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Introduction

Free radicals play an important role in a number of chronic

degenerative diseases including autoimmune disorders, aging (Harman,
1956), cataracts, rheumatoid arthritis, Parkinson’s disease (Kashiwaya et
al., 2000), cardiovascular disease, and other neurodegenerative diseases
(Pham-Huy et al., 2008). However, the pathophysiology of these diseases
can be complex. The simplest form of ROS-induced disease is radiation
sickness.
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Origins of Reactive Oxygen and Nitrogen Species

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) arise
from numerous sources including cellular metabolism, ionizing radiation,
and various enzymes. Once created, individual ROS and RNS participate
in a cascade of interconversions (Figure 27.1) both enzymatic and not,
ultimately being detoxified by being converted into inert molecules or by
damaging various biomolecules.

Figure 27.1

The origin, reactions, and target molecules of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) are shown. Free radicals
include superoxide, hydroxyl and nitric oxide, carbonate radical, and
nitrogen dioxide. The oxidation steps show the sequence of four single-
electron reductions (addition of one electron) from oxygen to superoxide
to peroxide to hydroxyl to water. The outlined arrow +1e~ indicates
reduction. The reaction of ionizing radiation with water is represented by
hv, where h is Planck’s constant and the Greek letter v is the frequency,
which gives the energy of the electromagnetic radiation by E = hv where
h = 6.626 x 10-34 Js. Abbreviations: e~ —electron, SOD—superoxide
dismutase, GSH—glutathione, GSSG—glutathione disulfide, TYR—
tyrosine, MET—methionine, CYS—cysteine.

Basal production of ROS occurs in the mitochondria as a byproduct of
normal metabolism by the spontaneous oxidation of coenzyme Q
semiquinone by oxygen, creating superoxide (O,*~) (Chance et al., 1979).

Qe +0,—-0,¢+Q
Another common origin of ROS is radiation; ionizing radiation with
energy (hv) above 33eV can ionize water, which makes up the vast
majority of human cell volume. This process occurs with many radiation
types including particles (e.g., a or B), electromagnetic (e.g., y or X), and
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neutrons. Radiation of sufficient energy will split water into a hydroxyl
radical (HO*), H*, and a free electron, e". These three species interact
with a variety of other molecules to form the cascade of RNS and ROS
shown in Figure 27.1.

Superoxide can also be generated without radiation by NADPH oxidases
(NOXs) in white blood cells in response to pathogens (Bedard and Krause,
2007) or as an inducible response to inflammation and cellular stress.
Enzymes producing ROS are also induced after exposure to radiation,
particularly the NOX family members DUOX 1 and 2, which continue
producing superoxide for a number of days post radiation (Ameziane-El-
Hassani et al., 2015). This prolonged ROS production leaves a therapeutic
window for post-radiation treatment that targets these molecules.

Numerous other enzymes produce other types of ROS as part of their
normal function, such as monoamine oxidase (MAO) (EC 1.4.3.4), an
enzyme integral in monoaminergic neurotransmission and xenobiotic
metabolism. This enzyme produces hydrogen peroxide as part of its
breakdown of monoamines, such as dopamine in this reaction: Dopamine
+ H,O0 +0; — Dopaldehyde + NH3 + H,0O,. This is an important issue in
the treatment of Parkinsonian patients, who are often given high doses of
L-dopa, which is known to increase ROS load (Acquier et al., 2013) and
can lead to further loss of dopaminergic neurons, often seen in patients
on high doses of .-dopa (Yamato et al., 2010).

Figure 27.1 provides a roadmap showing the cascade of ROS and RNS.
Superoxide plays a central role in the cascade. In the case of radiation,
superoxide results from the free electron combining with oxygen. The
enzyme superoxide dismutase (SOD) catalyzes a reaction where two
superoxide ions react to produce oxygen and hydrogen peroxide. The
hydrogen peroxide can decompose to hydroxyl radical and hydroxide in
the presence of iron and other metals via the Fenton reaction. Superoxide
reacts with nitric oxide (NO) to produce peroxynitrite and begins the
cascade of RNS. The reaction of NO with superoxide is diffusion limited
and nonenzymatic. This is especially problematic as NO is uncharged,
enabling it to pass quickly through cellular membranes, and possesses a
relatively long half-life. The kinetics of the reaction of NO with superoxide
make the production of peroxynitrite inevitable whenever NO is produced
within a few cell diameters of superoxide (Pacher et al., 2007).
Peroxynitrite in turn can either react directly with CO; to form
nitrosoperoxycarbonate, which dissociates to form other radical species,
or be protonated to form peroxynitrous acid, which dissociates into
hydroxyl radical and nitrogen dioxide radical. The formation of hydroxyl
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radical from peroxynitrite may contribute more to the formation of free
radicals than the iron catalyzed Fenton reaction (Pacher et al., 2007).

Oxygen-containing free radicals and other ROS or their nitrogenous
counterparts perform useful functions in cell signaling and physiology
(Pham-Huy et al., 2008). While the causes of excessive ROS and RNS in
diseases may have complex or indeterminate origins, the exposure to
radiation provides a model with a single known initiator. Generation of
ROS/RNS is a component of many common diseases including cataracts,
rheumatoid arthritis, neurodegenerative diseases such as amyotrophic
lateral sclerosis (ALS) and Parkinson’s (Kashiwaya et al., 2000) and
Alzheimer’s disease, cancer (Pham-Huy et al., 2008), and aging (Harman,
1956). Table 27.1 summarizes reactions that generate or destroy RNS and
ROS.

