cancer model: A review. Scientifica. Subject

Area: Molecular Biology. 2013; 2013:17. Article ID 143589.

. Zumdahl, SS. Chemistry. 3. Vol. 1062. D C Heath Company; Lexington, MA: 1993. p. 1075
. McMurry, J. Organic Chemistry. 6. Thompson Brooks/Cole; Belmont, CA: 2004. p. 136-139.p.

229p. 585

. Brown, WH., Foote, CS., Everson, BL., Anslyn, EV. Organic Chemistry. 5. Brooks/Cole; Belmont,

CA: 20009.

. Hittemann M, Lee I, Grossman L, et al. Chapter X. phosphorylation of mammalian cytochrome ¢

and cytochrome c oxidase in the regulation of cell destiny: respiration, apoptosis, and human
disease. Advances in Experimental Medicine and Biology. 2012; 748:237-264. [PubMed:
22729861]

. Srinivasan S, Avadhani N. Cytochrome ¢ oxidase dysfunction in oxidative stress. Free Radical

Biology and Medicine. 2012; 53:1252-1263. [PubMed: 22841758]

. Shigenaga M, Hagen T, Ames B. Oxidative damage and mitochondrial decay in aging. Proceedings

of the National Academy of Sciences of the United States of America USA. 1994; 91:10771-10778.

10. Balaban R, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell. 2005; 120:483-495.

[PubMed: 15734681]

11. Zimniak P. Relationship of electrophilic stress to aging. Free Radical Biology and Medicine. 2011,

51:1087-1105. [PubMed: 21708248]

SF J Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Page 14

Finkel T, Holbrook N. Oxidants, oxidative stress and the biology of ageing. Nature. 2000;
408:239-247. [PubMed: 11089981]

Brand M, Affourtit C, Esteves T, et al. Serial review: the powerhouse takes control of the cell: the
role of mitochondria in signal transduction. Free Radical Biology and Medicine. 2004; 37:755—
767. [PubMed: 15304252]

Tosato M, Zamboni V, Ferrini A, et al. The aging process and potential interventions to extend life
expectancy. Clinical Interventions in Aging. 2007; 2:401-412. [PubMed: 18044191]

Murphy M. How mitochondria produce reactive oxygen species. Biochemical Journal. 2009;
417:1-13. [PubMed: 19061483]

Kagan V, Wipf P, Stoyanovsky D, et al. Mitochondrial targeting of electron scavenging
antioxidants: regulation of selective oxidation vs random chain reactions. Advanced Drug Delivery
Reviews. 2009; 61:1375-1385. [PubMed: 19716396]

Schieber M, Chandel N. ROS function in redox signaling and oxidative stress. Current Biology.
2014; 24:R453-R462. [PubMed: 24845678]

Harvery, R., Ferrier, D. Biochemistry. 5. Wolters Kluwer/Lippincott Williams & Wilkens;
Philadephia, PA: 2011. Chapter 3 Globular Proteins; p. 25

Harman D. Aging: a theory based on free radical and radiation chemistry. Journal of Gerontology.
1956; 11:298-300. [PubMed: 13332224]
Harman D. Free radical theory of aging: an update. Annals of the New York Academy of Sciences.
2006; 1067:10-21. [PubMed: 16803965]

Droge W. Free radicals in the physiological control of cell function. Physiological Reviews. 2002;
82:47-95. [PubMed: 11773609]

Valko M, Leibfritz D, Moncol J, et al. Free radicals and antioxidants in normal physiological
functions and human disease. International Journal of Biochemistry & Cell Biology. 2007; 39:44—
84. [PubMed: 16978905]

Girotti A. Lipid hydroperoxide generation, turnover, and effector action in biological systems.
Journal of Lipid Research. 1998; 39:1529-1542. [PubMed: 9717713]

Beckman K, Ames B. The free radical theory of aging matures. Physiological Reviews. 1998;
78:547-581. [PubMed: 9562038]

Valko M, Rhodes C, Moncol J, et al. Free radicals, metals and antioxidants in oxidative stress-
induced cancer. Chemico-Biological Interactions. 2006; 160:1-40. [PubMed: 16430879]

Silva J, Coutinho O. Free radicals in the regulation of damage and cell death-basic mechanisms and
prevention. Drug Discoveries & Therapeutics. 2010; 4:144-167. [PubMed: 22491178]

Jacob K, Hooten N, Trzeciak A, et al. Markers of oxidant stress that are clinically relevant in aging
and age-related disease. Mechanisms Ageing and Development. 2013; 134:139-157.

Phaniendra A, Jestadi D, Periyasamy L. Free radicals: properties, sources, targets, and their
implication in various diseases. Indian Journal of Clinical Biochemistry. 2015; 30:11-26.
[PubMed: 25646037]

Niizuma K, Yoshioka H, Chen H, et al. Mitochondrial and apoptotic neuronal death signaling
pathways in cerebral ischemia. Biochimica et Biophysica Acta (BBA). 2010; 1802:92-99.
[PubMed: 19751828]

Zhang J, Wang X, Vikash V, et al. ROS and ROS-mediated cellular signaling. Oxidative Medicine
and Cellular Longevity. 2016; 2016:18. (Article 1D 4350965).

