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I ABSTRACT I

Elevated levels of low molecular weight substances in the red cells of some

mammalian species imply unsuspected antioxidant strategies

Virginia Davids March 2009

An earlier observation by E.H. Harley (supervisor of this thesis) of curious metabolic
anomalies in the red cells of black rhinoceros, and in particular a high free tyrosine level,
suggested that a range of unusual, but presumeably physiological, processes might be

found in mammalian red blood cells.

As a follow-up to this, low molecular weight metabolites were examined in a range of
mammalian species, using HPLC-based methods to compare levels in red cells with
plasma levels. A remarkable interspecies diversity in red cell HPLC profiles was
observed, with the unprecedented accumulation of substances including tyrosine,
tryptophan, urate, and urate riboside occuring within the red cells of some species.
Whereas novel evolutionary adaptations may characterise most of these species-specific
variations, the ability of red cells to produce urate is proposed to be an inducible feature
common to the red cells of many, or possibly even all, mammalian species. A surprisingly
high degree of intraspecies genetic heterogeneity was evident in tyrosine and urate
levels within horse, and urate riboside levels within cow red cells. This was in contrast
with the greater homogeneity seen in levels of these and other low molecular weight

substances in red cells from the other species evaluated.

The next phase of investigation addressed the potential function(s) of these soluble
substances accumulating within the red cell, particularly relating to a role in antioxidant
defense. Using in vitro antioxidant assays such as the ‘oxygen radical absorbance’
(ORAC) and ‘ferrous ion oxidation-xylenol orange’ (FOX) assays, results were obtained
consistent with a role for these substances as endogenous red cell antioxidants against a
variety of reactive species produced by pathophysiological processes in the body. The
demonstration that haemoglobin is involved in facilitating some of this activity further
substantiates the idea that the red cell may be playing a crucial role in maintaining
circulatory redox balance, and hence protecting other tissues from oxidative damage. If
indeed such low molecular weight substances contribute to systemic antioxidant activity
in some mammalian species, then apart from the intrinsic interest of such unexpected
biological phenomena, these findings could pave the way for a plethora of further
investigations, geared towards potential clinical applications (eg. as biomarkers or
therapeutic approaches) in human and/or veterinary conditions associated with oxidative

stress.
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ABBREVIATIONS

AAPH - 2,2’-azobis(2-amidinopropane) dihydrochloride
AUC - area-under-curve

CuZnSOD - copper-zinc superoxide dismutase
CV - coefficient of variation

DHA - dehydroascorbate

ELISA - enzyme-linked immunosorbant assay
E:P ratio - erythrocyte to plasma ratio

FOX - ferrous ion oxidation-xylenol orange

FL - fluorescein

G6PD - glucose-6-phosphate dehydrogenase
GPx - glutathione peroxidase

GR - glutathione reductase

GSH - glutathione (reduced)

GSSG - glutathione (oxidized)

HAT - hydrogen atom transfer

Hb - haemoglobin

HMP shunt - hexose monophosphate shunt
HBOC - haemoglobin-based oxygen carriers
H>O, - hydrogen peroxide

HOCI - hypochlorous acid

HPLC - high pressure (performance) liquid chromatography
IDO - indoleamine 2,3-dioxygenase

LMW - low molecular weight

MDA - malondialdehyde

metHb - methaemoglobin

Mo — molybdenum

MPO - myeloperoxidase

MR - methaemoglobin reductase

NO-- nitric oxide

N/S - normal saline

O, - superoxide radical

OH-- hydroxyl radical

ONOQO - peroxynitrite

ORAC - oxygen radical absorbance capacity
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ORAC+ - oxygen radical absorbance capacity of total/whole samples
ORAC_uw - oxygen radical absorbance capacity of acid-extracted samples
oxyHb - oxyhaemoglobin

PCA - perchloric acid

PPRP - 5-phosphoribosyl-1-pyrophosphate

Prx - peroxiredoxin

RCS - reactive chlorine species

ROS - reactive oxygen species

RNS - reactive nitrogen species

RS - reactive species

SD - standard deviation

SDA - semidehydroascorbate

SET - single electron transfer

SOD - superoxide dismutase

TAC - total antioxidant capacity

TAC_uw - total antioxidant capacity of acid-extracted samples
TB - tuberculosis

TE - Trolox equivalents

TEAC - Trolox equivalent antioxidant capacity

TRAP - total radical trapping antioxidant parameter

UMP synthase - uridine monophosphate synthase

XO/XD - xanthine oxidase/xanthine reductase
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P =0.0632.

List of Figures and Tables -5-



Figure 14. Reverse-phase HPLC absorbance profiles at 260nm (solid line) and 280nm
(dashed line) of neutralized, acid-soluble red cell extracts from (A) a horse with a very large
amount of the unknown LMW substance; (B) a horse showing a large amount of red cell
tyrosine but also some of the LMW substance accounting for the unknown peak, (C) a horse
with significant tyrosine but with no detectable amount of the unknown LMW substance (D) a
horse with a low tyrosine level and no detectable amount of the unknown LMW substance,

and a typical profile of a human (E) red cell and (F) plasma acid extract.

Figure 15. Modified representation of data previously reported by Harley et.al. (2004) [4]. Red
cell urate levels in eight horses bled before, and then immediately, 1hour, 24 hours and 72
hours after an endurance race of 80km, with a mean duration of 5.1 hours. The horizontal

bars indicate median values. The Wilcoxon signed rank test was used to determine P values.

Figure 16. (A) Urate concentrations in the red cells from various mammalian species,
including humans. Horizontal bars indicate means. It should be noted that due to the highly
skewed distribution of red cell urate in these horses, the median for red cell urate in horses
was 74uM, being much lower than the mean. The Mann Whitney test for non-parametric data
was therefore used to determine P -values between horses and other species; otherwise the
Unpaired t test was used. (B) Urate concentrations in the plasma from the same individuals
as in (A). The Unpaired t test was used to compare plasma urate levels between the different
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be taken into account when extrapolating the TE value from the respective Trolox standard

curve performed with every run.

List of Figures and Tables -8-



Figure 37. Box and whisker plots of the ORAC values of deproteinised red cell (empty boxes)
and plasma (grey boxes) extracts from four mammalian species. The Mann Whitney test for
non-parametric data was used to determine P values between horses and humans; otherwise
the Unpaired t test was used. The Paired t test was used to determine P values when
comparing plasma and red cell tyrosine levels within species, except for horses where the

Wilcoxon signed rank test was used.

Figure 38. Stacked bar graphs of the contribution of tryptophan, tyrosine, urate and urate
riboside to the ORAC ww of red cells and plasma from a number of individual humans, horses,
cows and buffalo. The red cell and plasma samples from the same individual are always

aligned.

Figure 39. Comparison of the horse red cell ORAC_yw value and (A) horse red cell tyrosine
concentration, and (B) combined ORAC yw contribution from red cell tyrosine and urate in

horse red cells. The Pearson test was used to determine statistical significance of correlation.

Figure 40. Comparison of red cell ORAC_yw and urate riboside concentration in (A) cow and
buffalo red cells. Linear regression graphs of red cell ORAC_ wy and urate riboside
concentration in (B) cows and (C) buffalo. The Pearson test was used to determine statistical
significance of correlation.

Figure 41. Auto-oxidation of oxyhaemoglobin.

Figure 42. Reactions of oxyhaemoglobin, ferrylhaemoglobin and methaemoglobin with H,O,

(as reviewed and proposed by Nagababu et. al. (2004) [9]).

Figure 43. Catalase-dependent removal of H,O, (above), and the catalatic activity of metHb,

as proposed by Nagababu et al. (2004) [9] (below).

Figure 44. Non-specific peroxidase activity of horseradish peroxidase (HRP) (above), and the

peroxidase-like activity of metHb (below). ED = electron donor.

Figure 45. FOX assay standard curve for H,O, concentration. The Goodness of Fit test was

used to determine the linear regression.