Table 27.1 The Generation and Destruction of RNS and ROS

ROS/RNS formation ROS/RNS destruction Catalyst

reactions reactions

H,0 + hv » HO+ + H* hv

+ e

Oy + e = 0y NOX, xanthine

oxidase

Fe?* + H,0, — Fe3* + spontaneous

HOe« + OH"

Oz + NOe* - ONOO~ spontaneous
HOe+ + Oy > OH + spontaneous
o))

2 Op* + 2H* - H,0, + Superoxide
0, dismutase

2 Hy,O, - Oy + 2H,0 Catalase

2GSH + H,0, —» GSSG Glutathione
+ 2H,0 peroxidase
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Damage Caused by Reactive Oxygen and
Nitrogen Species

Free radicals attack nucleic acids, proteins, and lipids indiscriminately.
Nucleic acids are attacked either at the sugar (ribose or deoxyribose) or
the base that is responsible for pairing. If hydroxyl reacts with the sugar,
it results in strand breaks, recombination, chromosomal changes and
mutations. If hydroxyl radical reacts with the base, it adds alcohol groups,
OH, to the base where none belong and interferes with the hydrogen
bonding and fit of the matching base pair, leading to point mutations.
Modified guanine interferes with the telomerase binding proteins TRF1
and TRF2 and causes a loss of telomere function, which requires these
binding proteins for both the protective shelterin complex and for
telomerase to interact with shelterin and extend the telomere (Sfeir,
2012). See for example Figure 27.2.
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Figure 27.2

Guanine reacts with hydroxyl radical to produce 8-OH-G. There are three
guanines in the telomere repeat sequence, TTAGGG, making it vulnerable
to oxidative damage. R is deoxyribose.

Proteins have various reactions depending on the amino acid. One that is
vulnerable is cysteine. Oxidative stress can cause cysteine on two
proteins or within one protein to form a disulfide bridge and change the
folding of the protein. This can be reversed as a protein disulfide bond is
reduced by thioredoxin reduction reaction shown in Figure 27.4.
However, further oxidation leads to SOH, SO,H and SO3H, which makes
the protein permanently damaged.
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JCC

Figure 27.4

Thioredoxin is a family of three proteins in mammals—TrxR1 (cytosolic),
TrxR2 (mitochondrial), TrxR3 (testis specific)—that can reduce protein
disulfide bonds formed by ROS/RNS damage. Abbreviations: TrxR—
thioredoxin, FAD—flavin adenine dinucleotide, S2—disulfide, SH2—two
sulfhydryl moieties.

Damage to lipids is primarily to polyunsaturated fatty acids (PUFAs).
There are three stages, initiation, propagation, and termination. Initiation
causes the PUFA to become a free radical. Propagation generates other
free radicals, oxygen is often involved. Oxygen is a dual free radical, and
one might draw it as *O,* to show the two unpaired electrons. Being a
dual radical makes *O;,* especially reactive with transition metals that
are free radicals and also other free radicals. Having the two unpaired
electrons allows *O,° to propagate damage as in R* + O, - ROO-* -
further reactions. NOe* being a single free radical would result in a
terminating reaction with other free radicals as RS* + NO+ - RS—NO.

Peroxynitrite (ONOO™) is very reactive but it is not a free radical,
therefore it tends to modify proteins on specific residues and motifs such
as methionine, tyrosine, zinc fingers, and heme (see Figure 27.1).

The Role of Reactive Oxygen Species in Aging

In 1956, Denham Harmon, working in the Donner Biophysics

Lab at Berkeley, wrote a paper postulating that the process of aging was
the result of free radicals produced either endogenously or by
environmental sources (Harman, 1956). In 1961 Hayflick and Moorman
showed that cultured cells could undergo only a finite number of
replications for reasons that were unclear. In 1973 Olovnikov postulated
that the end replication of DNA would result in the shortening of that
strand at every replication (Olovnikov, 1973). In 1978, Elizabeth
Blackburn published a paper describing a special form of DNA at the end
of chromosomes, which is the telomere (Blackburn and Gall, 1978). In
1990 it was found that the telomere of human fibroblasts shortened with
aging (Harley et al., 1990). This sequence seemed to provide a
mechanism to explain the development of senescence, at least in culture.
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Cell senescence can be triggered by a number of mechanisms including
telomere uncapping, DNA damage, oxidative stress, oncogene activity,
lack of nutrients, and other factors via various signaling pathways (Ben-
Porath and Weinberg, 2005). A number of studies reported that oxidative
stress shortened telomeres (von Zglinicki, 2002). The formation of 8-oxo-
guanine lesions in telomeric tandem repeats by ROS-damaged telomeric
protein binding to telomeres (Opresko et al., 2005) impaired their
functioning, causing replication to cease.

In the absence of disease, ROS damage depends on the rate of
metabolism and with it, the rate of ROS production by mitochondria,
which roughly correlate with the life span (Speakman, 2005), a
phenomenon known as scaling. From these and other observations it was
thought that the rate of metabolism inversely correlated with life span
and slowing it by measures such as caloric restriction would lengthen life
span (Sohal and Weindruch, 1996), in part by limiting mitochondrial ROS
generation and hence ROS damage. Studies also appeared which
reported that overexpression of the antioxidant enzyme catalase
increased life span in transgenic mice (Schriner et al., 2005). Other
antioxidant enzymes also increased life span in Drosophila (Orr et al.,
2013).

The most important system providing antioxidants and defending against
ROS is the NADPH defense system described later in this chapter. The
preceding reports show that ROS can accelerate telomere shortening,
damage DNA directly, induce senescence, and hasten the aging process
(Correia-Melo et al., 2014). Suppressing ROS may slow the shortening of
telomeres and decrease activation of other mechanisms implicated in the
pathology of aging (Harman, 1956, 1981). We postulate that using ketone
body esters to suppress ROS would be effective in retarding the aging
process itself.