Balaban R, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell. 2005; 120:483-495.
[PubMed: 15734681]

Floyd R, Towner R, He T, et al. Translational research involving oxidative stress diseases of aging.
Free Radical Biology and Medicine. 2011; 51:931-941. [PubMed: 21549833]

Sena L, Chandel N. Physiological roles of mitochondrial reactive oxygen species. Molecular Cell.
2012; 48:158-167. [PubMed: 23102266]

Labunskyy V, Gladyschev V. Role of reactive oxygen species-mediated signaling in aging.
Antioxidants & Redox Signaling. 2013; 19:1362-1372. [PubMed: 22901002]

Hill S, Remmen H. Mitochondrial stress signaling in longevity: a new role for mitochondrial
function in aging. Redox Biology. 2014; 2:936-944. [PubMed: 25180170]

SF J Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 15

Stocker R, Keaney JF. Role of oxidative modifications in atherosclerosis. Physiological Reviews.
2004; 84:1381-1478. [PubMed: 15383655]

McMurry, J. Organic Chemistry. 6. Thompson Brooks/Cole; Belmont, CA: 2004. Chapter 27
Biomolecules: Lipids; p. 1027-1030.

Sherwood, L. Human Physiology. 5. Belmont, CA: Thomson-Brooks/Cole; 2004. Lipids; p. Al2-
Al3.

Paszek MJ, Zahir N, Johnson KR, et al. Tensional homeostasis and the malignant phenotype.
Cancer Cell. 2005; 8:241-254. [PubMed: 16169468]

Provenzano PP, Eliceiri KW, Campbell JM, et al. Collagen reorganization at the tumor-stromal
interface facilitates local invasion. BMC Medicine. 2006; 4:38. [PubMed: 17190588]

Le Q-T, Harris J, Magliocco AM, et al. Validation of lysyl oxidase as a prognostic marker for
metastasis and survival in head and neck squamous cell carcinoma: Radiation therapy oncology
group trial 90-03. Journal of Clinical Oncology. 2009; 27:4281-4286. [PubMed: 19667273]
Levental KR, Yu H, Kass L, et al. Matrix crosslinking forces tumor progression by enhancing
integrin signaling. Cell. 2009; 139:891-906. [PubMed: 19931152]

Lee KA, Chen QK, Lui C, et al. Matrix compliance regulates Raclb localization, NADPH oxidase
assembly, and epithelial-mesenchymal transition. Molecular Biology of the Cell. 2012; 23:4097-
4108. [PubMed: 22918955]

Mouw JK, Yui Y, Damiano L, et al. Tissue mechanics modulate microRNA dependent PTEN
expression to regulate malignant progression. Nature Medicine. 2014; 20:360-367.

Tung JC, Barnes JM, Desai SR, et al. Tumor mechanics and metabolic dysfunction. Free Radical
Biology and Medicine. 2015; 79:269-280. [PubMed: 25532934]

Eichenberger K, Béhni P, Wintehalter K, et al. Microsomal lipid peroxidation causes an increase in
the order of the membrane lipid domain. FEBS Letters. 1982; 142:59-62. [PubMed: 7106287]
Kapléan P, Doval M, Majerova Z, et al. Iron-induced lipid peroxidation and protein modification in
endoplasmic reticulum membranes. Protection by stobadine. International Journal of Biochemistry
& Cell Biology. 2000; 32:539-547. [PubMed: 10736569]

Solans R, Motta C, Sola R, et al. Abnormalities of erythrocyte membrane fluidity, lipid
composition, and lipid peroxidation in systemic sclerosis. Arthritis & Rheumatology. 2000;
43:894-900.

Pretorius E, Plooy J, Soma P, et al. Smoking and fluidity of erythrocyte membranes: a high
resolution scanning electron and atomic force microscopy investigation. Nitric Oxide. 2013;
35:42-46. [PubMed: 23973530]

de la Haba C, Palacio J, Martinez P, et al. Effect of oxidative stress on plasma membrane fluidity of
THP-1 induced macrophages. Biochimica et Biophysica Acta (BBA). 2013; 1828:357-364.
[PubMed: 22940500]

Alberts, B., Johnson, A., Lewis, J., et al. Molecular Biology of the Cell. 4. \ol. Chapter 10. New
York: Garland Science; 2002. Membrane Structure. The Lipid Bilayer.

Weijers R. Lipid composition of cell membranes and its relevance in type 2 diabetes mellitus.
Current Diabetes Reviews. 2012; 8:390-400. [PubMed: 22698081]

Benderitter M, Vincent-Genod L, Pouget J, et al. The cell membrane as a biosensor of oxidative
stress induced by radiation exposure: a multiparameter investigation. Radiation Research. 2003;
159:471-483. [PubMed: 12643792]

Zimniak P. Relationship of electrophilic stress to aging. Free Radical Biology and Medicine. 2011,
51:1087-1105. [PubMed: 21708248]

Wang S, Von Meerwall E, Wang SQ, et al. Diffusion and rheology of binary polymer mixtures.
Macromolecules. 2004; 37:1641-1651.

Singer S, Nicolson G. The fluid mosaic model of the structure of cell membranes. Science. 1972;
175:720-731. [PubMed: 4333397]

Nicolson G. The fluid-mosaic model of membrane structure: still relevant to understanding the
structure, function and dynamics of biological membranes after more than 40 years. Biochimica et
Biophysica Acta (BBA) 2013. 2014; 1838:1451-1466.