Figure 46. (A) The initial and then (B) sequential absorbance readings (at 560nm) of
reactions in which the removal of H,O, by the peroxidase-like activity of metHb in the
presence of equimolar amounts of various LMW substances was evaluated. Absorbance
readings directly reflect the H,O, concentration left in each reaction. Each profile represents
the average of two separate experiments, and each of the curves in the separate experiments
showed the identical trend. Reactions (pH 7.4) contained 10uM metHb, 500uM H,O, and
250uM LMW substance. (Asc=ascorbate; UA=urate; tyr=tyrosine; trypt=tryptophan).

List of Figures and Tables -9-



Figure 47. (A) Sequential absorbance readings (at 560nm) of control reactions (no metHb
added) for the peroxidase-like activity of metHb in the presence of equimolar amounts of
various LMW substances. Absorbance readings directly reflect the H,O, concentration left in
each reaction. Each result represents the average of two separate experiments, in the same
trend was obtained. Reactions (pH 7.4) contained 500uM H,O, and 250uM LMW substance.
(B) As determined from figure A, metHb concentration dependence of the peroxidase-like

activity of metHb at 15min.

Figure 48. Absorbance readings (at 560nm), at time 0 and 160min, for control reactions (no
metHb added). Absorbance readings directly reflect the H,O, concentration left in each
reaction. Each result represents the average of two separate experiments, in the same trend
was obtained. Reactions (pH 7.4) contained 500uM H,0, and 250uM LMW substance.

Figure 49. Anion-exchange HPLC of neutralized acid-soluble cow red cell extracts exposed,
for 10min at room temperature, to (A) OmM H,O,, (B) 2mM H,0, and (C) 2mM H,0, plus
10uM bovine hemin (Sigma).

Figure 50. Stability, whilst in storage at -80° C, of (A) urate, tyrosine and NAD" in a human
red cell extract, and (B) urate and tyrosine in a human plasma extract. Multiple aliquots of the
extracts were made and then frozen simultaneously. An aliquot of the red cell and plasma

extracts were thawed at each time point, and reverse-phase HPLC profiles produced.

TABLES:

Table 1. Absorbance ratios (260nm:280nm) and spectrophotometric diode array patterns of
LMW substances of interest, each dissolved in phosphate buffer (pH 7.4). The vertical dotted

lines indicate 260nm and 280nm on the x-axes.

Table 2. The mean levels of various soluble antioxidants found in the red cells/plasma (where
applicable) from various mammalian species relative to levels in human red cells (set as the
100% control), as determined from the reverse-phase HPLC profiles. In brackets are the
actual concentrations (uM) of these substances. Where levels are greater than that present in
human red cells/plasma, these are highlighted in blue. Urate riboside is not included because

it is undetectable in all species other than Bovinae.

Table 3. The mean (+ SD) ORAC values for red cell and plasma extracts from four

mammalian species.
Table 4. Comparative levels of various antioxidant enzyme activities and GSH content in the
red cells of different mammalian species relative to levels in human red cells, which is set as

the 100% control.

List of Figures and Tables -10 -



CHAPTER 1

Clarifying and investigating differences in low

molecular weight metabolites in red cells from

different mammalian species

(A) LITERATURE REVIEW AND BACKGROUND WORK

Until the 1940’s, the red blood cell/erythrocyte was
viewed merely as an inert bag of haemoglobin. Due to
the absence of a nucleus or any other normal cellular

organelles, no new protein synthesis takes place in the

mature red cell of most vertebrates and all mammals,
and there is an unusual paucity of intracellular pathways compared with other cell
types. For example, ATP generation via the Kreb’s cycle and oxidative
phosphorylation does not occur in the red cell because it lacks mitochondria. The
only biochemical pathways known to be retained are those necessary to preserve its
own cellular integrity and shape, and to allow it to efficiently perform its well known
functions, namely as a reversible O,/CO, carrier and in the control of blood pH [10].
Whilst on the one hand this makes the red cell worthless for the study of
unrepresented intracellular pathways, on the other hand it has facilitated the study of
the represented pathways because interference by unwanted pathways is minimal
[11]. Moreover, despite the red cells relatively long lifespan in circulation with no new
protein synthesis, the only enzymes that appear to decline in activity during aging of
the red cell are pyrimidine-5’-nucleotidase and AMP-deaminase [12]. Certainly no
other eukaryotic cell is as readily available for study as the red blood cell, making up
almost half of the whole blood volume and being easily separated from other
circulating cells and plasma in sufficient quantities for most analytical methods.
Consequently, today the red cell membrane is the most thoroughly studied, and
remains the paradigm for ongoing studies of the membranes from other cell types
[13]. Similarly much of today’s knowledge on numerous ubiquitous major metabolic
pathways has been gained through study of the human red blood cell [11]. However,
despite the abundant literature available on such studies, very little further

exploration of red cell function has been undertaken more recently, and this
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apparently simple and unassuming oxygen transporter may still be quite

underestimated.

The first part of glucose metabolism, namely glycolysis (or the Embden Meyerhoff
pathway), is a good example of a major ubiquitous metabolic pathway which has
been well studied in the red cell as a model for other cell types (although the

formation of 2,3-diphosphoglycerate is specific to the red cell) (Fig 1A).
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Figure 1. (A) Glucose metabolism, and (B) the hexose monophosphate (HMP) shunt/pathway of the red
blood cell in more detail [1].

During glycolysis, each glucose molecule leads to the net formation of two ATP
molecules, this being the only source of energy in most red cells. Interestingly,
glucose is unable to enter the pig red cell, which uses inosine for ATP production,
[14-16]. Glycolysis also recycles the reduced form of nicotinamide adenine
dinucleotide (NADH) from its oxidized form (NAD®). Similarly, NADPH is recycled
from NADP" via the hexose monophosphate (HMP) shunt (Fig 1B), which branches
off from glycolysis at glucose-6-phosphate. Both of these purine dinucleotide
coenzymes play vital but different roles in redox reactions and maintenance of an

active reducing potential within cells, particularly within the red cell.
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Much about the purine metabolism (Fig 2) has also been learnt through study of the
human red cell [17]; however differences do exist between red cells and nucleated
cells, such as:

¢ No de novo purine synthesis occurs in the red cell, which relies instead on the
salvage pathways for AMP and GMP synthesis from adenine (and also
adenosine) and guanine respectively [1].

e The nucleotidase isozyme present in red cells is uniquely restricted to
pyrimidine substrates (pyrimidine nucleotidase), and this presumably
preserves AMP levels [18-20].

o The dephosphorylation of IMP to inosine occurs by action of a different red
cell nucleotidase isozyme, namely deoxyribonucleotidase (dNase) [21].

e Red cells reportedly have no xanthine oxidase/xanthine dehydrogenase
(XO/XD) enzyme activity [22].

ATP De novo puime synthesis G-ll-P
AflJP | GlDP
Ayl’VIP - AMP‘-deaminz;se > IMP [ - - GMIP
3 AK - kS 2
S & oy
=Y ADA . Y3 Ve
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0," X0 0,~
0,-
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Figure 2. Basic pathway of purine metabolism in mammalian cells. Red annotations indicate steps that
are reportedly absent in the red cell. AK=Adenosine kinase; ADA=adenosine deaminase;
APRT=adenine phosphoribosyltransferase; dNase=deoxyribonucleotidase; HGPRT=hypoxanthine-

guanine phosphoribosyltransferase; XO=xanthine oxidase; O, =superoxide radical.

