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ABSTRACT

Despite the tremendous progress Redox Biology has made since the turn
of the century, several misconceptions about free radicals with Reactive
Oxygen Species most prominently among them and about their
neutralization by antioxidants still seem to permeate the literature and
common thinking as well: First, all Reactive Oxygen Species are toxic
byproducts of mitochondrial respiration and as such cause oxidative
damage to biological macromolecules. Second, fundamental differences
in terms of reactivity and stability between Reactive Oxygen Species are
generally neglected and they are widely still being treated as one chemical
entity. Third, mitochondria are the major source of toxic Reactive Oxygen
Species and fourth, low-molecular weight natural or synthetic antioxidants
scavenge free radicals and thereby diminish oxidative damage. This review
will debunk these four faulty assumptions, critically address the failure of
large-scale clinical trials involving low-molecular weight antioxidants and
subsequently propose a new mechanism of action underlying the
undisputable health benefits of nutritional antioxidants in fruits and

vegetables.

In summary, it will be shown that data published during the last two decades
by leading investigators in the field of Redox Biology provide the ground
for a paradigm change regarding free radicals and antioxidants in human

health and disease.
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Introduction: The Antioxidant
Paradox

The concept of free radicals, commonly also known
as “Reactive Oxygen Species” (ROS) being involved
in the etiology and/or pathogenesis of human
diseases such as cancer, cardiovascular diseases,
atherosclerosis, asthma, diabetes, inflammatory joint
diseases as well as numerous neurodegenerative
diseases appears as generally accepted in the
scientific community'® and has found its way into
biomedical textbooks*®. By oxidizing biological
macromolecules like proteins, lipids and nucleic
acids ROS can cause damage to cellular components
and ultimately may cause cellular injury and cell
death. Likewise, it has been textbook knowledge for
decades®’ that there are a large variety of synthetic
and natural low-molecular compounds universally
known as “antioxidants” which are able to scavenge
free radicals in vitro and deactivate ROS thereby
preventing oxidative damage to other molecules.
In conclusion it seems very reasonable to assume
that by giving antioxidants to patients one should
be able to prevent, treat or cure all human diseases
which are associated with oxidative stress caused
by ROS. However, the results of many if not all clinical
trials using antioxidants as an intervention have
been very disappointing and no FDA-approved
antioxidant-based therapy has reached the clinic so

fard.

In an article with the title “Why Have Antioxidants
Failed in Clinical Trials?” Steven Steinhubl (Scripps
Research, La Jolla) writes: “Antioxidant therapies
have been evaluated in placebo-controlled trials
involving tens of thousands of patients. These clinical
trial results have been, to date, mostly negative...”.
Likewise, Anthony William Linnane (1930 — 2017),
in summarizing all failed attempts at developing
clinically relevant protocols for antioxidant therapies
writes: “No compelling evidence exists to support
the claims that the ingestion of small-molecule
antioxidants such as vitamins C, E, b-carotene and
others prevent/ameliorate the development of age-

associated human diseases.”'°. Moreover, in several
clinical trials the administration of antioxidants has
worsened the outcome in many patients, reviewed
in®. Just two examples shall be given. A multicenter,
double-blind,

prevention trial involving the administration of a

randomized, placebo-controlled
mixture of retinol and of b-carotene with over 18,000
enrolled smokers had to be terminated prematurely
due the increasing overall mortality in the treatment
group''. Further, a trial aimed at reducing the risk
of myocardial infarction and cardiovascular death
in patients with ischemic heart diseases using alpha-
tocopherol treatments resulted in an increase of
cardiovascular deaths in the treatment group'. Even
more surprising if not alarming are Martin Bergo's
(Karolinska Institute) discoveries that dietary
antioxidants accelerate lung cancer growth and
metastasis in mice. Bergo's group has shown that
supplementing the diet with the antioxidants vitamin
E and N-acetylcysteine (NAC) significantly increases
the progression of the tumor and subsequently
reduces survival rate in a mouse model'. The same
authors also demonstrated that the administration
of N-acetylcysteine (NAC) increases lymph node
metastases in a melanoma mouse model but has no

impact on the number and size of primary tumors™.