Telomere shortening occurs during normal aging, leading to uncapping,
activating senescence and apoptotic programs in tissues with high cell
turnover. Rapidly dividing cells—gut, skin, hematopoietic, and immune
cells—replicate constantly during life, and aging is visible to anybody in
skin as it changes from thick and smooth in youth to thin and wrinkled in
the aged. The effects of nuclear radiation are likewise amplified in these
tissues, exposure in the range of 2 to 5 Gy suppresses replication of blood
and gut cells through generation of ROS, causing death in weeks. In
these rapidly dividing cell types, a telomeric process as described by
Hayflick could play a more dominant role.

There is, however, another large group of cells that undergo almost no
replication after embryonic life. They include heart, skeletal muscle, and
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brain cells. The death of these slowly dividing cells does not have a
unitary mechanism. The gradual onset of senescence that characterizes
normal aging may in part be due to the accumulation of genetic damage
over a lifetime (Szilard, 1959).

Mice lacking the gene for dystrophin (MDX) demonstrate little cardiac
abnormalities. However, mice in which the mRNA component of
telomerase, mTR, was deleted show progressive shortening of telomeres
with age. Crossing these two strains to form the mdx/mTRX° mouse with
deleted dystrophin and TERC produced a mouse with heart
abnormalities, mitochondrial dysfunction, and oxidative stress with
reduced levels of the mitochondrial regulators peroxisome proliferator
activated receptor gamma coactivator 1 a and 1 B (PGC1-a and PGC1-B),
both reduced by 80%. The pathological changes in hearts of these
animals were ameliorated by administration of antioxidants(Mourkioti et
al., 2013). These findings show that both mitochondrial ROS production
and telomere shortening play a role in the death and dysfunction of non-
rapidly dividing cells such as heart cells and that these functional
abnormalities induced in mdx/mTRX° can be reduced by administration of
antioxidants.

The toxicity from radiation is therefore both acute and chronic. Acute
death occurs from effects on the central nervous system (CNS) at doses
of 20 Gy, or slow, long-term accumulated DNA damage leading to cell
death from multiple hits (Szilard, 1959). An earlier speculation by Erwin
Schrodinger attributed life to the maintenance of negative entropy by
homeostatic processes (Schrodinger, 1944). In this view, aging and death
would be the result of an increase in entropy. This general statement
without a biochemical or physiological mechanism is of limited practical
use, whereas applications of thermodynamics as exemplified by the
energetics of the various redox states and the process of oxidative
phosphorylation have heuristic value.

How Antioxidants Work

There is a basic pattern to how antioxidant small molecules
work. They follow the pattern of reaction shown in Figure 27.3.
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Figure 27.3

The basic pattern of antioxidant reactions results in an antioxidant
radical, which must be reduced before it can participate in additional
reactions. The antioxidant free radicals are sometimes obscured as they
are the first step in a reaction mechanism that may go to other forms.

The antioxidant is oxidized and the free radical is reduced. Why then is it
not a problem that the antioxidant has become a free radical? The answer
is that the unpaired electron in the now antioxidant radical is delocalized
and thus less reactive. This property makes ascorbate and tocopherol
distinct from other cellular reducing agents, as they remain stable
compounds after a single electron transfer. This is in contrast to
glutathione, a powerful and important reducing agent, but one that must
transfer two electrons at once to remain stable, as the glutathione radical
is highly reactive. Tocopherol is able to transfer a single electron but only
a single electron, ascorbate is able to transfer two—and, importantly, two
ascorbate radicals are able to react, forming a single molecule of
dihydroascorbate and one molecule of ascorbate. Dihydroascorbate in
turn is able to accept two electrons from glutathione and be regenerated,
bridging single electron redox couples with two electron couples.
Glutathione itself is reduced by the free [NADP*]/[NADPH] redox couple.
It is important to understand factors controlling the cellular redox states
to understand how the antioxidants get recharged (reduced).

The Cellular Redox States Differ from the
Standard Redox Potentials

A great deal of confusion in the literature on oxygen free radicals results
from the use of tables of standard reduction potentials, AE®, done at pH
7.0 with all reactants at 1 M.

The redox state of the cytoplasmic NAD- couple in vivo was first defined
in 1955 by Lynen and his coworkers (Holzer et al., 1956) in yeast by
measurement of the ratio of the metabolites [ethanol]/[acetaldehyde] in a
reaction brought to near-equilibrium by the very active cytoplasmic
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enzyme alcohol dehydrogenase. Soon thereafter it was shown by Bucher
and Klingenberg (1958) that the free [NAD*]/[NADH] in rat liver
cytoplasm could be estimated by measurement of either the [lactate]/
[pyruvate] or [dihydroxyacetone-P]/ [3-glycerophosphate] ratio. Because
of the rapidity with which these cellular redox state estimates change
with hypoxia, accurate determinations were facilitated by the
development of freeze clamping (Wollenberger et al., 1960). That ratio of
[lactate]/[pyruvate] was found to be between 5 and 10, giving a free
cytosolic [NAD*]/[NADH] calculated from the measured Keq of the
reaction to be about 1,000 in the fed liver and 250 in a starved liver.
Following these principles, in 1967 Krebs and his coworkers (Williamson
1967) showed that the free [NAD*]/[NADH] ratio in mitochondria could
be estimated by measurement of ether the [acetoacetate]/[B-p-
hydroxybutyrate] or [a-ketoglutarate]x[NH4 " ]1/[glutamate] ratio and the
ratio of free mitochondrial [NAD™" ]J/[NADH] was found to be between 2 to
10. Following a question to Krebs by George Cahill, Krebs assigned
Richard Veech to determine the free cytoplasmic [NADP*]/[NADPH]
ratio, which was known be used in the reductive synthesis of fats. This
ratio was found to be about 0.01 to 0.02 and could be estimated by
measurement of [a-ketoglutarate]x[CO,]/[isocitrate] or several other
couples (see Table 27.2) The standard potential of the NAD- couple is
about —0.32 V, but these couples have three potentials in the cell
depending on the intracellular location of the enzymes involved. The
three redox couples have redox potentials appropriate to the metabolic
pathways they drive.
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Table 27.2 The Activity of NADP-Linked Enzymes in Rat Liver