Evaluation of the highly UV-absorbant nucleotides present in cells has been greatly
facilitated by the development and refinement of ion-exchange chromatography

(circa 1950), and then high performance/pressure liquid chromatography (HPLC)
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(circa 1970) [17]. After precipitation of all proteins via an acid-extraction step from a
blood or tissue sample, UV-absorbing nucleotides/sides and their bases, as well as
any other UV-absorbant acid-(and water-) soluble low molecular weight (LMW)
substances in the neutralised extract can be rapidly and accurately quantified
simultaneously, as long as they don’t co-elute. Anion-exchange HPLC of human red
cell acid extracts reveals that the major component detectable is the highly anionic
purine nucleotide ATP, with smaller peaks of AMP, NAD(H), ADP and NADP(H)

being easily detectable, although the last two often co-elute (Fig 3A).
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Figure 3. (A) Anion-exchange, and (B) reverse-phase HPLC absorbance profiles, monitored at 260nm

(solid line) and 280nm (dashed line), of a neutralised, acid-soluble human red cell extract.

A small amount of the purines GTP and GDP, as well as the pyrimidine nucleotide
UDPG, may also be evident with some HPLC systems [23]. Uncharged, positively
charged and non-polar substances are not retained on the anion exchange column —
their peaks thus co-elute and their identities cannot be determined. However, use of
reverse-phase HPLC (Fig 3 B), which separates substances based on their polarity
(with the more polar substances eluting earlier), usually allows the determination of

the identity of substances not retained on anion-exchange.

The human red cell HPLC profile is well documented [23], but does not reflect the
profile of all other mammalian species. Distinct differences in the ion-exchange
chromatographic profiles of the red cells from various animal species has long been
reported [24, 25], but given surprisingly little attention since first described. Such
differences are not unexpected given the fact that significant interspecies differences
in purine metabolism and also transport of substances into red cells have been
described [26]. The most noticeable difference on chromatography is the large
variation in levels of ATP, with human, rat, mouse, pig and rabbit red cells having
relatively large amounts of ATP in comparison to the low levels present in the red
cells of cow, sheep, and horse [15, 25, 27-29]. The high levels found in humans and

pigs may be superfluous - at low ATP levels, the generation and utilization rates

Chapter 1: Literature Review and Background Work -14 -



remain the same; it is just the turnover which is faster. Only about 15% of the
available ATP is necessary to power the known energy requirements of the Na-K
pump [15]. Moreover, in the anucleate mammalian red cell all the substrate utilizing
reactions (ion pumps etc) are low Km (micromolar for ATP) reactions; therefore, as
long as ATP levels exceed about 5-10uM, the rate of these reactions is not increased
by higher levels of ATP. Furthermore, none of the allosteric effects that exist in
nucleated cells, and for which millimolar amounts of ATP are required, are operative
in the red cell. High levels of ATP may therefore merely reflect levels originally found
in red cells when they were nucleated. In fact, it has been proposed that low red cell
ATP may be an evolutionary adaptation in some species conferring a selective

advantage against common red cell parasites [30].

Besides the striking variability in ATP concentration, another very distinct HPLC
profile difference seen is the large amount of urate riboside present in cow red cells.
Urate riboside was first observed in the red cells of cattle in 1922 [31], and
subsequently shown to be present in buffalo red cells too [32]. It was found to be
undetectable in the red cells of all other species evaluated, including humans [25, 32,
33]. Urate riboside is formed through condensation of the purine degradation product,
urate, with 5-phosphoribosyl-I-pyrophosphate (PPRP). This reaction is catalysed by
the enzyme uridine monophosphate synthase (UMP synthase, also known as orotate
phosphoribosyl transferase), to form 3-N-ribosyluric acid 5’-monophosphate (also
termed urate ribotide). The phosphate moiety is subsequently removed to form 3-N-
ribosyluric acid, commonly termed urate riboside [32, 34]. Bovine red cells have
much higher levels of UMP synthase than most species investigated, having about
50 times more than is present in human red cells [35]. This may explain the presence
of large amounts of urate riboside in cow red cells, yet apparent absence in human

red cells.

In an attempt to elucidate the role for urate riboside in the red cells, Smith and co-
workers found urate riboside to have a similar antioxidant capacity as its precursor
urate, a well-established antioxidant. They showed that both urate riboside and urate
were able to protect human red cells against haemolysis by the reactive species t-
butylhydroperoxide [36, 37] and sodium nitrite [38]. In the process, urate riboside (as
for urate) is oxidized by these oxidants. These investigators also showed that in vitro
exposure of bovine red cells to sodium nitrite leads to a decrease in red cell urate
riboside level [38]. They therefore hypothesized that the high levels of urate riboside

were providing antioxidant protection to the bovine red cells, in a fashion similar to
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that proposed by Ames et. al. (1981) for the high plasma levels of urate in humans

[39] (see also Results and Discussion, section iv).

In addition to the above-described variations in mammalian red cell profiles, Brown
et. al. (1972) also detected large, but variable early-eluting peaks reflecting elevated
levels of LMW substance(s) in the red cells of some species (eg. horse and sheep).
Because a number of non-ionic LMW substances could have been contributing to
these peaks (NAD(H), nucleosides and bases all co-eluted early on their ion-
exchange HPLC system), they were unable to determine the identity of the species-
specific peaks. Although these variable early-eluting peaks all contributed to the
reproducible and distinctive whole blood chromatographic profile evident for each
species [25], these interspecies differences were never clarified since no significant
further comparative HPLC studies on mammalian red cells were performed
subsequently. That is until collaboration between E.H. Harley and D.E. Paglia led to
the evaluation of the HPLC nucleotide profile from healthy black rhinoceros red cells.
Emeritus Professor Eric H. Harley, supervisor of this thesis, has published widely in
the field of purine/pyrimidine nucleotide metabolism [2, 4, 23, 40-59]. Harley and co-
workers (1988) also reported that a characteristic human erythrocyte nucleotide
pattern is identifiable in certain inherited purine and pyrimidine enzyme defects where
there is clinical evidence of cellular toxicity [23], and which may provide a useful

diagnostic tool.

On comparison of human and black rhinoceros red cell anion-exchange HPLC
profiles, Harley and co-workers found that the rhinoceros red cell acid extracts show

a number of very unusual features [2]. . : —

Besides confirming an extremely low red cell
ATP level previously noted by Paglia et. al.
(1986) (approximately 2-5% relative to
humans) [30, 60, 61], Harley and co-workers
detected a large amount of uncharged UV-
absorbant LMW  material, this peak
dominating the anion-exchange HPLC profile.
As for Brown et. al., they were initially unable to determine the identity of the
uncharged substance(s) from the anion-exchange HPLC profile alone, although the
peak had a similar 260:280nm ratio and early elution time to that seen in the human
red cell profile (Fig 3A). By using reverse-phase HPLC technology, Harley and co-
workers determined that the substance responsible for the large peak in the

rhinoceros red cell extracts was not the same as that responsible for the peak in
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human red cells, as these were differentially retained on reverse-phase HPLC. The
absorption spectrum of the substance present in the rhinoceros red cells could then
be visualized on the HPLC'’s built-in diode array spectrophotometer (whilst the extract
eluted), and its array was determined to be identical with that of commercially-
available L-tyrosine. Confirmation that the peak in rhinoceros red cell extracts was
indeed produced by large amounts of free tyrosine was then achieved by co-elution
with a tyrosine standard, by ninhydrin positivity on cation-exchange amino acid
analysis, by excitation and emission properties on fluorescence spectrophotometry,

and by mass number identity with tyrosine on mass spectrometry [2].

Harley and co-workers (2004) were thus first to report that the red cells from black
rhinoceros (n=8) are highly unusual in containing very large amounts of the free
amino acid tyrosine, with a mean level of 780 + 110uM [2]. In comparison, the
reported mean level of tyrosine in human red cells is 59 + 9 uM [3] (Fig 4). This
finding of such extraordinary free tyrosine levels in red cells from any species (being

up to 20 times greater than is present in human red cells) was unprecedented.