The widespread failure of antioxidants to prevent
or treat human diseases in clinical trials, despite the
assumed promise they seem to show, is considered
the “antioxidant paradox” ',

Rather surprisingly yet, antioxidants are increasingly
added to food and beverages based on the health
benefits they presumably provide'®™® and the
believe that “antioxidant is good, more antioxidant
is better” appears not only to be embedded in the
public mind' but also in the mind of a large fraction
of the scientific community. As of February 8%, 2023,
the Clinical Trial Database at the U.S. National
Library of Medicine' lists 5301 clinical trials using
“antioxidants” as an intervention, among them are
548 trails which are currently recruiting and 188

ongoing trials which do not recruit anymore.
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Several factors contributing to the failure of
supplementary antioxidants to have an impact on
the prevention or therapy of human diseases are
being discussed (reviewed in®). First, the unknown
baseline oxidative stress of the enrolled patients,
second, the choice of the specific antioxidants, third,
the proper timing of the antioxidant treatment as
well as the dose and fourth the bioavailability of the
chosen antioxidant at different physiological sites.
To overcome the bioavailability problem significant
efforts are being made in the drug delivery community
to exploit pharmaceutical nanocarriers®?' for the
targeted delivery of a sufficient amount of antioxidant
to specific tissues and cells suffering from oxidative
stress. Examples are “Antioxidant Liposomes”?,

“Nanoantioxidants”#, “Superoxide Dismutase
Enzymosomes”? and many more (reviewed in8). The
believe that pharmaceutical nanocarriers might
eventually be able to properly address the antioxidant
paradox is alive, for example the development of
“novel nanotechnology-based systems ... for
therapeutic delivery of natural antioxidants with

improved bioavailability” has recently been reviewed
in .

It is the purpose of this review to demonstrate that
the significant progress made in the field of Redox
Biology during the last two decades has laid the
foundation for a dramatic paradigm shift in what is
commonly known or assumed about free radicals

and antioxidants in human health and disease.

Four myths surrounding free radicals and Reactive

Oxygen Species in Biology

Free radicals are molecules with at least one unpaired
valence electron. They are, with a few exceptions,
very unstable and highly reactive. Most common
examples (more details below) are the superoxide
radical anion made by electron transfer (reduction)
to molecular oxygen, hydrogen peroxide generated
from superoxide radicals by enzymatic dismutation
and hydroxyl radicals formed from hydrogen peroxide
in the presence of heavy metals like iron cations.
Though hydrogen peroxide, in contrast to superoxide

radicals and hydroxy radicals does not possess
unpaired electrons, all three oxygen derived species
are commonly grouped together (among others)
under the name “Reactive Oxygen Species (ROS)”,
a fallacy to be discussed below.

Two free radicals made a significant impact on the
progress of science, one over a hundred years ago,
the other one most recently. Around 1900 Moses
Gomberg (1866-1947) at the University of Michigan
(USA) tried to synthesize hexaphenylethane from
triphenylmethyl chloride in the presence of zinc. To
his surprise he isolated a species with an unexpectedly
high reactivity, which eventually was identified as the
triphenylmethyl radical, the very first isolated organic
molecule with an unpaired electron®?#. Although
his discovery was not immediately accepted by
many of his fellow scientists, Moses Gomberg is
nowadays considered the founder of free radical
organic chemistry. The second free radical of historic
interest is nitric oxide, which was named in 1992 by
Science magazine “Molecule of the Year” and which
six years later earned the Nobel Prize in Physiology
and Medicine for Robert F. Furchgott (1916 - 2009),
Louis J Ignarro and Ferid Murad. The Nobel Assembly
at the Karolinska Institute in Stockholm has awarded
the Nobel Prize to these three US pharmacologists
“for their discovery that the unstable gas, nitric oxide
(NO), is an essential regulator of vasodilation”?.
The revelation that NO, a small redox-active molecule
with an unpaired electron, which has for decades
been considered biologically insignificant, plays a
significant role in the human body for inter-cellular
messaging has worldwide triggered an enormous
interest in Redox Signaling research. Prior to 1998,
free radicals (or ROS) were generally regarded as
dangerous cellular garbage produced in mitochondria
as a byproduct of aerobic ATP generation. Rather
surprising to the author, the National Cancer Institute
at the NIH (USA) still described as of March 2023 a

”

“free radical” as an “...unstable molecule that is
made during normal cell metabolism... Free
radicals can build up in cells and cause damage to

other molecules, such as DNA, lipids, and proteins.
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This damage may increase the risk of cancer and
other diseases” .