Enzyme Activity Keq = Metabolite Keq value
in pmol/ couple
min/g

Isocitrate DH 22 K. lxeZ]cojnanr] 1.17 M

EC 1 . 1 . 1 .41 & [Isocitrate}INADPJ“]

Glutathione 7 Keg= w&lﬁ] 100 x 10~

Reductase EC [GSHHNADP'] 7 (Scott et

1.6.4.2 al., 1963)

6 P Gluconate 2.8 K= [Ribulose 5P* O INADPH] 1.72 x 10

DH EC €4~ [6P Gluconate® [NADP'] 1y

1.1.1.44 (Villet
and
Dalziel,
1969)

Glucose 6-P 1.4 Not applicable because

DH EC of lactonase

1.1.1.49

Malic 1.27 K.  pyruvate o NaDeH] 3.44 x 10

Enzyme EC €4 [Malate’ [NADP'] 2\

1.1.1.39

Source: Veech et al. (1969)

First, in cytoplasm, the AE of the free NAD- couple is —0.19 V, this
smaller potential poising it to receive reducing power from glycolysis.
Second, for NAD in mitochondria, it is —0.28 V, allowing for more energy
to be available for the electron transport pathway to convert ADP to ATP.
Third, the NADP- couple in the cytosol was estimated to be about —0.42
V, the lowest reduction potential in the cell (Krebs & Veech 1969). This
strongly reducing potential allows this couple not only to synthesize fats
but also to favor the inactivation of oxygen free radicals through the two
major intracellular antioxidants, glutathione (GSH) and ascorbic acid
(Vitamin C). As these antioxidants are in near equilibrium with the free
cytoplasmic [NADP*]/[NADPH] couple, whose large reducing potential
favors the reduced, active forms of GSH and Vitamin C (see Table 27.2 for

Page 11 of 31

PRINTED FROM OXFORD MEDICINE ONLINE (www.oxfordmedicine.com). © Oxford
University Press, 2015. All Rights Reserved. Under the terms of the licence agreement, an
individual user may print out a PDF of a single chapter of a title in Oxford Medicine Online for
personal use (for details see Privacy Policy).

Subscriber: University of Oxford; date: 30 March 2017



Mitigation of Damage from Reactive Oxygen Species and
Ionizing Radiation by Ketone Body Esters

a list of these redox couples and Figure 27.4 for a diagram of the ROS-
quenching reactions driven by the NADP couple).

These major cellular redox states are related to one another through
common intermediary metabolites (Bergman et al., 2010; Krebs, 1969)
and also to the cellular phosphorylation potential or ATP/ADPxP; ratio
keeping the energy of ATP hydrolysis in the range of —53 to —57 kj/mole
(Veech et al., 1979). It can be seen that these intracellular redox
potentials cannot be inferred by study to the standard potential of redox
half reactions, which have led to much confusion in writing about cellular
redox potentials (Winterbourn, 2008). This history of the development of
the measurement of in vivo redox states has been reviewed (Veech, 2005,
2006).

Measurement of each of the metabolite couples listed in Table 27.2 yields
the same value of the free cytosolic [NADP*]/[NADPH] ratio with a redox
potential of about —0.4 V, the most negative of any intracellular potential
(Krebs, 1969). With small refinements of the Keq, CO; concentrations and
intracellular metabolite concentrations in the intervening years, the
potential of the NADP system is more likely to be in the range of —0.36 to
—0.38 V, but is still the most negative potential in the cell.

The formalism to calculate the redox potential in the cell estimated from
measured intracellular metabolites and the measured Keq of the
reactions involved is as follows. The standard redox potential is derived
from the equilibrium constant of the reaction. The standard potential of
both the NAD and NADP couples, E°, is, within experimental error, —0.32
V (Burton, 1974).

The redox potential within the cell is calculated at follows (Veech, 2005):

RT, (NAD"
Exapinapn = E'NapNaps+ nF ln( N ADH)

Egn 1
Where R = 8.1345 x 1073 kJ/mole/°K

T=311.15°K
n = number of electrons = 2 for lactate dehydrogenase
F =96.485 kJ/mole/V

The free cytosolic [NAD* ]/[NADH] calculated from the lactate
dehydrogenase reaction:

[lactate ]+[NAD'] [pyruvate]
+[NADH]+[H']
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AtpH 7
[Pyr] [NADH] . _ L
Tac] INAD] =K, py=111x10
Rearranged and substituted into equation 1 above

o RT, (Pyr 1
Exap/Napn = E'NAD/NADH + Eln(ﬁ X KLDH)
For [pyruvate]/[lactate] = 1:1

ENAD/NADH: _032V+0122V: _0198V
For [pyruvate]/[lactate] = 1:10

Enap/napp= —0.32V +0.091V = - 0.229V
The free cytosolic [NADP*]/[NADPH] redox potential calculated from
isocitrate dehydrogenase reaction and from the malic enzyme agree well
and are the most negative potential in the cell, although with improved
metabolite measurements are slightly above the —0.42V estimated in the
original Krebs and Veech paper (Krebs, 1969).