900 Figure 4. Modified representation of previously
—|_ 1 published data on rhinoceros red cell tyrosine
levels [2]. The human red cell tyrosine level* is
as reported by Beutler et. al (2001) [3].
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The mean tyrosine level in the red cells from white rhinoceros (n=3) was similar to
the level in black rhinoceros, but somewhat lower in Sumatran (n=3), and in one
Asian greater one-horned rhinoceros [2]. In contrast with these high red cell levels,
plasma levels of tyrosine in all these rhinoceros were low and very similar to human
plasma levels of tyrosine (unpublished [62]), as had also previously been reported by
Dierenfeld et. al. (1995) [63]. Primary cultures of rhinoceros fibroblasts also showed
very low levels of intracellular tyrosine (personal communication [64]). These results
taken together suggest that the red cells specifically, from rhinoceros but not from

humans, accumulate high levels of free tyrosine.

In preliminary investigations the same investigators found that horses, being of the
same mammalian Order as rhinoceros, namely Perissodactyla, did not seem to have

elevated red cell free tyrosine levels compared with humans. They reported a mean
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level of 68.18 + 4.1uM free tyrosine in the red cells from 6 horses [2], although some
unpublished results suggested that higher levels could sometimes be found [5].
Zebra (n=4), also Perissodactyla, had levels of 54.57 + 2.77uM.

The Harley group began to investigate the possible role(s) for such elevated levels of
the free form of tyrosine in red cells. They first considered whether this might be
providing an alternative energy source in the form of tyrosine phosphate, particularly
since rhinoceros red cells have such low levels of ATP — they however dismissed this
as a possibility by showing that this red cell tyrosine was not phosphorylated
(unpublished [62]). They then began to investigate the possibility that free tyrosine in
the rhinoceros red cells was providing antioxidant protection for these cells. Their

proposition was supported by the fact that:

(1) human spermatic fluid has even higher levels of free tyrosine, 2000uM [65], and
that this tyrosine is hypothesized to play a moderating antioxidant role due to its

relatively slow but continuous ability to quench oxygen radicals [66, 67].

(2) the accumulation of the B-amino acid taurine in various cell types has been
suggested by some to be providing crucial antioxidant protection. Taurine is present
at very high concentrations in neutrophils (10-50mM) [68, 69] and heart epithelial
cells (6-35mM) [70], where it may protect against the respiratory burst oxidants
released by the neutrophils during acute inflammation and protect the epithelial cells
against the reactive species generated during reperfusion-associated phenomena in
the heart [71] respectively. Notably though, whilst taurine has been shown by some
to have antioxidant activity [72, 73], others have found that hypotaurine, although
present at lower concentrations than taurine in leukocytes, is a much better
antioxidant [74] and may be providing more effective antioxidant protection than the

taurine in these cells [8].

(3) the in vitro antioxidant activity of the phenolic amino acid tyrosine, like the well-
known polyphenolic antioxidant substances such as resveratrol [75-77] has been
reported more recently (see also Chapter 2). Harley et. al. (2004) also reported that
tyrosine seems to have similar in vitro antioxidant activity to that of the well known
physiological antioxidant urate, and that it is oxidized by hydrogen peroxide (H,0,) in
the presence of haemoglobin (Hb). They proposed that the unusual accumulation of
large amounts of free tyrosine in the red cells of rhinoceros, analogous to the high

levels of urate riboside found exclusively in red cells from cows and buffalo (see
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above), may have evolved as a species-specific red cell antioxidant defense strategy
[4].

It is possible that, as for rhinoceros red cells, some of the ‘as yet unidentified’ large
early-eluting peaks previously noticed in the red cells of other mammalian species on
ion-exchange HPLC may also be produced by an elevated level of tyrosine, or else
reflect evolutionary adaptations in other biochemical pathways that are likely to be

specific and critical to red cell function for that species.

(B) AIMS

To produce and compare anion-exchange and reverse-phase HPLC profiles of the
acid-soluble extracts from the red cells (and plasma) of various mammalian species
in order to further clarify baseline data on UV-absorbant LMW substances within
these red cells, with a particular interest in urate riboside, tyrosine, and any other
LMW substance(s) found to be elevated in the red cells from any of the species

compared with humans.
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(C) MATERIALS & METHODS

(i) Samples
Blood samples were obtained from human donors and various animals (in

collaboration with veterinarians, either opportunistically or from the local abattoir).
Approval from the Human and Animal Research Ethics Committees (Health Sciences
Faculty of the University of Cape Town) was obtained prior to commencement of the
study, and written, informed consent was obtained from every human volunteer prior
to venepuncture. All blood donors were healthy, and blood samples were obtained
whilst at rest and non-fasting - thus data obtained from these blood samples were

presumed to reflect baseline/normal levels for each species.

Blood was collected into sterile, plastic, lithium-heparin vacutainers (17 U spray-
coated LH/ml blood, Beckton Dickinson, UK). Heparin is recommended as
anticoagulant because of the high UV absorbance of EDTA [78]. For all human
donors, needle bore size was not smaller than 21 gauge and not larger than 23
gauge in order to minimise haemolysis [79, 80], particularly since plasma levels of
LMW substances were also to be determined. Blood-filled vacutainers were
immediately inverted 8-10 times, as prescribed, to ensure complete anticoagulation.
The blood samples were processed as soon as possible within 2 hours of
phlebotomy, except where this was not possible for some wild animal samples (and
as indicated in the results section). Until processing was begun, the whole blood
samples were maintained at ambient temperature - such sample handling has been
shown to improve the stability of red cell nucleotides [78, 81, 82] and minimise in vitro

haemolysis [80] when compared with storage of whole blood at either 4°C or 37°C.

(i) Preparation and acid extraction of red cells and plasma

The method that was used is a modification of the basic
protocol previously described by Bartlett et. al. (1986) [17].
Whole blood samples were centrifuged at 4000rpm (13509) for
10 minutes at 22°C (if the extent of red cell lysis was thought

to be more than minimal, by visual inspection of the plasma

colour, the sample was discarded). An amount of 200ul of
plasma was transferred to a 5ml tube already containing 300ul of normal
(physiological) saline (N/S) at ambient temperature. The residual plasma, entire buffy
coat and very top layer of the red cells in the vacutainer were carefully removed with
a plastic pipette. The remaining packed red cells were then washed once® (see

appendix) by adding an excess of N/S to the packed red cells, inverting the closed
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vacutainer 5-10 times until all the red cells were well resuspended, and centrifuging
this suspension at 4000rpm for 10 minutes at 22°C. The N/S plus very top layer of
red cells were then removed using a plastic pipette. The remaining washed, packed
red cells were well mixed (by ‘finger-flicking’ the bottom of the blood tube) so as to
prevent selective sampling based on size (and hence maturity) of red cells. A volume
of 200ul of packed red cells was then transferred to a 5ml tube already containing
300ul N/S® - a blue disposable pipette tip which had its very tip cut off at an angle
was used, this facilitating transfer of an accurate amount of the highly viscous packed
cells.

For most of the earlier samples in this thesis, two milliliters of ice-cold 0.9M perchloric
acid (PCA, Merck, USA) were then added drop-wise to the 500ul red cell and plasma
suspensions, whilst vortexing constantly on high. This gave a final PCA concentration
of 0.72M, Bartlett having recommended at least 0.6M PCA [17]. A thick brown protein
precipitate is formed as the pH decreases. The acidified samples were immediately
centrifuged at 4000rpm for 10 minutes at 22°C to sediment the protein precipitate,
leaving behind a volume of 2300ul of acid-soluble extract. Two milliliters of this
protein-free extract were transferred to a fresh 5ml tube, and neutralized by the slow
addition®® of between 150p1-200ul of freshly made 5M K,COj5 until the extract pH was
approximately 7, as determined using Whatman’s pH paper. However, towards the

end of this thesis, use of a novel, alternative neutralizing method was developed®

The resultant KCIO, is extremely water insoluble, and this precipitate is easily
removed by centrifugation, leaving behind a volume of 2100ul of supernatant. As per
the recommendation of Bartlett, the neutralized extract was left on ice for 1-2 hours in
order to ensure complete crystallization of the KCIO4. The extracts were stored at
-80°C"® prior to HPLC analysis.