Despite the tremendous progress Redox Biology
has made since the turn of the century there are
still four widely held believes, the author would like
to call “myths”:

1) All Reactive Oxygen Species (ROS) are “the
same”, they can be treated as one chemical
entity.

2) AlIROS are toxic byproducts of mitochondrial
respiration and cause oxidative damage.

3) Mitochondria are the major source of ROS.

4) All antioxidants “scavenge” free radicals
and therefore will diminish oxidative damage.

In the following, these four myths will be discussed
based on original data and reviews published during
the last two decades by leading investigators in the

field of Redox Biology.

15t Myth: All Reactive Oxygen Species are “the
same.”

Although it has become evident over the last two
decades that the use of “ROS” as an “umbrella term”

for oxygen-based free radicals and related reactive
molecules is inappropriate, the use of the
indiscriminate term “ROS” in the literature appears
to be on the rise. While in the year 2000 about 200
publications referenced on Medline had the term
“ROS” in their title, this number went up to about
1,400 twenty years later.

AllROS have markedly different reactivities, different
species are formed at different concentrations under
different conditions at different locations and over
different time courses®*32, For that reason, the leading
researchers in this field have in 2022 issued
“Guidelines for measuring reactive oxygen species
and oxidative damage in cells in vitro and in vivo” 3'.
In their consensus statement they highlight problems
that can arise when utilizing commonly used methods
for measurements of ROS and cellular oxidative
damage. The authors go even so far to state that “the
application and interpretation of such measurements
are fraught with challenges and limitations. This
can lead to misleading claims entering the literature

731

and impeding progress...

As Table 1 (adapted from *) shows, the half-life of
different ROS spans over 10 orders of magnitude.

Table 1: Half-life of selected ROS

ROS species Symbol Half-life
[seconds]
Superoxide radical anion Oy~ 10°
Hydroxyl radical OH: 1070
Alkoxy! radical RO 10°
Peroxyl radical ROO: 17
Hydrogen peroxide H-O; Stable
Singlet oxygen 'O, 10
Organic peroxide ROOH Stable

While the hydroxyl radical has with 10"° seconds
the shortest half-life, hydrogen peroxide and organic
peroxides are considered stable, provided the
absence of peroxide reducing agents. Noteworthy,
hydrogen peroxide was already shown in 1970 to

be a normal feature of aerobic life by Helmut Sies®,

who is widely recognized as “Redox Pioneer”®.
Sies also developed the model of oxidative stress®,
a fundamental concept which has been guiding all

research into oxidants and antioxidants ever since.
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There are also marked differences in the reactivity
of different ROS towards different biological
macromolecules, as summarized in®'. A few examples:
The highly reactive superoxide radical anion does
not attack most biological molecules; it can quickly
react with nitric oxide to form peroxynitrite and it is
rapidly converted by superoxide dismutase into
hydrogen peroxide. Hydrogen peroxide in turn can
oxidize specific protein cysteine residues but does
not react with most biomolecules. In the presence
of transition metal ions hydrogen peroxide can be
converted via the Fenton reaction to hydroxyl
radicals, which are indiscriminately highly reactive.
As will be discussed in detail below, the generation
of superoxide radical anions and its subsequent
rapid conversion into hydrogen peroxide play an

essential role in redox signaling.

2" Myth: All Recative Oxygen Species are toxic
byproducts of mitochondrial respiration and
cause oxidative damage

The assumption that ROS are toxic byproducts of
mitochondrial respiration and subsequently cause
oxidative damage is perhaps one of the most
prevailing myths. Despite the tremendous new
insights into the nature and function of ROS gained
since the turn of the century which in summary clearly
debunk this myth, a comment published in Science
in 2015 still states “Ever since living systems began
to use molecular oxygen... they have had to deal
with its detrimental by-products. ... ROS, which are
mainly formed in the mitochondria, cause oxidative

damage to cellular components...” %.