SF J Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

Page 16

Clandinin M, Cheema S, Field C, et al. Dietary fat: exogenous determination of membrane
structure and cell function. FASEB Journal. 1991; 5:2761-2769. [PubMed: 1916101]

Torosantucci R, Mozziconacci O, Sharov V, et al. Chemical modifications in aggregates of
recombinant human insulin induced by metal-catalyzed oxidation: covalent crosslinking via
Michael addition to tyrosine oxidation products. Pharmaceutical Research. 2012; 29:2276-2293.
[PubMed: 22572797]

Dunlop R, Dean R, Rodgers K. The impact of specific oxidized amino acids on protein turnover in
J774 cells. Biochemical Journal. 2008; 410:131-140. [PubMed: 17953511]

Lévigne D, Modarressi A, Krause K-H, Pittet-Cuénod B. NADPH oxidase 4 deficiency leads to
impaired wound repair and reduced dityrosine-crosslinking, but does not affect myofibroblast
formation. Free Radical Biology and Medicine. 2016; 96:374-384. [PubMed: 27140231]

Wan L, Ottinger E, Cho S, Dreyfuss G. Inactivation of SMN complex by oxidative stress.
Molecular Cell. 2008; 31:244-254. [PubMed: 18657506]

Jung S, Choi M, Choi K, et al. Inactivation of human DGAT2 by oxidative stress on cysteine
residues. PLOS ONE. 2017; 12(7):e0181076. [PubMed: 28700690]

Kang JH. Modification and inactivation of CU, Zn-superoxide dismutase by the lipid peroxidation
product, acrolein. BMB Reports. 2013; 46:555-560. [PubMed: 24152914]

Pamplona R, Portero-Otin M, Requena J, et al. A low degree of fatty acid unsaturation leads to
lower lipid peroxidation and lipoxidation-derived protein modification in heart mitochondria of the
longevous pigeon than in the short-lived rat. Mechanisms of Ageing and Development. 1999;
106:283-286. [PubMed: 10100156]

Dumas D, Muller S, Gouin F, et al. Membrane fluidity and oxygen diffusion in cholesterol
enriched erythrocyte membrane. Archives of Biochemistry and Biophysics. 1997; 341:34-39.
[PubMed: 9143350]

Cazzola R, Rondanelli M, Russo-Volpe S, et al. Decreased membrane fluidity and altered
susceptibility to peroxidation and lipid composition in overweight and obese female erythrocytes.
Journal of Lipid Research. 2004; 45:1846-1851. [PubMed: 15231850]

Dumas D, Latger V, Viriot M-L, et al. Membrane fluidity and oxygen diffusion in cholesterol-
enriched endothelial cells. Clinical Hemorheology and Microcirculation. 1999; 21:255-261.
[PubMed: 10711751]

National Cancer Institute/National Institutes of Health/Department of Health and Human Services.
What You Need To Know About Cancer. Bethesda, MD: NIH; 2006.

Weinhouse S, Warburg O, Burk D, et al. On respiratory impairment in cancer cells. Science. 1956;
124:269-270. [PubMed: 13351639]

Gillies, R. Novartis Foundation Symposium. New York: JohnWiley & Sons; 2001. The Tumour
Microenvironment: Causes and Consequences of Hypoxia and Acidity; p. 240

Stavridis, J. Oxidation: the Cornerstone of Carcinogenesis. New York: Springer; 2008.

Grek C, Tew K. Redox metabolism and malignancy. Current Opinion in Pharmacology. 2010;
10:362-368. [PubMed: 20627682]

Fogg V, Lanning N, MacKeigan J. Mitochondria in cancer: at the crossroads of life and death.
Chinese Journal of Cancer. 2011; 30:526-539. [PubMed: 21801601]

Hielscher A, Gerecht S. Hypoxia and free radicals: role in tumor progression and the use of
engineering-based platforms to address these relationships. Free Radical Biology and Medicine.
2015; 79:281-291. [PubMed: 25257256]

Gorlach A, Dimova E, Petry A, et al. Reactive oxygen species, nutrition, hypoxia and diseases:
problems solved? Redox Biology. 2015; 6:372-385. [PubMed: 26339717]

Tafani M, Sansone L, Limana F, et al. The interplay of reactive oxygen species, hypoxia,
inflammation, and sirtuins in cancer initiation and progression. Oxidative Medicine and Cellular
Longevity. 2016; 2016:1-18.

Finkel T, Holbrook N. Oxidants, oxidative stress and the biology of ageing. Nature. 2000;
408:239-247. [PubMed: 11089981]

Brand M, Affourtit C, Esteves T, et al. Serial review: the powerhouse takes control of the cell: the
role of mitochondria in signal transduction. Free Radical Biology and Medicine. 2004; 37:755—
767. [PubMed: 15304252]

SF J Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 17

Tosato M, Zamboni V, Ferrini A, et al. The aging process and potential interventions to extend life
expectancy. Clinical Interventions in Aging. 2007; 2:401-412. [PubMed: 18044191]

Peters, S. Handbook of Composites. 2. New York: Chapman & Hall; 1998. Particulate Fillers; p.
242-243.

Mironi-Harpaz I, Narkis M, Siegmann A. Peroxide crosslinking of styrene-free unsaturated
polyester. Journal of Applied Polymer Science. 2007; 105:885-892.