The resultant extracts were a 17-fold or a 12-fold dilution of red cell water and

plasma respectively:

2000 X 146*
(*0.73 X 200pl = 146pl)

Red cell concentration =  extract concentration (uM) X [ 2100 X 2300
(umol/litre red cell water)

Plasma concentration = extract concentration (uM) X | 2100 X 2300
2000 X 200

(umol/litre plasma)
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These factors take into account both the dilution during extraction, as well as that red
cells contain 0.73kg water/litre (with the rest being made up by the protein mass

[83]), whereas protein content is negligible in plasma.

(iii) Acid extraction of the buffy coat

The buffy layer, isolated as above from approximately 100ml cow blood, was washed
with N/S and then centrifuged at 2500rpm for 10minutes at 22°C. As much of the
white cell pellet was then transferred to a fresh tube, leaving behind most of the
underlying residual red cells. This wash step was repeated 4-5 times, until no red
cells were visible in the white cell pellet, which was then extracted as above for red

cells. The extract was stored at -80°C.

(iv) Culture and acid extraction of fibroblasts

A small section of skin obtained from a slaughtered cow’s ear was scrubbed in
hibitane and the hair scraped off with a scalpel. The skin was then immersed in 70%
ethanol for a few seconds. The clean tissue was dissected into sections of < 2mm in
a drop of culture medium (DMEM plus 10% fetal calf serum, both from Invitrogen,
NZ). The dissected pieces were transferred, with some medium, to a few 25X10mm
Petri dishes (Corning, USA) and coverslips placed over the tissue. The dishes were
filled with 2.5ml medium and placed in a 37°C, 10% CO, incubator, to allow dermal
fibroblasts to grow out from the explants. Confluent cultures were transferred to
larger culture dishes. When the fibroblasts were optimally confluent, the medium was
discarded and the adherent cells washed gently with N/S (repeated three times).
Then 0.9M PCA was added directly to the adherent cells so as to form a thin film
over the cells, and the dishes were left on ice for 5 min. The PCA from the first dish
was transferred to the next dish in order to minimise the dilution factor of the extracts.
Notably, the PCA causes the adherent cells to release their contents without lifting
the cells, so microscopic evaluation of the dishes after acid extraction is deceiving
because the cells still look intact. The resultant acid-soluble extract was neutralized
with K,COs3, the KCIO, precipitate allowed to form completely and then removed by

centrifugation as above for the red cells. The extract was stored at -80°C.

(v) HPLC analyses

Each extract was thawed and filtered through a 0.45um syringe filter just prior to

HPLC injection. The HPLC system consisted of a Beckman System Gold, model 126
programmable solvent module connected to a 168-detector, providing a
spectrophotometric diode array profile (200-350nm) of each peak as the extract

eluted. UV absorbance was monitored at 260nm and 280nm. For anion-exchange
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chromatography, extracts were fractionated on a 250X4.6mm Hypersil APS-2 5um
column (Thermo Electron Corporation), while reverse phase chromatography was
performed using a 250X4.6mm Hypersil ODS 5um column (Thermo Electron
Corporation). Buffers were made with deionised water, and were filtered/degassed.
Phosphate buffers older than 48hours were discarded. HPLC gradient conditions

were as follows:

For anion-exchange chromatography, buffers were 5mM KH,PO, (pH 2.8) and 0.5M
KH,PO4/1M KCI (pH 3.5). Initial conditions were 99% buffer A and 1% buffer B. After
1min these conditions changed over 15min to 1% buffer A and 99% buffer B.
Conditions were maintained as such for 1min, and then returned to the initial
conditions over 5min. These baseline conditions were then maintained for another
18min, by which time no more UV-absorbance (from specific substances or buffer
mixing) was detectable on the diode array screen (200-350nm). Total running time

was 40min.

For reverse-phase chromatography, buffers were 10mM KH,PO, (pH 5.6) and 50%
HPLC-grade methanol (Sigma, USA). Running conditions were identical to those for
anion-exchange, except that the final conditions were maintained for only 8min, by
which time no more UV-absorbance was detectable on the diode array screen. Total

running time was therefore 30min.

(vi) Determination of the identity of substances responsible for each peak

A reverse phase (Fig 5A) and anion-exchange profile (Fig 5B) was produced of a
‘standards mix’ of 12 commercially-available LMW substances (in phosphate buffer,
pH 7.4). The UV-absorbing substances chosen to make up the mix were those
known to be present (or inducible) within red cells. This mix was used as a rapid
reference guide for the initial determination of the identity of substances in the acid

extracts that appeared as pure* peaks on HPLC.
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Figure 5. (A) Anion-exchange, and (B) reverse-phase HPLC profiles of the standards mix. The
substances in the mix are as follows: a-uric acid, b-tyrosine, c-hypoxanthine, d-xanthine, e-inosine, f-
tryptophan, g-AMP, h-NAD", i-IMP, j-ADP, k-NADP" and |-ATP. The substances are not at equimolar
concentrations.

*The peak purity index, information which is provided by the HPLC Beckman System Gold for every
profile, but not shown in the figures above, indicates if more than 1 substance is responsible for every
peak. Therefore, the first-eluting peak in (A) would have been shown to represent multiple co-eluting
substances. On the other hand, peaks h, i and | in (A) would have shown peak purity i.e. each

representing a single eluting substance.

An HPLC profile for each of the standards substances making up the mix (in
phosphate buffer, pH 7.4) was first produced in order to determine its reverse-phase
and anion-exchange HPLC elution positions, its 260:280nm absorbance ratio, and to
visualise its absorbance spectrum on the HPLC’s built-in diode array
spectrophotometer. Table 1 shows the 260:280nm ratios and absorbance spectra of

some of these LMW substances (in phosphate buffer, pH 7.4).

Note that absorbance spectra for some substances differ with varying pH; for
example, whereas the 260:280nm ratio for xanthine in buffer pH 7.4 = 0.87, on
reverse phase HPLC (where the exact pH would be < 7) the 260:280nm ratio is =
1.6. An HPLC profile of the standards mix was also produced regularly as a control

for HPLC column retention.

Confirmation of the identity of substances in the extracts was obtained when a
solution of the commercially-available LMW substance suspected to be responsible
for the peak was spiked into the extract, and this co-eluted with the unknown peak

whilst maintaining purity of the peak.
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Table 1. Absorbance ratios (260nm:280nm) and spectrophotometric diode array patterns of some LMW substances
of interest, dissolved in phosphate buffer (pH 7.4). The dotted lines indicate 260nm and 280nm on the x-

axes.
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(vii) Determination of concentration in red cells and plasma

The concentration of a LMW substance in an extract (uM) was determined from the
HPLC profile by multiplying its peak area with a specific constant unique for each of
the commercially-available substances. Peak areas for each HPLC profile were
retrieved from the System Gold (1992) package (Beckman Coulter, USA). The
constant for each substance to be evaluated was derived off a pre-determined
standard curve (Fig 6), as the ratio between concentration (uM) and peak area. For
example, the constant for tyrosine was 7.6 (see standard curve below), and that for
urate was 1. The correct concentration of the highest standard solution from which
the serial dilutions were then made for each standard curve was confirmed

spectrophotometrically.

80- Figure 6. L-tyrosine standard curve to determine

tyrosine concentration in red cell and plasma
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The intra-erythrocytic concentration of each LMW substance (umol/litre red cell
water) was then determined by multiplying the neutralised red cell extract
concentration for that substance by a factor of 17 (see section ii above). For plasma,
this factor was 12 (see section ii above). The concentrations of LMW substances
present in human red cells as determined in this study were always comparable with

previously reported data for human red cells.

If a small degree of lysis of a blood sample was noticed, the validity of the
determined plasma levels of LMW substances was always confirmed by ensuring
that insignificant amounts of the dominant red cell peaks were present in the plasma

extract.