The presumption all ROS being a harmful and
unavoidable consequence of an aerobic lifestyle
has historic roots ¥. At the beginning of the 1950s,
using a rabbit model, Rebeca Gerschman (1903 -
1986) studied the protective action against oxygen
poisoning by a variety of compounds also known
to increase resistance to irradiation and she
concluded that just like x-radiation also oxygen
poisoning involves the formation of damaging free
radicals. In a landmark paper published in 1954 she

proposed that free radicals play a major role in
oxygen poisoning and contribute to cell aging and
death®, Obviously influenced by Rebeca Gerschman'’s
work®, Denham Harman (1916 —2014) proposed in
1956 that “... aging and the degenerative diseases
associated with it are attributed to the attacks of

free radicals on cell constituents”*°

. During the
following decade Harman transformed his “Free
Radical Theory” into the “Mitochondrial Free Radical
Theory of Aging (MFRTA)"*!. In brief, the MFRTA
proposes that mitochondrial free radicals, produced
as toxic by-products of mitochondrial respiration
cause oxidative damage to lipids, proteins and
nucleic acids, which in turn is a major driving force
in the aging process*. Under physiological conditions
mitochondria, namely complex | and ubisemiquinone
radicals generated from complex lIl of the ETC, are
indeed the source of superoxide radicals®***. But
the crucial question in the context of the “2"¥ myth”
is whether there are other intracellular sources of
ROS, or whether mitochondria are truly the only
source of free radicals. In 1974 Bernard Babior
(1935 — 2004) made the seminal discovery that
phagocytotically —active leukocytes produce
superoxide radicals through cytosolic NADPH
oxidase®™“, This enzyme, also referred to as “NOX"
remained until 1999 the only example of a purposeful
generation of oxygen free radicals. Its purpose is to
generate superoxide radicals as a bactericidal agent
during the so-called “respiratory burst”3” which is
an event describing the rapid release of reactive
oxygen species for the oxidative destroying of

pathogens®’.

In 1999 Young-Ah Suh et al*® described the cloning
of a gene (called “Mox1" at that time) which encodes
a homologue of the catalytic subunit of the superoxide
-generating NADPH oxidase of phagocytes.
Messenger RNA transcribed from mox1 was found
in colon, prostate, uterus and vascular smooth muscle.
From their data Suh’s group concluded that there
seems to be a link between ROS production by Mox1
to growth control in non-phagocytic cells. During
the following two years, i.e. between 1999 and 2001,
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five more homologues of the superoxide-generating
subunit of the NADPH oxidase were identified*-3,
They all are transmembrane proteins residing in the
cytoplasm membrane of non-phagocytotic cells in
many different tissues®. By 2020 the number of
identified extra-mitochondrial hydrogen peroxide
and superoxide generating human enzymes has
grown up to over 40 which obviously presents
evidence that the deliberate generation of ROS
seems to be a general trait of many if not all cells®.
This raises the question why would the generation
of ROS be a general feature of perhaps all cells? As
mentioned above, hydrogen peroxide does not react
with most biomolecules, but it is able to oxidize
cysteine residues in proteins, yet the reaction rate
isin general very low. For specific proteins however
it has been found that the reactivity of hydrogen
peroxide towards cysteine residues can increase
about 100-fold to 107 M sec™ ¥, depending on the
specific protein environment of a particular cysteine
residue. Overall, the pK, of cysteines in proteins
lies between 8 and 9, i.e. the thiol group is not
dissociated. Yet neighboring amino acids like serine,
tyrosine, threonine, histidine, lysine and arginine are
able to stabilize negatively charged thiolate groups,
the dissociation products of thiols, via hydrogen
bonds, thereby significantly reducing the pK, of
cysteine residues. The thiolate form in turn is highly
sensitive to oxidative modification **. Further, the
sulfenate, the first oxidation product of cysteines
can readily be reduced either via reduction of the
disulfide with thioredoxin or via reduction of
glutathionylated cysteines with glutaredoxin®2. In
conclusion, hydrogen peroxide can selectively and
reversibly modify certain cysteine residues in specific
target proteins. The obvious question now is what
for? What exactly is the purpose of redox modifications
of specific cysteine residues of certain target proteins?
The answer to this question encompasses perhaps
one of the most important discoveries Biochemists
and Cell Biologists made during the last three
decades. In the middle of the 1990s a new term
entered the scientific literature, which is “redox

signaling”®. In brief, this term describes the
orchestration and control of most important
intracellular ~ processes  like  proliferation,
differentiation, migration, and angiogenesis via
redox modification of a large variety of proteins.
For example, the reversible cysteine oxidation of
target proteins with hydrogen peroxide alters the
protein activity and hence is responsible for either

launching or terminating intracellular pathways.