Wang Y, Woodworth L, Han B. Simultaneous measurement of effective chemical shrinkage and
modulus evolutions during polymerization. Experimental Mechanics. 2011; 51:1155-1169.

Jansen K, Vreugd de J, Ernst L. Analytical estimate for curing-induced stress and warpage in
coating layers. Journal of Applied Polymer Science. 2012; 126:1623-1630.

Weinberg, R. The Biology of Cancer. New York: Garland Science; 2007. The epithelial-
mesenchymal transition and associated loss of E-cadherin expression enable carcinoma cells to
become invasive; p. 597-624.

Vinogradova T, Miller P, Kaverina I. Microtubule network asymmetry in motile cells: role of
Golgi-derived array. Cell Cycle. 2009; 8:2168-2174. [PubMed: 19556895]

Lindberg U, Karlsson R, Lassing I, et al. The microfilament system and malignancy. Seminars in
Cancer Biology. 2008; 18:2-11. [PubMed: 18024149]

San Martin A, Griendling K. Redox control of vascular smooth muscle migration. Antioxidants &
Redox Signaling. 2010; 12:625-640. [PubMed: 19737088]

Li Z, Hannigan M, Mo Z, et al. Directional Sensing Requires Gpy-Mediated PAK1 and PIXa-
Dependent Activation of Cdc42. Cell. 2003; 114:215-227. [PubMed: 12887923]

Hattori H, Subramanian K, Sakai J, et al. Small-molecule screen identifies reactive oxygen species
as key regulators of neutrophile chemotaxis. Proceedings of the National Academy of Sciences of
the United States of American. 2010; 107:3546-3551.

Parisi F, Vidal M. Epithelial delamination and migration: lessons from Drosophila. Cell Adhesion
& Migration. 2011; 5:366-372. [PubMed: 21836393]

Barth A, Caro-Gonzalez H, et al. Role of adenomatous polyposis coli (APC) and microtubules in
directional cell migration and neuronal polarization. Seminars in Cell and Developmental Biology.
2008; 19:245-251. [PubMed: 18387324]

Dent E, Gupton S, et al. The growth cone cytoskeleton in axon outgrowth and guidance. Cold
Spring Harbor Perspectives in Biology. 2010; 3:a001800.

Darling E, Zauscher S, Block J. A thin-layer model for viscoelastic, stress-relaxation testing of
cells using atomic force microscopy: do cell properties reflect metastatic potential. Biophysical
Journal. 2007; J 92:1784-1791.

Fleischer F, Ananthakrishnan R. Actin network architecture and elasticity in lamellipodia of
melanoma cells. New Journal of Physics. 2007; 9:420.

Pokorny J, Jandovy A, Nedbalova M, et al. Mitochondrial metabolism-neglected link of cancer
transformation and treatment. Prague Medical Report. 2012; 113:81-94.

Qian Y, Luo J, Leonard S, et al. Hydrogen peroxide formation and actin filament reorganization by
Cdc42 are essential for ethanol-induced /n vitro angiogenesis. Journal of Biological Chemistry.
2003; 278:16189-16197. [PubMed: 12598535]

Gawdzik B, Ksiezopolski J, Matynia T. Synthesis of new free-radical initiators for polymerization.
Journal of Applied Polymer Science. 2003; 87:2238-2243.

Miller Y, Worrall D, Funk C, et al. Actin polymerization in macrophages in response to oxidized
LDL and apoptotic cells: role of 12/15-lipoxygenase and phosphoinositide 3-kinase. Molecular
Biology of the Cell. 2003; 14:4196-4206. [PubMed: 14517329]

100. Ushio-Fukai M, Nakamura Y. Reactive oxygen species and angiogenesis: NADPH oxidase as

target for cancer therapy. Cancer Letters. 2008; 266:37-52. [PubMed: 18406051]

101. Taparowsky E, Suard Y, Fasano O. Activation of the T24 bladder carcinoma transforming gene is

linked to a single amino acid change. Nature. 1982; 300:762-765. [PubMed: 7177195]

102. Swaminathan V, Mythreye K, Tim O’Brien E, et al. Mechanical Stiffness grades metastatic

potential in patient tumor cells and in cancer cell lines. Cancer Research. 2011; 71:5075-5080.
[PubMed: 21642375]

SF J Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124

125

126

SFJ

Page 18

Xu W, Mezencev R, Kim B, et al. Cell stiffness is a biomarker of the metastatic potential of

ovarian cancer cells. PLoS ONE. 2012; 7:e46609. [PubMed: 23056368]

Hoyt K, Castaneda B, Zhang M, et al. Tissue elasticity properties as biomarkers for prostate

cancer. Cancer Biomarkers. 2008; 4:213-225. [PubMed: 18957712]

Ghosh S, Kang T, Wang H, et al. Mechanical phenotype is important for stromal aromatase

expression. Steroids. 2011; 76:797-801. [PubMed: 21377485]

Kraning-Rush C, Califano J, Reinhart-King C. Cellular traction stresses increase with increasing

metastatic potential. PLoS ONE. 2012; 7:€32572. [PubMed: 22389710]

Trichet L, Le Digabel J, Hawkins R, et al. Evidence of a large-scale mechanosensing mechanism

for cellular adaptation to substrate stiffness. Proceedings of the National Academy of Sciences of

the United States of American. 2012; 109:6933-6938.