Since commercially-available urate riboside preparations are not available, red cell
concentrations of this LMW substance had to be determined differently. Smith et. al.
(1981) previously described how to determine urate riboside concentrations
spectrophotometrically [84]. Accordingly, the absorbance at 298nm of K,COs-
neutralised cow red cell extracts was measured, and urate riboside concentration in

these extracts calculated using a molar absorbance of 16.4 X 10° (absorbance X
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10°/16 400 = uM concentration). The red cell concentration was then determined by
multiplying the extract concentration by 17, as for other red cell substances (see
above). Although most of the cow red cell extracts evaluated earlier on in the current
study were only evaluated on HPLC, and not with spectrophotometry, a standard
curve of urate riboside HPLC peak area versus spectrophotometric absorbance (at
298nm) (r?=0.9975) was produced using extracts for which both measurements were
available (n=10). This standard curve gave a ratio (constant) of 54 for HPLC pea k
area:absorbance (298nm), which was then used to extrapolate absorbance

measurements from HPLC peak areas, were necessary.

(viii) In vitro exposure of horse red cells to H,O, or AAPH to determine haemolysis

A suspension of red cells from different horses was each incubated with 50mM H,0,
or 20mM AAPH (2,2’-azobis(2-amidinopropane) dihydrochloride)(Sigma-Aldrich,
USA) in 10mM phosphate buffered saline, at 37°C. AAPH decomposes
spontaneously in solution at 37°C to release a constant flux of peroxyl free radicals.
The reaction tubes were incubated with continuous, gentle rotation, on a mini
labroller rotator (Labnet International, USA), in order to maintain the red cells in
suspension. The supernatants were evaluated at different time points for haemolysis
by diode array spectrophotometry. No inhibitors of red cell antioxidant enzymes were
added. The diode array profile of a triton-X treated sample (no oxidant) of the red cell

suspension from each horse was also evaluated, as control for Hb content.

(ix) Statistical considerations

Unless otherwise indicated, data are presented as mean + SD. When comparing
means, the Unpaired t test was used to determine statistical significance, unless the
data were skewed, in which case the Mann Whitney test was used. The Paired t test
was used when comparing plasma and red cell levels within the same species,
except where the data were skewed, in which case the Wilcoxon signed rank test
was used. The Pearson test was used to determine statistical significance of
correlation, unless the data were skewed in which case the Spearman r was
determined. The Goodness of Fit test was used to determine linear regression. A P-
value < 0.05 was considered statistically significant. Five repeat extractions and
HPLC analysis of red cell NAD" peak area showed a coefficient of variation (CV) of
1.78%.
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(D) RESULTS AND DISCUSSION

(i) Comparative HPLC profiling

In figure 7, typical anion-exchange (left side) and reverse-phase (right side) HPLC

profiles of red cell extracts from human (A,B), rhinoceros (C,D) and cow (E,F) are

depicted.
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Figure 7. Anion-exchange and reverse-phase HPLC absorbance profiles at 260nm (solid line) and 280nm (dashed
line) of neutralised, acid-soluble red cell extracts from a human (A,B), a white rhinoceros (C,D), a cow (E,F), and a
standards mix (G,H). The standards in the mix are a-uric acid, b-tyrosine, c-hypoxanthine, d-xanthine, e-inosine, f-
tryptophan, g-AMP, h-NAD", i-IMP, j-ADP, k-NADP" and I-ATP.
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By comparison with Brown et. al. (1972) who produced comparative (ion-exchange)
HPLC profiles for extracts from whole blood extracts [25], the use of red cell extracts
eliminates the influence of variable haematocrit and allows determination of red cell

levels of LMW substances that are present in both red cells and plasma.

One of the more notable red cell profile differences evident in figure 7 is that the ATP
level in healthy rhinoceros red cells is strikingly low — this was also shown in previous
investigations by Paglia et. al. (1986) [60]. In addition, as shown by the reverse-
phase profile of figure 7D and as previously reported by the Harley group [2],
rhinoceros red cells have a markedly greater amount of free tyrosine when compared
with human red cells (Fig 7B). It is clear that use of anion-exchange chromatography
alone would have made it very difficult to elucidate the identity of the substance(s)
accounting for the large amount of early-eluting UV-absorbing material in the
rhinoceros red cell extract (Fig 7C, oval), which appears similar to the peak seen in
the human anion-exchange profile (Fig 7A, oval). Complimentary use of reverse-
phase HPLC, however, revealed that whereas in humans the main component of this

peak is urate (Fig 7B, oval), in rhinoceros red cells it is tyrosine (Fig 7D, oval).

Comparative HPLC, as opposed to targeted analysis, is therefore useful to screen for
unsuspected differences in the range and level of UV-absorbing LMW substances
present in the red cells from different species. Limitations of the protocol should
however be noted: The use of acid-extraction to remove proteins including the
membrane lipoproteins will remove lipophilic LMW substances such as Vitamin E.
Ascorbate is unstable in aqueous solutions [85], and is likely to be degraded in the
freeze-thawed acid-extracts. Any LMW substance that is not UV-absorbing, for

example glutathione (GSH), will go undetected.

The very large and dominant UV-absorbing peak seen in cow red cell profiles (Fig
7E,F), and which was undetectable in human and rhinoceros red cell profiles,
displayed HPLC characteristics consistent with previously described urate riboside
[84]. Since the discovery of urate riboside in 1922, fewer than 25 publications have
appeared on this substance (pubmed search), with R.C. Smith and co-workers being
the authors of all the more recent ones. Further investigations of this potent LMW

endogenous red cell antioxidant were undertaken.
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(i) Urate riboside: inter- and intraspecies variation

It is known that large, yet variable amounts of the antioxidant urate riboside are
present in the red cells from cow and buffalo (Order Artiodactyla, Family Bovidae,
Subfamily Bovinae, and Tribe Bovini) [86, 87]. It is absent in the red cells from all
other species evaluated, including the only other Artiodactyls investigated to date,
namely pigs (Family Suidae) and even sheep (Family Bovidae, Subfamily Caprinae)
which belong to the same Family as cow/buffalo [32]. The exact phylogenetic position
of the evolutionary mutation for urate riboside formation has however never been
determined. In order to address this, red cells from cow, buffalo, sheep, as well as 3
further Artiodactyls not investigated before, namely one grysbok (Family Bovidae,
Subfamily Caprinae), one bontebok (Family Bovidae, Subfamily Caprinae), and two
kudu (Family Bovidae, Subfamily Bovinae, and Tribe Strepsicerotini) were evaluated.
Because processing of these wild animal blood samples was delayed by 48 hours
post phlebotomy, it was first confirmed that urate riboside levels remain unchanged in
a blood sample, whether processed within 2 hours or kept at room temperature for 48

hours prior to processing.

HPLC profiles revealed that urate riboside was absent in the grysbok and bontebok
red cells, but present in both kudu. As expected, urate riboside was present in the
red cells from all cows and buffalo sampled, but undetectable in sheep. Hence urate
riboside is present in the red cells of both major Tribes of the Bovinae Subfamily
(namely Bovini and Strepsicerotini), but not in any of the other Bovid Subfamilies
evaluated. This almost certainly proves that the evolutionary mutation for urate
riboside formation within red cells is specific to the Bovinae Subfamily, and is thus
predicted to have occurred in the position indicated by the arrow in figure 8.

Other mammalian Orders

Other Artiodactyl
families

| Order:

Artiodactyla Other Bovid

Subfamilies

L Fam_ily: Tribe: Bovini
Bovidae
Subfamily:
Bovinae
Tribe: Strepsicerotini

Figure 8. Phylogeny of the Artiodactyla. The arrow indicates where the mutation responsible for red cell

urate riboside production is predicted to have occurred.
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As previously reported [33], urate riboside was undetectable in the plasma from
cows. Since urate riboside is resistant to the action of uricase [84], the liver enzyme
specific for urate degradation, its absence in plasma implies that once formed
(presumably inside the red cell) that it is trapped within the cell, possibly by virtue of

the large ribose moiety.