The enzyme responsible for turning superoxide
radicals into hydrogen peroxide via dismutation,
named “superoxide dismutase (SOD)", was discovered
by Joe M. McCord and Irwin Fridovich (1929 -2019)
at the end of the 1960s>>~%. In retrospective these
researchers wrote in 2014 “ This was an enzyme with
the sole apparent function of getting rid of a little-
known oxygen-derived free radlical called superoxide.
To some, it may have seemed to be a solution in
search of a problem, as it was neither appreciated
that superoxide was produced in significant amounts
in biological systems, nor that it was harmful.”.

Humans possess three types of superoxide
dismutase distinguished from each other by their
metal cofactor as well as by their protein structure
and intracellular location®*? The cytosolic form of
Cu/Zn-SOD is named SOD1 or, when localized in
the extracellular matrix, SOD3. Mn-SOD is restricted
to mitochondria and is referred to as SOD2.
Historically, superoxide dismutases have been
considered exclusively as antioxidant enzymes, as the
exterminators of free superoxide radicals. However,
in view of what is known today about redox signaling
it appears justified stating that the generation of
hydrogen peroxide as a signaling molecule is another,
if not the major function of superoxide dismutases.
As an antioxidant enzyme or as a generator of a
redox-active messenger molecule, superoxide
dismutases regulate the steady-state concentrations
of superoxide radicals and hydrogen peroxide.
Obviously, any interference with this physiological
steady-state concentration, for example by ingesting

mega doses of antioxidant molecules might
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hypothetically explain the antioxidant paradox.
Anthony Linnane wrote: “Any random scavenging
or deactivation of superoxide anions, hydrogen
peroxide, nitrogen oxide or peroxynitrite presumably
has the potential to catastrophically derange their
second messenger function, which is essential for

the regulation of the metabolome’s activities"™°.

Figure 1 (reprinted with permission from®’) shows
the range of possible fluctuations of intracellular

hydrogen peroxide concentrations.

Figure 1: Estimated ranges of hydrogen peroxide concentration in oxidative stress with regard to cellular

responses. The intracellular physiological range likely spans between 1and 10 up to approx. 100 nM H,O,, the

arrow indicates data from normally metabolizing liver. Stress and adaptive stress responses occur at higher

concentrations. Even higher exposure leads to inflammatory response, growth arrest and cell death by various

mechanisms. Green and red coloring denotes predominantly beneficial or deleterious responses, respectively.

An estimated 100-fold concentration gradient from extracellular to intracellular is given for rough orientation

(reprinted with permission from¢)
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Adaptation (e.g. Nrf2)

Inflammation Tumor Growth
(e.g. NFkB)

Under physiological conditions in the absence of
any type of cellular stress the intracellular
concentration of hydrogen peroxide lies between
1 and 100 nM. At this low concentration hydrogen
peroxide plays a major signaling function for cell
migration, and

proliferation,  differentiation,

angiogenesis. A variety of stress factors including

Oxidative
Eustress
\ -~
Fibrogenesis
Metastasis
/L Oxidative
Distress
Growth Arrest
Cell Death

hypoxia and inflammation as well as metabolic keys
lead to elevated intracellular hydrogen peroxide
concentrations of up to about 1 uM which in turn is
responsible for cellular adaptations to stress. A
major cellular stress response is based on the
activation of the Nrf2 pathway, which will be
discussed in more detail below. This elevated level
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of hydrogen peroxide is referred to as “oxidative
eustress”. Only above about 1 uM hydrogen peroxide
levels become toxic to the cell, eventually resulting
in cell death. Such conditions are referred to as
“oxidative distress”. In summary, there are three
intracellular levels of RONS. At so-called physiological
concentrations they act as a messenger and are
responsible for the metabolome regulation. At
elevated levels protective pathways are being
activated to enable the cell to adapt to stress and
only at a pathological level caused by an unregulated
over production of RONS the cell suffers oxidative
damage eventually resulting in cellular death. Coming
back to the “antioxidant paradox” it becomes obvious
that a major problem for any antioxidant-based
prevention or therapy of human diseases is the
inability of the antioxidant molecule to distinguish
between these three levels. But this is not the only
hurdle ingested antioxidant molecules would have
to overcome to become effective in reducing
oxidative stress. Another stumbling block involves
the theoretically needed intracellular concentration
of administered antioxidant molecules, which will
be discussed in detail further below.