Smith-Mungo LI, Kagan HM. Lysyl oxidase: Properties, regulation and multiple functions in

biology. Matrix Biology. 1997/98; 16:387-398.

Klevay LM. Cardiovascular disease from copper deficiency-A history. Journal of Nutrition. 2000;

130:489S5-492S. [PubMed: 10721936]

Yang J, Savvatis K, Kang JS, et al. Targeting LOXL2 for cardiac interstitial fibrosis and heart

failure treatment. Nature Communications. 2016; doi: 10.1038/ncomms13710

Barker HE, Chang J, Cox TR, et al. LOXL2-mediated matrix remodeling in metastasis and

mammary gland involution. Microenvironment and Immunology. 2011; 71:1561-1572.

Sherwood, L. Human Physiology. 5. Thompson Brooks/Cole; Belmont, CA: 2004. p. 333-337.

Mendis, S., Puska, P., Norrving, B. Global atlas on cardiovascular disease prevention and control.

World Health Organization; Geneva: 2011.

Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, Simone DG, et al. Heart disease and

stroke statistics-2010 update: a report from the American Heart Association. Circulation. 2010;
121:e46—e215. [PubMed: 20019324]

Wang J, Xu J, Zhou C, et al. Improvement of arterial stiffness by reducing oxidative stress

damage in elderly hypertensive patients after 6 months of atorvastatin therapy. Journal of Clinical
Hypertension (Greenwich). 2012; 14:245-249.

Klima L, Kawecka-Jaszcz K, Stolarz-Skrzypek K, et al. Structure and function of large arteries in
hypertension in relation to oxidative stress markers. Kariologia Polska (Polish Heart Journal).

2013; 71:917-923.

Kim JY, Kim QY, Paik JK, et al. Association of age-related changes in circulating intermediary
lipid metabolites, inflammatory and oxidative stress markers, and arterial stiffness in middle-aged
men. AGE. 2013; 35:1507-1519. [PubMed: 22806411]

Santana ABC, Oliveira TCdeS, Bianconi BL. Effect of high-fat diet upon inflammatory markers

and aortic stiffening in mice. BioMed Research International. 2014:12. Article ID 914102.

Lee S-J, Park S-H. Arterial Ageing. Korean Circulation Journal. 2013; 43:73-79. [PubMed:

23508642]

Kohn JC, Lampi MC, Reinhart-King. Age-related vascular stiffening causes and consequences.
Frontiers in Genetics. 2015; 6 article 112.

Perrotta I, Aquila S. The role of oxidative stress and autophagy in atherosclerosis. Oxidative
Medicine and Cellular Longevity. 2015:10. Article 1D 130315.

Lu J-M, Lin PH, Yao Q, Chen C. Chemical and molecular mechanisms of antioxidants:

experimental approaches and model systems. Journal of Cellular and Molecular Medicine. 2010;
14:840-860. [PubMed: 19754673]

Lubrano V, Balzan S. Enzymatic antioxidant system in vascular inflammation and coronary artery

disease. World Journal of Experimental Medicine. 2015; 5:218-224. [PubMed: 26618108]

. Wassmann S, Wassmann K, Nickenig G. Modulation of oxidant and antioxidant enzyme
expression and function in vascular cells. Hypertension. 2004; 44:381-386. [PubMed: 15337734]

. Esper RJ, Nordaby RA, Vilario JO, Paragano A, et al. Endothelial dysfunction: A
Comprehensive appraisal. Cardiovascular Diabetology. 2006:5. [PubMed: 16566827]

. Madamanchi NR, Runge MS. Mitochondrial dysfunction in atherosclerosis. Circulation Research.

2007; 100:460-473. [PubMed: 17332437]

Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.

138.

139.

140.

141.

142.

143.

144.

145.

146

SFJ

Page 19

Tsutsui H, Kinugawa S, Matsushima S. Mitochondrial oxidative stress and dysfunction in
myocardial remodeling. Cardiovascular Research. 2009; 81:449-456. [PubMed: 18854381]

Panasenko OM, Chekanov AV, Arnhold J, Sergienko VI, Osipov AN, Vladimirov YA. Generation
of free radical during decomposition of hydroperoxide in the presence of myeloperoxidase or
activated neutrophils. Biochemistry. 2005; 70:998-1004. (translated from Biokhimiya. 2005; 70:
1209-1217). [PubMed: 16266270]

Tsuji S, Kawai N, Tsujii M, Kawano S, Hori M. Review article: Inflammation-related promotion
of gastrointestinal carcinogenesis-a perigenetic pathway. Alimentary Pharmacology &
Therapeutics. 2003; 18(Supplement1):82-89. [PubMed: 12925144]

Sipponen P, Hyvarinen H, Seppala K, Blaser MJ. Review article: Pathogenesis of the
transformation from gastritis to malignancy. Alimentary Pharmacology & Therapeutics. 1998;
12(Supplementl):61-71. [PubMed: 9701004]

Tortora, GJ., Funke, BR., Case, CL. Microbiology. 9. Person/Benjamin Cummings; San
Francisco: 2007. p. 165-167.

Stenberg B, Shur YJ, Jansson JF. Hypothesis for the compression relaxation of a natural rubber.
Journal of Applied Polymer Science Applied Polymer Symposium. 1979; 35:511-518.
Lavebratt H, Ostman E, Persson SJ, Stenberg B. Application of computed x-ray tomography
scanning in the study of thermo-oxidative degradation of thick-walled filled natural rubber
vulcanizates. Journal of Applied Polymer Science. Applied Polymer Symposium. 1992; 44:83—
94.