The redox potential from isocitrate dehydrogenase reaction:

RT, (NADP"
ExaADP/NADPH = EONADP/NADPH +F ln( N ADPH)

[Isocitrate |+ [NADP'] [a—KetoglutarateZ']
+[NADPHJ]+{CO,]
[NADP'] _[aKG*]X[COJ 4

= X
INADPH] [Isocit* Kicpn
o RT. ([aKGTIX[CO,] 1
ENI\/I\/})%I;{ =E NI\/I\/})%;{ + nF ! [Isocjt?’_] X KICDH

For [a-Ketoglutarate]:[Isocitrate] = 7:1 (Liver) and [CO;] = 1.985mM
Exabe = —(.32V —0.044V = —0.364V
NADPH

The redox potential from from the malic enzyme reaction:
[NADP'] _ [Pyr |X[CO,| 1

[NADPH| = [Mal?]  Kwaienz
where [pyruvate]/[malate] = 1:3 in liver

Exapp = —0.32V -0.055V= -0.375V

NADPH
Because the glutathione couple reacts with the NADP- couple (see Table
27.3), the potential of the NADP- couple determines the redox potential of
the glutathione redox couple [GSH]?/[GSSG]) with which it is in near-
equilibrium at —0.37V, not the standard potential of —0.32V at pH 7.0.
The terminal reduction of the oxygen free radicals involves glutathione,
which constitutes the most abundant intracellular antioxidant at 5 mM
(Krebs, 1969).
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Table 27.3 Enzymatic Systems Which Assume the Redox Potential of
the NADP-System

Enzyme Reaction

Glutathione NADPH + GSSG + H — NADP" +2GSH
Reductase EC
1.6.4.2

Glutathione 2GSH+ Dehydroascorbate — GSSG+Ascorbate
Dehydrogenase
EC 1.8.5.1

Glutathione 2GSH+H,0, — GSSG+H,0
Peroxidase EC
1.11.1.9

Glutathione HO — Xenobiotic+ GSH — GS — Xenobiotic+H,0
Transferase EC
2.5.1.8

Thioredoxin NADPH + H' + OxidizedThioredoxin — NADP" + ReducedThioredoxin
Reductase EC

1.6.4.5

Ascorbate, at 2-3 mM, is the second most abundant reducing agent and
antioxidant, and is also the cofactor for a number of metal-dependent
oxygenases and dioxygenases, such as collagen prolyl and lysyl
hydroxylases (Linster and Van Schaftingen, 2007). Ascorbate, when
acting as a reducing agent, loses an electron and a proton to form
semidehydroascorbate (SDA), which upon losing another electron forms
dehydroascorbate (DHA). Regeneration of ascorbate by glutathione
occurs by the reaction: DHA + 2GSH < ascorbate + GSSG, which can
occur spontaneously (Linster and Van Schaftingen, 2007) but can also be
catalyzed by the enzyme glutathione dehydrogenase (EC 1.8.5.1), an
enzyme with an activity in rat liver of about 3 pmol/min/g wet weight
(Carlberg and Mannervik, 1975). These reactions (Table 27.3) ensure that
the redox potential of ascorbic acid and the glutathione couple in vivo
assume the redox potential of the cytosolic NADP- couple of —0.37 V and
not the standard potential—this is in sharp contrast to ascorbate’s
standard reduction potential of —0.06 V (Table 27.4) or the standard
potential of the glutathione couple at —0.23 V (Clark, 1960).
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Table 27.4 Redox Potential of Some Biochemically Important Half-
Reactions in the Biochemical Half Reactions, All Reactants Are at 1 M
except H* Which Is at pH 7.

Half reaction Redox Potential of
half reactions

H' +e — %H, -0.41

Acetyl — CoA + 2H' + 2e — Acetaldehyde +CoA  -0.42

Acetoacetate + 2H'2e — —hydroxybutyrate -0.36
NAD"+2H" +2e"— NADH+H" -0.32
NADP'+ 2H"+ 2e¢ —NADPH+H" -0.32
a ketoglutarate® + CO,+2H"+ 2¢ — isocitrate® -0.318
Pyruvate + 2H" + 2e — Lactate -0.19
FAD+2H'+2e —FADH, -0.06
Fumarate+2H + 2e — Succinate +0.031
Dehydroascorbate+2H' +2e — Acorbate +0.06
a —ketoglutarate® + CO, - isocitrate®” +0.002
Ubiquinone+ 2H' + 2e” — Dihydroubiquinone +0.10
%2 0,+H,0+2e" - H,0, +0.30
0,+2H" +2e - H,0, +0.605
Fe*" + e — Fe?* +0.77
% 0,+H"+2e - H,0 +0.816
O, +2H" -~ H,0, +0.89

Page 15 of 31

PRINTED FROM OXFORD MEDICINE ONLINE (www.oxfordmedicine.com). © Oxford
University Press, 2015. All Rights Reserved. Under the terms of the licence agreement, an
individual user may print out a PDF of a single chapter of a title in Oxford Medicine Online for
personal use (for details see Privacy Policy).

Subscriber: University of Oxford; date: 30 March 2017



Mitigation of Damage from Reactive Oxygen Species and
Ionizing Radiation by Ketone Body Esters

eOH+e - OH +1.89

The semidehydroascorbte (SDA) is also reduced to ascorbate by
thioredoxin reductase (EC 1.6.4.5) (Linster and Van Schaftingen, 2007),
an NADP-linked enzyme that is the major cellular protein disulfide
reductase (Arner and Holmgren, 2000). This enzyme catalyzes the
reaction: NADPH + thioredoxin ,s— NADP*+ thioredoxin oq. This enzyme
is critical in signaling as part of thiol redox control, and regulates the
activity of a number of transcription factors. The potential of the
thioredoxin system is likewise set by the potential of the free cytosolic
[NADP*]/[NADPH] couple.