Levels of urate riboside present in the red cells of the 3 different Bovinae were then
determined. The red cells from the two kudu had levels of 530uM and 237uM. The
mean level of urate riboside in cows (n=24) was 2560 + 735uM, and in Cape buffalo
(Syncerus caffer) (n=6) it was 665 + 245uM (Fig 9A). Levels in cows were
significantly higher than levels in buffalo (P < 0.0001).

A B

§ 40004 o T 4000-

= 2 o\
S * 2

3 (XY} %

%’ 30004 © 30004

8 0o’ 8

9 L ™Y : o0 1<

= = - .
= 2000 . = 2000

g g

ES 3

Py ce o o —
2 1000+ L o® S 1000+

g —— . 2

= o® =

] o o)

® 0 [ — ® 04

5 T T T T ‘5 T T

cow buffalo kudu sheep first bleed second bleed

Figure 9. (A) Scatter plots of red cell urate riboside concentration in cow, buffalo, kudu and sheep. The
Unpaired t test was used to determine P values. (B) Red cell urate riboside concentration in four cows

that were bled once, and then again 30 days later

A study by Smith et. al. (1981) comparing urate riboside concentrations in cows and
buffalo reported a much lower mean urate riboside level in both cows and buffalo,
with a greater concentration in the red cells from buffalo than cow: 700uM + 360uM
versus 920uM + 210uM in cow (n=115) and buffalo (n=10) respectively [86]. In the
only other study to report urate riboside levels in cows (n=50), Smith et. al. (1985)
found a mean level of 1210uM + 190uM [87].

Urate riboside levels are known to vary widely. In this study, levels in cows ranged
between 1000uM and 4000uM i.e. a 4-fold difference within the same species. In
order to determine if the highly variable red cell urate riboside concentrations
fluctuate within an individual, or are stable and thus specific to each cow, two blood
samples from the same four cows were obtained with an interval of 30 days between
the two bleeds. The cows were all healthy, all came from the same herd and the

environment of the cows remained essentially unchanged within this interval.

Chapter 1: Results and Discussion -31-



Figure 9B shows that urate riboside level varied very little in each cow over 30 days —
this finding, together with the report by Smith et. al. (1985) of a positive correlation for
urate riboside concentration in the red cells of calves with that of their dams, is
consistent with the likelihood that such normal/baseline variability in urate riboside
level is genetically determined. One possibility to account for such normal variability
is that there is intraspecies heterogeneity in UMP synthase enzyme level. In support
of this, it has been shown that urate riboside levels in cows with inherited deficiency
of UMP synthase fall within the lower range of normal levels [87]. Smith et. al. (1981)
offered another explanation, suggesting that such variation may result from variable
permeability of red cells to urate riboside [84]. However, this possibility is unlikely
considering that no urate riboside is detectable in plasma, as it should be if leaking
out of the red cells. Extrinsic factors (physiological/non-pathological) could
theoretically also influence baseline/normal urate riboside levels. For example,
variable levels of physiological oxidant production could theoretically lead to variable

levels of urate riboside oxidation (see also Chapter 4).

Interestingly, although it is known that the mature red cell of the cow has active UMP
synthase as well as the substrate PPRP [88], urate (the other substrate) is actually
undetectable by HPLC in cow/buffalo red cells, and plasma urate level in cows is
negligible (see later, section iv). It is probable that any small amount of urate entering
the red cell from these low levels present in plasma is immediately incorporated into
urate riboside. But is this enough to account for the high levels of this LMW
substance trapped within the red cells? It is possible that urate riboside production in
the red cell occurs only under certain conditions of elevated urate substrate levels.
The enzyme xanthine oxidase/xanthine dehydrogenase (XO/XD), which produces
urate (see also section iv), is present at very high levels in cow milk [89]. Lactation
may lead to an increased level of plasma urate, which may then provide the red cells
with sufficient substrate to form urate riboside. However the presence of urate

riboside in bulls as well as cows [84] would make this possibility less likely.

As previously mentioned, bovine red cells have a much higher level of UMP synthase
than the red cells from other species [35]. But there is no record of whether other
bovine cell types also have such elevated levels of this enzyme, and the possibility
that urate riboside is also made by other cell types in the cow has to date not been
reported on. This was investigated, and figure 10 shows that, unlike cow red cell acid
extracts (Fig 10A), extracts from the buffy coat (white blood cells and platelets) (Fig
10B), and cultured primary fibroblasts (pinnae dermis) (Fig 10C) of a cow had no

detectable urate riboside.
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Figure 10. Reverse-phase HPLC absorbance profiles at 260nm (solid line) and 280nm (dashed line) of
a neutralized, acid-soluble extract of (A) washed red blood cells, (B) buffy coat, and (C) cultured primary

dermal fibroblasts from a cow.

This suggests that the mutation leading to the formation of urate riboside finds
expression only in the red cells of these animals, and raises a number of questions.
For example, is it made in most cells, but rapidly degraded in cells other than red

cells?

(i) Free tyrosine: inter- and intraspecies variation

Harley and co-workers (2004) previously reported that rhinoceros red cells are
unusual in having very high levels of free tyrosine. They suggested that this ability to
accumulate such large amounts of free tyrosine may have evolved in rhinoceros to
provide antioxidant protection to their red cells [2, 4] in the same way that the
accumulation of free tyrosine in human seminal plasma has been suggested to have
arisen in order to provide antioxidant protection to the spermatozoa. Although in vitro
assays show that tyrosine does have antioxidant activity (see Chapter 2), the
possibility that elevated levels of free tyrosine (exogenous source, or as a naturally
occurring phenomenon in some tissues) may provide antioxidant protection in vivo

has been virtually ignored.

Such an evolutionary adaptation may not be limited to rhinoceros if indeed it plays an

important baseline physiological role. In order to determine if other mammalian
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species also have elevated levels of red cell tyrosine, levels in the red cells (and
plasma) from 20 horses (Equidae), being the closest evolutionary relative to the
Rhinocerotidae (both being members of the Order Perissodactyla), and from at least
2 individuals of various other mammalian species were compared with levels in 25
humans. A blood sample from 1 white rhinoceros was also obtained for comparative

purposes (this blood sample was processed 48 hours post-phlebotomy).

Values were determined from reverse-phase HPLC profiles (an example HPLC
profile for each species that was evaluated is shown in figure 11 below). These
profiles were later also used to evaluate other differences in red cell LMW
substances between species. The paucity of, and lack of much variability between
UV-absorbant LMW substances in the HPLC profiles of plasma from the different
species (other than for humans) was in stark contrast with what was seen in the red

cell profiles.

Figure 11 (see below). Reverse phase HPLC profiles (260nm black solid line and 280nm red dotted
line) of a standards mix (bottom) and the red blood cell and plasma acid extracts from animal species
belonging to 6 different mammalian Orders. The HPLC profiles for buffalo red cells and plasma are not
shown, but other than for a smaller urate riboside peak they were essentially identical with that from
cows. The standards in the mix are a-uric acid, b-tyrosine, c-hypoxanthine, d-xanthine, e-inosine, f-
tryptophan, g-AMP, h-NAD", i-IMP, j-ADP, k-NADP" and I-ATP.
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The mean tyrosine level in human red blood cells was determined to be 67.5 +
23.8uM (Fig 12A), which is in accordance with previously published levels [3, 83, 90,
91]. By comparison, the mean red cell tyrosine level in horses were 279.0 +
199.3uM. Levels in horses were significantly higher than in humans (P < 0.0001),
and also significantly higher than previously reported for 6 horses by this group [2].
One possible reason for this discrepancy is that the red cells in this earlier cohort of
horses were washed three times in N/S prior to extraction, a procedure which has
been found to wash out significant amounts of tyrosine from red cells [83] (see also
Appendix, section (a)). Confirmation that this peak in horse red cells was indeed due
to tyrosine was achieved by visualization of its absorption profile on diode array scan,
which was identical for that of a commercial tyrosine preparation, by its co-elution
with the peak produced from a solution of tyrosine spiked into a horse red cell extract
(and purity of the peak was maintained), and by disappearance of the peak in
question on exposure of a horse red cell extract to the tyrosine-specific enzyme
tyrosinase (Sigma-Aldrich, USA)(0.11U per ml of extract for 1hour at 37°C), with no

other profile changes.