Hillborg H, Anker JF, Gedde UW, Smith GD, Yasuda HK, Wikstrom K. Crosslinked
polydimethylsiloxane exposed to oxygen plasma studied by neutron reflectometry and other
surface specific techniques. Polymer. 2000; 41:6851-6863.

Li Y-G, Koenig JL. FTIR imaging of oxidation of polyisoprene 2. The role of N-phenyl-N
" dimethyl-butyl-p-phenylenediamine antioxidant. Polymer Degradation and Stability. 2003;
81:377-385.

McMurry, J. Organic Chemistry. 6. Thompson Brooks/Cole; Belmont, CA: 2004.

Atkins, P. Physical Chemistry. 5. W. H. Freeman and Company; New York: 1994. Intermolecular
Forces; p. 763-772.

Bashan N, Kovsan J, Kachko I, et al. Positive and negative regulation of insulin signaling by
reactive oxygen and nitrogen species. Physiological Reviews. 2009; 89:27-71. [PubMed:
19126754]

Mangialardi G, Spinetti G, Reni C, Madeddu P. Reactive oxygen species adversely impacts bone
marrow microenvironment in diabetes. Antioxidants and Redox Signaling. 2014; 21:1620-1633.
[PubMed: 25089632]

Miranda-Diaz AG, Pazarin-Villasefior L, Yanowsky-Escatell FG, Andrade-Sierra J. Oxidative
stress in diabetic nephropathy with early chronic kidney disease. Journal of Diabetic Research.
2016:7. Article ID 7047238.

Aghadavod E, Khodadadi S, Baradaran A. Role of oxidative stress and inflammatory factors in
diabetic kidney disease. Iranian Journal of Kidney Diseases. 2016; 10:337-343. [PubMed:
27903991]

Ernst P. Review article: the role of inflammation in the pathogenesis of gastric cancer. Alimentary
Pharmacology & Therapeutics. 1999; 13(Supplement1):13-18. [PubMed: 10209682]

Domej W, Oettl K, Renner W. Oxidative stress and free radicals in COPD-implications and
relevance for treatment. International Journal of COPD. 2014; 9:1207-1224. [PubMed:
25378921]

Nishizawa T, Suzuki H. Gastric carcinogenesis and underlying molecular mechanisms:
Helicobacter pylori and novel targeted therapy. BioMed Research International. 2015; 2015
Article 1D 7943378.

Lerman YV, Kim M. Neutrophile migration under normal and sepsis conditions. Cardiovascacular
& Hematological Disorder-Drug Targets. 2015; 15:19-28.

. Knoops B, Argyropoulou V, Becker S, et al. Multiple roles of peroxiredoxins in inflammation.
Molecules and Cells. 2016; 39:60-64. [PubMed: 26813661]

Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Page 20

Pravda J. Radical induction theory of ulcerative colitis. World Journal of Gastroenterology. 2005;
11:2371-2384. [PubMed: 15832404]

Peto R, Doll R, Buckley J. Can dietary beta-carotene materially reduce human cancer rates?
Nature. 1981; 290:201-208. [PubMed: 7010181]

Shike M, Winawer S, Greenwald P, et al. Primary prevention of colorectal cancer. Bulletin of the
World Health Organization. 1990; 68:337-385.

Dorgan J, Schatzkin A. Antioxidant micronutrients in cancer prevention. Hematology/Oncology
Clinics of North America. 1991; 5:43-68. [PubMed: 2026568]

Chlebowski R, Grosvenor M. The scope of nutrition intervention trials with cancer-related
endpoints. Cancer. 1994; 74:2734-2738. [PubMed: 7954294]

Ziegler R, Mayne S, Swanson C. Nutrition and lung cancer. Cancer Causes & Control. 1996;
7:157-177. [PubMed: 8850443]

Levander O. Symposium: newly emerging viral diseases: what role for nutrition? Journal of
Nutrition. 1997; 127:948S-950S. [PubMed: 9164271]

Willett W. Convergence of philosophy and science: the Third International Congress on
Vegetarian Nutrition. American Journal of Clinical Nutrition. 1999; 70(supplement):434S-438S.
[PubMed: 10479215]

Meydani M. Effect of functional food ingredients: vitamin E modulation of cardiovascular
diseases and immune status in the elderly. American Journal of Clinical Nutrition. 2000;
71(supplement):16655-1668S. [PubMed: 10837312]

Simopoulos A. The Mediterranean diets: what is so special about the diet of Greece? The
scientific experience Journal of Nutrition. 2001; 131:3065S-3073S.

Rock C, Demark-Wahnefried W. Nutrition and survival after the diagnosis of breast cancer: a
review of the evidence. Journal of Clinical Oncology. 2002; 20:3302-3316. [PubMed: 12149305]

Seifried H, McDonald S, Anderson D, et al. The antioxidant conundrum in cancer. Cancer
Research. 2003; 63:4295-4298. [PubMed: 12907593]

Mannistd S, Smith-Warner S, Spiegelman D, et al. Dietary carotenoids and risk of lung cancer in
a pooled analysis of seven cohort studies. Cancer Epidemiology, Biomarkers & Prevention. 2004;
13:40-48.