Thus, the potential of the ascorbate couple and the glutathione couple are
the same as that of the NADP- couple. Likewise, disulfide (SS) groups in
protein are reduced to -SH by the thioredoxin system.

The Redox State of Oxygen Free Radicals and
Other Relevant Reactants

A list of relevant redox potentials is listed in Table 27.4 below. The values
for the redox potentials given are taken from Bergman et al. (2010), Clark
(1960), Dawes (1971), and Krebs (1969).

This table shows the oxidizing potential of ROS compounds. However, it
should be pointed out that these half reactions do not represent the redox
potential inside of cells, which are set by the NAD and NADP couples
which carry the dominant metabolic flux during metabolism.

How D-BHB Alters Cellular Redox States

The effects of insulin, glucose, and p-B-hydroxybutyrate (p-

BHB) on a perfused rat heart gave insights into the changes in relative
concentrations of key metabolites involved in the Krebs cycle and
oxidative phosphorylation and the free [NADP*]/[NADPH] ratio. Prior
work on the effects of hearts perfused with p-BHB showed that the
[isocitrate]/[a-ketoglutarate] (Sato et al., 1995) couple was increased.
This change indicated a reduction of the NADP- couple (Kashiwaya et al.,
1997). Figure 27.5 shows the increased ratio of [NADPH]/[NADP*] found
in the perfused rat heart studies, which supports a highly significant
increase in the capacity for cellular ROS/RNS detoxification. (We are
intentionally breaking a long-standing rule by putting the reduced form in
the numerator to simplify the discussion where an increase in [NADP+]/
[NADPH] would otherwise be reported as a decrease in the inverse of the
ratio.)
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Figure 27.5

Studies of a perfused rat heart demonstrated that the ketone body D-
BOHB raised the ratio of [NADPH]/[NADP+]. Modified presentation of
data published in Kashiwaya et al. 1997.

Figure 27.6 shows some of the “NADP system” that is relevant to removal
of ROS and RNS as well as the link back to p-BHB.

."-
NALDFH te

Figure 27.6

The “NADP system” is driven by the [NADP+]/[NADPH] couples redox
potential. [NADPH] was elevated relative to [NADP+] in perfused rat
heart studies with d-bOHB. To the left of NADPH shown in the diagram is
the relevant pathway to reducing NADP+ to NADPH. NADPH also
provides the reducing potential to counteract ROS and RNS through
antioxidants that must be reduced each time they are oxidized as they
quench a ROS or RNS. Abbreviations: NAD—nicotinamide adenine
dinucleotide, NADH—reduced NAD+, NADP—nicotinamide adenine
dinucleotide phosphate, NADPH—reduced NADP+, GSH—glutathione,
GSSG glutathione disulfide, Vit C—vitamin C or ascorbate, Vit E—vitamin
E or a tocopherol, Re—free radical on a carbon atom, RH—an organic
molecule with C-H bond, LOO-*—lipid peroxyl radical, LOOH—Ilipid
peroxide.
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Ketosis as a Means of Protection against Ionizing
Radiation

At present there are very few approved treatments for exposure to
nuclear accidents or rogue nuclear bombs (Buddemeier, 2011).
Experiments have been conducted at the Armed Forces Radiobiology
Research Institute (AFRRI). The study investigating p-BHB protection
against acute ROS injury utilized in vitro radiation lethality on HOS
(human osteoblast) cells exposed to several doses and types of radiation.
For the studies described below, a novel ester of D-B-hydroxybutyrate and
R-1,3-butanediol referred to as ketone ester (KE), was used. This
compound has been shown to safely increase levels of blood p-BHB to 5-7
mM (Clarke et al., 2012a; Clarke et al., 2012b). The ester is hydrolyzed in
the gut and blood by esterases, and the resulting R-1,3 butane diol is
converted to p-BHB in the liver (Figure 27.7).

Figure 27.7

The monoester of D-OHB and R-1,3 butanediol is (R)-((R)3-
hydroxybutyl) 3- hydroxybutyrate is converted to two molecules of D-
BOHB and provides an alternative fuel to produce ATP.

The Removal of Free Radicals in Vivo

Clinical trials of administration of antioxidants have often been
disappointing (Winterbourn, 2008). Most placebo trials of antioxidants
have failed (Steinhubl, 2008), most notably in the long-advocated use of
high-dose ascorbic acid. The use of vitamin antioxidants has not
objectively been proven helpful in the absence of vitamin deficiency and
may even be harmful (Howes, 2011). More recently, high doses of
Vitamin E are reported to increase melanoma metastases in mice (LeGal,
2015).

While it is true that, quantitatively, glutathione at about 5 mM and
ascorbic acid at about 2-3 mM in most cells are the predominant
intracellular antioxidants, one cannot change the redox potential of an
antioxidant in vivo by simply adding more of the reduced form of the
couple.
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Removal of Reactive Oxygen Species by
Generation of NADPH

We have discussed earlier the failure to remove ROS by addition of
antioxidants such as ascorbic acid (Steinhubl, 2008). It is likewise not
possible to add the reduced component of most NADPH producing
metabolite couples (see Table 27.2 above), since these multiply-charged
compounds do not readily enter the interior of cells. It is, however,
possible to introduce the reduced ketone body, p-BHB, which readily
enters cells on the monocarboxylate transporter, MCT. While not an
NADP- coupled metabolite, p-BHB produces acetyl CoA and, via the Krebs
cycle, increased concentrations of citrate and isocitrate, but causes little
change in a-ketoglutarate (Sato et al., 1995). This increase in the
[isocitrate]/[a-ketoglutarate ] ratio causes a reduction of the NADP-
system (Kashiwaya et al., 1997) generated by the metabolism involving
the most active NADP linked dehydrogenase, isocitrate dehydrogenase.
The cellular metabolic processes thus produce an increased reducing
power of the NADP system, which is regenerated by the cellular
metabolism.