34 Myth: Mitochondria are the major source of
Reactive Oxygen Species

The above discussion of the 2" myth has clearly
established that mitochondria are not the only
source of RO(N)S. But are mitochondria still the major
source, or in other words, the main contributor to
the intracellular ROS pool? Due to the lack of
appropriate quantitative assays, establishing the
relative contributions of mitochondrial and cytosolic
sources of superoxide radicals and hydrogen
peroxide has proven elusive. A first step towards
solving this problem has recently been taken by
Martin D. Brand and his group from the Buck Institute
for Research of Aging in Novato, CA. Using different
inhibitors which specifically affect only one and not
any other pathway of cellular hydrogen peroxide
production the authors measured the rate of
appearance of hydrogen peroxide in the extracellular

medium of resting myoblasts in vitro®'. They found
that approximately 40% of the total cellular amount
of hydrogen peroxide was produced by NADPH
oxidases outside mitochondria and around 45%
was generated by two mitochondrial sites; 30% by
complex Il and 15% by complex |. The remaining
15% were attributed to other enzymatic sources.
One can of course argue now that mitochondria
are the major contributor to the hydrogen peroxide
pool in resting myoblasts as the authors did®', but
equally it is justified to say that the major amount
of cellular hydrogen peroxide is generated by
cytosolic sources. Nevertheless, it is unquestionable
that the exact contribution of each source to the
intracellular pool of ROS depends on a large variety
of factors including the cell cycle, the metabolic
state and finally pathologic events.

4t Myth: All antioxidants “scavenge” free radicals
and therefore will diminish oxidative damage to

biological macromolecules.

How did the dogma of antioxidants scavenging
free radicals arise? Since the 19" century the chemical
and the food industry have been using additives for
preventing “fatigue” in rubber and rancidity in food.
Although not known yet at that time, all these
additives either degradate peroxides or indeed
scavenge free radicals by transferring (“donating”)
a hydrogen atom, i.e., a single electron and a proton
and tuming into a relatively stable radical themselves.
The transfer of an electron from an antioxidant
molecule onto a reactive free radical, i.e. the
scavenging of that free radical by an antioxidant
has been experimentally verified in countless test
tubes (in vitro) and has become standard knowledge
described in all relevant Chemistry textbooks.

Following Gomberg’s first description of an
organic molecule with an unpaired electron around
1900 (see above), studies on the chemistry of
oxidation of organic molecules during the first half
of the 20™ century brought Leonor Michaelis (1875
— 1949) (better known for his seminal work on
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enzyme kinetics) to the general conclusion that all
biological oxidations involved free radicals®.
Apparently inspired by the increasing interest in
the chemistry of free radicals, Albert Szent-Gyorgyi
(1893-1986) began to emphasize in the early 1930s
their biological significance. Szent-Gyorgyi, who
was awarded the Nobel Prize in 1937 for the
discovery of Krebs cycle intermediates and Vitamin
C, developed the general concept that “incorrect
free radical formation or elimination is the ultimate
cause of cancer” %. Following Michaelis’ and Szent-
Gyorgyi's postulates, although never experimentally
verified during their lifetime® the idea that free
radicals are involved in biological pathways gained
progressively hold. Ultimately it was believed that
free radicals cause cellular damage and that
subsequently, eliminating free radicals must be
health protective®’. Gershman'’s work about radicals
playing a major role in oxygen poisoning and
Harman's “Free radical theory of aging” (discussed
above) further enforced what has how become a

dogma.

The historical development as briefly outlined above
“led to the substantiation of a syllogism"%*: Because
free radicals produce damage and antioxidants
scavenge free radicals, antioxidants must provide
health benefits. “ The more antioxidants one could
pack into cells, the greater would be the resistance
to pathology caused by free radicals”®*. During the
last 30 years, in particular following the passing of
the “Dietary Supplement Health and Education
Act” by US congress on May 11, 1994, a law which
was called “Snake Oil Protection Act” by the New
York Times on October 5, 1993, “a whole industry
has risen based on the proposition that the
administration of small antioxidant molecules can
be used as a strategy to treat or prevent a large
variety of diseases... "®.