Fraga C. Plant polyphenols: how to translate their /n vitro antioxidant actions to /n vivo
conditions. Life. 2007; 59:308-315. [PubMed: 17505970]

Kushi L, Doyle C, McCullough M, et al. American cancer society guidelines on nutrition and
physical activity for cancer prevention. CA: A Cancer Journal for Clinicians. 2012; 62:30-67.
[PubMed: 22237782]

Heinonen O, Albanes D, Huttunen J, et al. The effect of vitamin E and beta carotene on the
incidence of lung cancer and other cancers in male smokers. New England Journal of Medicine.
1994; 330:1029-1035. [PubMed: 8127329]

Hennekens C, Buring J, Manson J, et al. Lack of effect of long-term supplementation with beta
carotene on the incidence of malignant neoplasms and cardiovascular disease. New England
Journal of Medicine. 1996; 334:1145-1149. [PubMed: 8602179]

Omenn G, Goodman G, Thornquist M, et al. Effects of a combination of beta carotene and
vitamin A on lung cancer and cardiovascular disease. New England Journal of Medicine. 1996;
334:1150-1155. [PubMed: 8602180]

Albanes D. B-carotene and lung cancer: a case study. American Journal of Clinical Nutrition.
1999; 69(supplement):1345S-1350S. [PubMed: 10359235]

Virtamo J, Albanes D, Huttunen J, et al. Incidence of cancer and mortality following a-tocopherol
and p-carotene supplementation. Journal of the American Medical Association. 2003; 290:476—
485. [PubMed: 12876090]

Sommer A, Vyas K. A global clinical view on vitamin A and carotenoids. American Journal of
Clinical Nutrition. 2012; 96(supplement):1204-1206.

Thompson I, Kristal A, Platz E. Prevention of prostate cancer: outcomes of clinical trails and
future opportunities. American Society of Clinical Oncology Educational Book. 2014; 2014:e76—
e80.

SF J Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Page 21

Virtamo J, Taylor P, Kontto J, et al. Effects of a-tocopherol and p-carotene supplementation on
cancer incidence and mortality: 18-year post-intervention follow-up of the alpha-tocopherol,
beta-carotene cancer prevention (ATBC) study. International Journal of Cancer. 2014; 135:178—
185. [PubMed: 24338499]

Yusuf S, Phil D, Dagenais G, et al. Vitamin E supplementation and cardiovascular events in high-
risk patients. New England Journal of Medicine. 2000; 342:154-160. [PubMed: 10639540]

Devaraj S, Tang R, Adams-Huet B, et al. Effect of high-dose a.-tocopherol supplementation on
biomarkers of oxidative stress and inflammation and carotid atherosclerosis in patients with
coronary artery disease. American Journal of Clinical Nutrition. 2007; 86:1392-1398. [PubMed:
17991651]

Sesso H, Buring J, Christen W, et al. Vitamins E and C in the prevention of cardiovascular disease
in men. Journal of the American Medical Association. 2008; 300:2123-2133. [PubMed:
18997197]

American Diabetes Association. Nutrition recommendations and interventions for diabetes.
Diabetes Care. 2007; 30(Supplement1):S48-S63. [PubMed: 17192379]

L JM, Lin P, Yao Q, et al. Chemical and molecular mechanisms of antioxidants: experimental
approaches and model systems. Journal of Cellular and Molecular Medicine. 2010; 14:840-860.
[PubMed: 19754673]

Apak R, Giglii K, Ozyiirek M, et al. Mechanism of antioxidant capacity assays and the CUPRAC
(cupric ion reducing antioxidant capacity) assay. Microchimica Acta. 2008; 160:413-419.

Ozyiirek M, Bektasoglu B, G, [i K, et al. Simultaneous total antioxidant capacity assay of
lipophillic and hydrophilic antioxidants in the same acetone-water solution containing 2%
methyl-p-cyclodextrin using the cupric reducing antioxidant capacity (CUPRAC) method.
Analytica Chimica ACTA. 2008; 630:28-39. [PubMed: 19068323]

McMurry, J. Organic Chemistry. 6. Belmont, CA: Thompson Brooks/Cole; 2004. p. 403-405.p.
482-483.p. 486-487.

Madmani M, Yusaf S, Tamr A, et al. Coenzyme Q10 for heart failure (Review). Cochrane
Database of Systematic Reviews. 2014; 2014

DeCaprio A. The toxicology of hydrogquinone-relevance to occupational and environmental
exposure. Critical Reviews in Toxicology. 1999; 29:283-330. [PubMed: 10379810]

Pifer J, Hearne F, Friedlander B, et al. Mortality study of men employed at a large chemical plant,
1972 through 1982. Journal of Occupational Medicine. 1986; 28:438-444. [PubMed: 3723216]
Pifer J, Hearne F, Swanson F. Mortality study of employees engaged in the manufacture and use
of hydroquinone. International Archives of Occupational and Environmental Health. 1995;
67:267-280. [PubMed: 7591188]

Wiatts G, Playford D, Croft K, et al. Coenzyme Q10 improves endothelial dysfunction of brachial
artery in type Il diabetes mellitus. Diabetologia. 2002; 45:420-426. [PubMed: 11914748]
Sterner J, Oglesby F, Anderson B. Quinone vapors and their harmful effects. | Corneal and
conjunctival injury. Journal of Industrial Hygiene and Toxicology. 1947; 29:60-73. [PubMed:
20286767]

McMurry, J. Organic Chemistry. 6. Belmont, CA: Thompson Brooks/Cole; 2004. 17.11-Reactions
of Phenols; p. 539-542.p. 618-619.