The Enzymes Destroying Reactive Oxygen
Species

Superoxide dismutase also can combine two superoxide radicals, along
with two protons to form the less toxic hydrogen peroxide.

Hydrogen peroxide can react with catalase (EC 1.11.1.6) in cytoplasm,
but not mitochondria, to form water and O,.

Alternatively, H,O, can react with glutathione in a reaction catalyzed by
glutathione peroxidase (EC 1.11. 1.9) to form oxidized glutathione and
water.

The Effects of D-BHB on Transcription

In addition to the ability of b-fHB metabolism to generate

NADPH, the metabolite p-BHB is the natural inhibitor of class I and II
histone deacetylases (Shimazu et al., 2013; Veech, 2014) that were
formerly identified by their ability to bind nicotinic acid (Offermanns,
2006; Tunaru et al., 2003). The inhibition of histone deacetylase increases
transcription of the enzymes of the antioxidant pathway controlled by the
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FOXO3A and Mt1 transcription factors, thus increasing the activity of Mn
superoxide dismutase and catalase (see Table 27.3). p-BHB thus increases
the reductive capacity of the pathways used to destroy free radicals by
increasing the enzymes in the pathway used for free radical destruction.
Recent studies have shown that HDAC inhibitors may have a significant
benefit in radiation protections (Brown et al., 2008; Miller et al., 2011).
Therefore, in vitro studies were initiated to test whether KE could
improve radiation survival and decrease radiation-induced damage.

In Vitro Studies

Human osteoblast cells (HOS) were chosen as the model

system to study KE’s potential as a radiation countermeasure. The HOS
cells have been previously used to evaluate potential radiation
countermeasures (Miller et al., 1998; Miller et al., 2011). The HOS cells
were incubated with KE (50 pyM, 15 min to 1 h) either before (Figure
27.8A) or immediately after (Figure 27.8B) exposure to gamma radiation
(59Co, 0.66 cGy/min). Following radiation, HOS cells were plated in 100-
mm petri dishes to assess survival of colony-forming cells; at 10 days post
radiation, colonies were fixed, stained, and counted to determine the
survival fraction. The survival curves show that KE increased survival
when delivered either immediately before or immediately after radiation.
These data strongly suggest that KE would have benefit to human health
both as a protectant delivered to populations at risk of exposure or as a
mitigant after radiation. The ability of KE to improve survival even when
given 24 hours after radiation is compatible with the persistent
production of superoxide from NADPH oxidase s, DUOX 1 and 2, for
several days after radiation exposure (Ameziane-El-Hassani et al., 2015).

Prie = Hadimtios Fost §-Radkanion

——
T,
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R

Figure 27.8

Survival curves for human osteoblasts (HOS) in culture exposed to either
gamma (60Co, 66 gCy/min) or proton radiation (4MeV). KE-treated cell
cultures received 50 uM of ketone ester (KE) in the cell media 30 minutes
prior to or for 30 minutes after radiation exposure.

Proton radiation was used to determine the ability of the KE to protect
against particle radiation, which produces less oxidative damage than
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gamma radiation but is more likely to induce double-stranded DNA
breaks (Lomax et al., 2013). Cells were exposed to KE before proton
radiation exposure, similar to that performed above in Figure 27.8A
with gamma radiation. The KE was able to confer significant protection
against proton radiation in this model (Figure 27.8C). Overall cell death
was higher for this type of radiation, which is to be expected, based on
previous studies. Protection against proton radiation is of particular
interest to NASA, as astronauts have a substantially greater likelihood of
exposure to proton radiation than other populations.

Genomic effects of ROS begin as discrete events such as a break in the
phosphate backbone in DNA, nitrogenous base oxidation, or dimerization.
Breaks in the phosphate bonds occur as either single, clustered, or
double-stranded breaks, depending on the level of the ROS or radiation
dose and type. As the frequency of breaks increases, macro effects such
as abnormal chromosomes, mutagenesis, and inhibited cell division
become more frequent (Lomax et al., 2013). In general, single-stranded
breaks are quickly repaired, have low cytotoxicity and occur at high
levels even without exogenous ROS or radiation (Cadet et al., 2008).
Single-stranded breaks are induced at levels four- to eightfold more than
double-stranded breaks with exposure to electromagnetic radiation such
as gamma or x-rays (Lomax et al., 2013). Double-stranded or clustered
single-stranded breaks occur with particle radiation, especially a and
proton, or when ROS is focused in a confined area (Lomax et al., 2013). A
double-stranded break is defined as two breaks within 10 bases (Lomax et
al., 2013). These breaks are much more difficult to repair and can persist
for more than 24 hours when large numbers are generated (Schmid et al.,
2010). These breaks are repaired by either homologous recombination or
by nonhomologous end joining (Lomax et al., 2013), with the latter being
the predominant mechanism in most phases of the cell cycle. It is possible
to observe these breaks by examining some of the hallmarks of their
repair, by observing different types of aberrant chromosomes, or by
observing cell cycle arrest. Indeed, when cultured cells were treated with
p-BHB before an exposure to y radiation, production of chromosomal
aberrations and cell cycle arrest were both significantly suppressed
(Figure 27.9).
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Figure 27.9

The percentage of chromosomal anomalies (aberrant metaphases,
fragments, breaks, and rings and dicentrics) occurring from y-radiation-
exposed human osteoblast cells (HOS) with or without KE. The 50-uM KE
was added to the cell culture media 30 minutes prior to radiation
exposure and removed immediately prior to radiation exposure. Cells
were scored using a light microscope.