So, what exactly is an antioxidant? As of May 2024,
the National Cancer Institute at the NIH (USA)
defines antioxidants on its dictionary webpage as

“...a substance that protects cells from the damage

caused by free radicals (unstable molecules made
by the process of oxidation during normal
metabolism). Free radicals may play a part in
cancer, heart disease, stroke, and other diseases of
aging. Antioxidants include beta-carotene, lycopene,
vitamins A, C, and E, and other natural and
manufactured substances.”®. Noteworthy to the
author, this definition seems to ignore the progress
redox biology made over the last three decades,
there is no mentioning at all of the critical role free
radicals play as signaling molecules. There is of
course no doubt that free radicals can be neutralized,
or “scavenged”, by oxidizable molecules which in
turn are much less reactive in their reduced form.
Vitamin C may serve as a textbook example. By
donating electrons to reactive free radicals, i.e.
scavenging them, ascorbic acid is reduced to stable
dehydroascorbic acid. Likewise, Vitamin E, tocopherol,
imbedded in biological membranes reduces free
radicals while being oxidized to tocopherol quinone.
The crucial role of tocopherol for preventing the
oxidation of phospholipid membranes by lipid
peroxyradicals remains undisputed (for reasons to
be discussed later), so does the regeneration of
tocopherol quinone with ascorbic acid. The question
to be raised now is whether other low-molecular
weight antioxidant molecules, so-called natural or
synthetic ones, can scavenge free radicals under
physiological conditions thereby protecting proteins,
lipids, nucleic acids and carbohydrates from
oxidative damage. Already 10 years ago, Henry Jay
Forman from the University of Southern California
undertook some kinetic consideration and came to
a conclusion which has significant implications
regarding the efficiency of low-molecular weight
antioxidants in vivo®*. The reaction rate constant for
the reaction of for example hydroxy radicals (HO")
with organic moleculesis larger than 10°M™" s thus
approaching limitations of diffusion. In other words,
no compound has more HO" scavenging activity
than the thousands of molecules present inside the
cell. Subsequently, to be 50% effective, any
antioxidant would have to be present at equal or

© 2024 European Society of Medicine 9



greater concentration than all those macromolecules
already present inside the cell®’. Interestingly, as
one of the reasons for the failure of numerous clinical
trials with antioxidants low intracellular concentrations
of the exogeneous antioxidant have been discussed
and many attempts have been and still are being
made to increase the intracellular concentration,
i.e. the bioavailability of antioxidants via administering
them using different types of pharmaceutical
nanocarriers, as already mentioned above and
reviewed in®. It stands to reason to assume that any
exogeneous low-molecular weight compound
present inside a cell at a concentration equal or
larger than that of all endogenous macromolecules
already present might have a detrimental effect on

cellular homeostasis and metabolism.

Nevertheless, the literature is filled with reports
about free radical scavengers, aiming at the
identification of potentially useful antioxidants for
clinical use. A Medline search in May 2024 using as
search term “evaluation of free radical scavenging
activity of plant extracts” yielded 3,171 hits. In all
studies this author read, all employed different
radical scavenging assays were conducted in vitro,
i.e.in an environment in which the antioxidant does
not have to compete with any other biological
macromolecule, or in reverse, in such assays the
free radical has nothing to react with but the free

radical scavenger.

Free radical scavenging by a non-enzymatic
antioxidant mechanism seems only possible for
much slower reactions. For example, the rate
constants for the reactions of lipid peroxyl radicals
with lipids lie in the range between 2 - 10 x 10" M-
's7, while their reaction rate with tocopherol is much
faster having rate constants between 10°-10¢ M s,
Therefore, as already indicated above, tocopherol
(Vitamin E) is being considered the only non-
enzymatic free radical scavenger in vivo®032¢* |n
summary, Henry Jay Forman concludes that “... a free
radical scavenger mechanism for antioxidants cannot

be substantiated on a kinetic basis in vivo..." %,

Nutritional antioxidants

Does Forman’s conclusion about the inability of
antioxidants to scavenge free radicals in vivo render
fruits and vegetables as a widely and commonly
acknowledged source of antioxidants useless? A
recent analysis even highlighted the pharmacological
relevance of fruits and plants as natural sources of
antioxidants and their beneficial effect on human
health®. The authors of that analysis concluded that
“adopting functional foods with high antioxidant
potential will improve the effective and affordable
management of free radical diseases while
avoiding the toxicities and unwanted side effects
caused by conventional medication”®. How can
this apparent contradiction be explained? According
to Meccariello and D'Angelo, the most abundant
antioxidants in our diet are plant polyphenols?®’.
According to these authors, the intake of polyphenols
ameliorates age-related phenotypes, including
oxidative stress, inflammation, and cellular
senescence, both in vitro and in vivo?. But are these
polyphenols really acting as “radical scavenging
antioxidants”? The last 20 years provided new and
quite surprising insights into plant polyphenols®*¢”
2. To summarize, it has been demonstrated that
although flavonoids have powerful antioxidant
activities in vitro (they are able to scavenge a wide
range of reactive oxygen, nitrogen and chlorine
species), in vivo no antioxidant activities have been
established yet. Moreover, it has been found that
polyphenols oxidize readily in beverages, in cell
culture, in the mouth and in the Gl tract. Henry Jay
Forman and co-authors concluded that “it now
appears that the chemically important properties
of antioxidants in vivo are actually pro-oxidant, i.e.