SF J Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Petersen et al.

Page 22

(]

H*
cytochrome ¢ ]
- e

INTERMEMBRANE
SPACE

o

Inner
Mitochondrial
Membrane

MATRIX "
r 4 ! o ubiquinone
NADH 2H*+1/20,
NAD?|
Cytochrome
10 nm dehy::g;:nase : ytochror:le oxidase
complex TSR CX complex

Figure 1.
05, is needed at the end of the electron transport chain in removing electrons and protons to

form H,0. (Molecular Biology of the Cell. 4! edition. Electron-Transport Chains and Their
Proton Pumps. Figure 14-26. Copyright © 2002, Bruce Alberts, Alexander Johnson, Julian
Lewis, Martin Raff, Keith Roberts, and Peter Walter; Available from: http://
www.nchi.nlm.nih.gov/books/NBK26904/).
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Figure 2.
(A) Unsaturated fatty acid lipid oils, benzoyl peroxide free-radical initiator, cobalt

naphthenate transition metal accelerator and a,B-unsaturated aldehyde reactive lipid
breakdown product acrolein crosslinker polymerized into solid rubbery gel. (B) Unsaturated
fatty acid oils, benzoyl peroxide and cobalt naphthenate accelerator remain unreacted low-
viscosity oil without acrolein crosslinker. (C) Unsaturated fatty acid lipid oils, benzoyl
peroxide, and acrolein a-p unsaturated aldehyde remain unreacted low-viscosity oil without
cobalt metal free-radical accelerator. (Micromechanics/Electron Interactions for Advanced
Biomedical Research, 2011, Chapter 16. Free Radical Reactive Secondary Sequence Lipid
Chain-Lengthening Pathologies. Figure 10. Richard Petersen and Uday Vaidya).
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Figure 3.
Differences between free-radical polymerized reaction products for lipid peroxidation across

oxygen-oxygen double bonds and unsaturated lipid reactive secondary sequence
polymerization along carbon-carbon double bonds. (A) Reactive secondary sequence free-
radical polymerization with crosslinker and unsaturated lipids form solid rubbery gel on the
bottom. Crystalline polymerization lipid peroxidation products were pulled off the sides of
the reaction container that concentrated alongside of the nonpolar polyethylene container
surface. (B) Left Side-crystalline lipid peroxidation polymerization products of acrolein
crosslinked lipids and O, and Right Side-reactive secondary sequence polymerized
unsaturated lipids in a solid rubbery gel phase. (Micromechanics/Electron Interactions for
Advanced Biomedical Research, 2011, Chapter 16. Free Radical Reactive Secondary
Sequence Lipid Chain-Lengthening Pathologies. Figure 12. Richard Petersen and Uday
Vaidya).
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Figure 4.
Free-radical polymerization of vitamin supplements containing numerous multiple

unsaturated carbon-carbon double bonds and without acrolein crosslinker generates rubbery
solid gels from low viscosity oils. (A) B,B-carotene. (B). Vitamin A (Micromechanics/
Electron Interactions for Advanced Biomedical Research, 2011, Chapter 16. Free Radical
Reactive Secondary Sequence Lipid Chain-Lengthening Pathologies. Figure 16. Richard
Petersen and Uday Vaidya).
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Figure 5.
Cell cultures from human connective tissue 500x (A) Normal cells with smoother membrane

borders. (B) Cancer cells with more spike-like protrusions revealing more irregular deeper
plasma cell membrane invaginations. (With permission from the National Institutes of
Health/Department of Health and Human Services).

SF J Biotechnol Biomed Eng. Author manuscript; available in PMC 2018 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petersen et al.

Page 27

Figure 6.
Scanning electron microscopy of an isolated cancer cell with membrane ruffling and long

lamellipodia spike-like extensions. (With permission from the National Institutes of Health/
Department of Health and Human Services).
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Figure 7.
Metastasis scanning electron micrograph of a low modulus cancer cell moving through an

artificial hole showing stiff pseudopodia extensions called lamellipodia. (With permission
from the National Institutes of Health/Department of Health and Human Services).
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HO OH

Figure 8.
Molecular structures for vitamin E (top) compared to hydroquinone (bottom).
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Figure 9.
Unsaturated lipid and reactive acrolein free-radical covalent bonding polymerization

shrinkage with hydroquinone free-radical inhibitor at different concentrations. (International
Research Journal of Pure & Applied Chemistry 2(4): 247-285, 2012, Reactive Secondary
Sequence Oxidative Pathology Polymer Model and Antioxidant Tests. Figure 15. Richard
Petersen).
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Figure 10.

Unsaturated lipid and reactive acrolein free-radical covalent bonding polymerization
shrinkage comparing antioxidant free-radical sequestering with 7.3wt% hydroquinone and
7.3wt% vitamin E. (p<0.00001 at 50hrs) (International Research Journal of Pure & Applied
Chemistry 2(4): 247-285, 2012, Reactive Secondary Sequence Oxidative Pathology
Polymer Model and Antioxidant Tests. Figure 16. Richard Petersen).
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