A novel approach for stimulating repair of radiation or ROS-induced DNA
damage utilizes HDAC inhibitors. Inhibitors of HDAC activate important
DNA repair pathways such as the Nrf2 and Rad51 and decrease markers
of damage, even if the inhibitor is given after radiation exposure (Brown
et al., 2008; Miller et al., 2011). Histone deacetylase (HDAC) inhibitors
have broad activity, their primary function is to increase the acetylation
of histones by preventing their deacetylation, in turn making the genome
less tightly packed and more transcriptionally active (Verdin and Ott,
2015). The deacetylating activity of HDACs can also extend to various
other cellular proteins, modulating activity of enzymes and protein-
protein binding (Verdin and Ott, 2015). With huge numbers of potential
effects resulting from inhibiting HDACSs, it is difficult to determine what
the final effectors of the protection are, but studies have demonstrated
that a series of chemically unrelated compounds that all target HDACs
seem to confer similar protection and enhanced repair after exposure
(Brown et al., 2008; Miller et al., 2011; Shimazu et al., 2013).

The effects of persistent DNA damage are most quickly seen in tissues
with high cell turnover that rely on actively dividing stem cells such as
skin, the gastrointestinal system, and blood. Damage in these systems
produces some of the rapid and most visible radiation effects, such as

Page 22 of 31

PRINTED FROM OXFORD MEDICINE ONLINE (www.oxfordmedicine.com). © Oxford
University Press, 2015. All Rights Reserved. Under the terms of the licence agreement, an
individual user may print out a PDF of a single chapter of a title in Oxford Medicine Online for
personal use (for details see Privacy Policy).

Subscriber: University of Oxford; date: 30 March 2017



Mitigation of Damage from Reactive Oxygen Species and
Ionizing Radiation by Ketone Body Esters

hair loss, nausea/vomiting, bone marrow suppression, and skin lesions.
Damage to DNA is also responsible for much of the increased risk of
cancer that results from radiation exposure.

Effects of Ketone Esters after Exposure to
Radiation in Vivo

A project is underway to evaluate the ability of KE to increase murine
survival after gamma radiation exposure. Previous studies have shown
that exposure of the DBA2 inbred mouse strain to 6 Gy of y-radiation
results in reproducible bone marrow chromosomal damage in 85-day-old
mice (Grahn, 1958). In our study we have tested a single KE
administration of 750 mg/kg by gavage 24 hours after radiation exposure.
This postradiation treatment led to a consistent 50% decrease in
numerous types of radiation-induced chromosomal malformations and
abnormal cell divisions as observed by microscopy 24 hours after KE
administration (Figure 27.10). The importance of decreasing these
indicators of DNA damage and genomic instability is underscored by the
cytotoxicity of this type of damage and the potential for neoplastic
transformation, ultimately resulting in cancer. This dose of KE also
blunted the radiation-induced increase in incidence of micronuclei, which
arise from improper chromatid separation during anaphase, in both
reticulocytes and erythrocytes, which were counted using the methods of
Schmid (1975).
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Figure 27.10

The effect of KE on the incidence rate of chromosome anomalies and
micronuclei in mouse bone marrow 48 h after 6 Gy y-radiation. KE (750
mg/kg) or saline were delivered by gavage 24 hours after radiation
exposure. (A) Chromosomal malformation incidence per 100 cells, all
cells in bone marrow were examined and malformations were scored
using a light microscope. For metaphases approximately 1,000 total were
counted, 200/animal. (B) Micronuclei were counted only in reticulocytes
and erythrocytes, 10,000 total were counted per animal.

Data presented as average + SEM, N = 5 animals, *, p < .01 by t-test with
a Sidack-Bonferonni multiple comparison correction.

In order to explore KE effects on radiation bone marrow suppression and
impact on hematopoiesis, an important mechanism for radiation-induced
mortality at the 6 Gy level, the ratio between total reticulocytes and
erythrocytes in bone marrow was determined. Bone marrow was
extracted as before, 24 hours after KE or saline gavage, a total of 48
hours after either 0.5 or 6 Gy y-radiation. This ratio, which is
approximately 1 in bone marrow under normal circumstances, was
significantly decreased by both 0.5 and 6 Gy doses of y-radiation (Figure
27.11) in control animals. This decrease was significantly attenuated by
750mg/kg KE 24 hours after radiation. Further experiments to determine
KE effects on radiation lethality are ongoing.
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Figure 27.11

The effect of KE on the relative abundance of polychromatic and
normochromatic erythrocytes in mouse bone marrow 48 h after 0, 0.5, or
6 Gy y-radiation. KE (750 mg/kg) or saline were delivered by gavage 24
hours after radiation exposure. 10,000 erythrocytes were counted per
animal.

Data presented as average + SEM, N = 5 animals. *, p < .01 significant
difference between KE and control, +, p < 0.05 significant difference
versus no radiation, by t-test with a Sidack-Bonferonni multiple
comparison correction.

Conclusion

Reactive oxygen species play a central role in both radiation

damage and aging. It is proposed that both processes can be ameliorated
by the administration of KE to increase the amount of antioxidant,
enzymes, and the reducing power of the NADP- system.
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