electrophilic”®*.

Do nutritional antioxidants paradoxically provide
their health benefits by oxidation, and if so, what is
their nucleophilic target? This will be discussed in

the following and last section of this review.

The Nuclear factor erythroid 2-related factor

2/Antioxidant Response Element
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The Nuclear factor erythroid 2-related factor 2
/Antioxidant Response Element (abbreviated
from here on as Nrf2) was discovered in 199473, It
is a basic leucine zipper transcription factor
responsible for the transcriptional regulation of
about 250 genes all of which have in common an
enhancer sequence in their promotor region called
“antioxidant response element’. Its activation results
in the expression of numerous enzymes involved in
xenobiotic biotransformation, antioxidant metabolism
and other cytoprotective pathways. Among the
enzymes Nrf2 is coordinating in response to
cellular stress are for example NAD(P)H quinone
oxidoreductase 17°, Sulfiredoxiin1 and Thioredoxin
reductase 17°, Heme oxygenase-1”7 and the
Glutathione S-transferase family’®. In summary, Nrf2
activation launches a multitude of cellular defense
mechanisms against a variety of pathologies with
oxidative stress in the context of this review being
the most important one.

Under normal, i.e. stress-free conditions, the Nrf2
protein remains localized in the cytosol and has a
half-life of about 20 minutes only’. It is associated
with another protein, called Kelch-like ECH-
associated protein 1 (KEAP1), an E3 ubiquitin
ligase substrate adaptor that prepares Nrf2 for fast
degradation via the proteasomal pathway®’®'. In
other words, KEAP1, under stress-free conditions,
controls the short half-life of Nrf2 and renders it a
protein of very low abundance. Once the association
between Nrf2 and KEAP1 is interrupted, Nrf2 escapes
its rapid proteasomal degradation, accumulates in
the nucleus and subsequently triggers the expression
of cytoprotective proteins with antioxidant enzymes
from the perspective of this review the most

relevant ones.

Above the question was raised whether nutritional
antioxidants like polyphenols, following their quick
oxidation before entering tissues and cells,
paradoxically provide their health benefits by
oxidation. This indeed appears to be the case. The

KEAP1 protein (just like other redox sensitive proteins)

contains several cysteine residues which are very
sensitive to oxidation. As already discussed above,
such cysteines are localized in a microenvironment
in which neighboring amino acids stabilize their
thiolate form via hydrogen bonds thus rendering
them sensitive to oxidative post-translational
modifications®. In addition, there are also dietary
antioxidants which do not need to be oxidized to
exert their beneficial effects. For example, curcumin,
the “Indian gold”, contains electrophilic a,p —
unsaturated carbonyl groups, which can easily react
in a "Michael addition” with cysteine thiolates. In
other compounds, like carnosic acid, known for its
antioxidant, anti-inflammatory, and anticarcinogenic
activities®, an a,B — unsaturated carbonyl group can

be formed through oxidation .

Conclusion

Tremendous progress over the last two decades in
redox biology and kinetic considerations about the
reactivity of free radicals seem to cast doubt about
the benefits of natural or synthetic low-molecular
weight antioxidants. However, the health benefits
of dietary antioxidants in fruits, seed, vegetables,
and plants remains unchallenged, though new
insights into their stability and chemistry appear to
ask for a revision of their supposed mechanism of
action. Instead of acting in human cells as an
antioxidant, or as a free radical scavenger, such
dietary plant-based antioxidants appear to exert
their health benefit paradoxically via intracellular
oxidation, namely by oxidizing cysteine residues in
the Nrf2/Keap1 complex which triggers the launch
or activation of cytoprotective pathways.
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