Although red cell tyrosine levels in horses were significantly lower (P = 0.0004) than
that previously reported for black rhinoceros red cells (778.8 + 40.0uM) [2], and for
one white rhinoceros sampled for the current study (1010uM), the range in horses
was very large (137.4uM - 876.1uM), and the data skewed to the right. Thus a few
horses had levels as high as that seen in rhinoceros, and the median [and
interquartile range] for horses was 194.7 uM [168.8 uM — 300.7uM].

The finding of elevated levels of red cell tyrosine in members from both major
Families of the Perissodactyla Order (Rhinocerotidae and Equidae) relative to
humans was initially suggestive that this was a feature peculiar to this Order of
Mammalia. Unexpectedly however, cats, which are of a completely different Order
(Carnivora) to rhinoceros and horses, were also found to have high red cell tyrosine
concentrations, with a mean level (365.1 + 55.8uM) even higher than for horses.
Dogs (also Carnivora) and sheep (Artiodactyla) also had significantly higher red cell
tyrosine levels compared with humans, but significantly lower than in cats and
horses. Humans, however, were not alone in having relatively low levels of red cell
tyrosine - rats (Rodentia) had levels similar to humans, while naked molerats (also
Rodentia) had no HPLC-detectable tyrosine in their red cells. Levels of tyrosine in the
red cells of cow and buffalo eluted very closely with another small peak, this most
likely being urate ribotide, the precursor to urate riboside (see Literature Review)
because of their identical diode array scans. Tyrosine in cow and buffalo red cell
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extracts could therefore not be accurately determined using HPLC, although it was

apparent that levels were similar, if not less, than in human red cells.
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Figure 12. Tyrosine concentrations in the (A) red cells, and (B) respective plasmas from various
mammalian species, including humans. Comparison of the tyrosine concentration within red cells and in
plasma for (C) humans and (D) horses. Horizontal bars indicate means. The Mann Whitney test for non-
parametric data was used to determine P values between horses and other species in figure A;
otherwise the Unpaired t test was used. The Paired t test was used to determine P values when
comparing plasma and red cell tyrosine levels within species, except for horses where the Wilcoxon
signed rank test was used. The Pearson test was used to determine statistical significance of correlation
in figure C, and the Spearman test in figure D.

#Black rhino red cell tyrosine concentrations are taken from a previously published report [2].

*Individual black rhino plasma tyrosine levels were not available. However the mean plasma tyrosine
level was similar to that of humans [4].

Human plasma tyrosine levels (60.0 + 17.6uM) (Fig 12B) were very similar to the red
cell levels. Red cell and plasma tyrosine levels showed a strong correlation, with an
‘erythrocyte to plasma’ (E:P) tyrosine ratio + SD of 1.12 + 0.15 (and ranging between
0.75 to 1.48 for individuals) (Fig 12 C). Hagenfeldt et. al. (1980) previously reported a
mean human plasma tyrosine level of 54 + 11uM, and an E:P tyrosine ratio of 1.22 +
0.17 [83], but no reports on whether the red cell and plasma values within individuals
correlate, or not, have to date been reported.
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In humans, the presence of tyrosine in the red cell, and its correlation of effectively
1:1 with plasma level, is consistent with non-concentrative, facilitated diffusion
transportation of tyrosine, from plasma, across the red cell membrane via both the L-
system and T-system of amino acid transporters [92-94]. As has been shown in vitro,
tyrosine is also easily able to exit the human red cell [5, 83]. But this system of
tyrosine movement/transport across the human red cell membrane cannot explain

the very high red cell tyrosine levels found in some of the other mammalian species.

The mean E:P tyrosine ratio was clearly highly variable between species, with
plasma tyrosine levels showing much less interspecies variability than red cell

tyrosine levels.

Only rats and sheep had plasma tyrosine levels that were significantly higher than
human plasma tyrosine levels (P < 0.0001 and P = 0.004 respectively) - this may
relate to diet. In contrast, horses, rhinoceros, cats and dogs - the species that
actually had a significantly higher red cell tyrosine level compared with humans - had
mean plasma tyrosine levels that were very similar to human plasma levels, being
56.6 + 35.6uM, 61.1 + 31.2uM and 44.9 + 12.4uM for horses, dogs and cats
respectively. As a consequence, plasma tyrosine levels in these species were all
significantly lower than the respective red cell levels of tyrosine (P < 0.0001). And in
contrast with humans, red cell and plasma tyrosine levels showed no correlation in
horses (Fig 12D). This demonstrates that tyrosine is accumulating in the red cells of

some species by some active process(es).

Is it possible that tyrosine is being made within the red cells of some species?
Tyrosine is a non-essential amino acid, being formed by hydroxylation of the
essential amino acid phenylalanine by the enzyme phenylalanine hydroxylase. This
enzyme is present at high levels in liver tissue, and has also been identified in human
kidney, pancreatic and brain tissue [995]; its presence in red cells, however, has not
been reported (pubmed search and [1, 3]). It is therefore unlikely that tyrosine is

being formed de novo in the red cell.

The more likely explanation, however, is that as for human red cells, in horses,
rhinoceros, cats and dogs the tyrosine in their red cells originates from the plasma;
but that unlike in humans where red cell tyrosine essentially equilibrates with plasma
tyrosine levels, in these other animals tyrosine may be actively pumped into the red
cells against a steep concentration gradient, and is then trapped within the red cells.

Although much is reported on the variable transportation of dibasic and neutral amino
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acids across the red cell membranes of different species, very little comparative data

is available regarding tyrosine transportation.

The very different tyrosine gradients evident between the plasma and red cells of
these different species with elevated red cell tyrosine also indicates that different
processes/mechanisms may be responsible for its accumulation (or removal) in each
species. Alternatively, heterogeneity in levels of the same protein transporters for
tyrosine within the red cells of different species may have evolved. The large
variability of red cell tyrosine levels just amongst horses themselves (ranging from
140uM to 880uM), as well as within the rhinoceros species (560uM to 890uM), was
particularly interesting, and rather reminiscent of the highly variable levels of urate
riboside present in the red cells of cows (Fig 9A, section ii above). However, the fact
that horse red cells in particular are reported to show heterogeneity in the
transportation of the amino acid L-alanine [96-98] may be indicative that
heterogeneity in the transportation of the aromatic amino acid tyrosine may also
exist, particularly amongst horses. Since all the horses were being housed and fed
identically (as reflected by very consistent plasma tyrosine levels), it is probable that
the significant range in baseline tyrosine level found in these horses is because of
genetically-determined variable tyrosine transport across the red cell membranes of

different horses.

In further support of this variability being genetically-determined, analysis of blood
samples from four horses repeated on three different occasions over a month
showed that these wide-ranging red cell tyrosine levels were highly stable within
each individual horse (Fig 13A), this being similar to the results obtained for urate

riboside in cow red cells (see Fig 9B).
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Figure 13. (A) Red cell tyrosine concentrations in three blood samples taken on different days from the
same four horses, illustrating the significant stability of tyrosine within a period of one month. (B) Red
cell tyrosine levels in Thoroughbred (n=8) and Arabian Cross bred (n=11) horses. Horizontal bars

indicate medians. The Mann Whitney test was used to determine that P = 0.0632.
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Since most of the horses evaluated were of two different breeds (Thoroughbred and
Arabian Crossbred), red cell tyrosine levels in these two breeds were compared.
Although levels in the Thoroughbred horses tended to be higher than in the Arabian
Crossbred horses, this difference did not reach statistical significance (Fig 13B).
Gender had no influence on tyrosine red cell level (data not shown). Hence genetic

variability in red cell tyrosine cannot be linked to gender or breed alone.

Extrinsic factors may however also be playing some part in the variable tyrosine
levels found in horse red cells. The fact that all the horses sampled happened to be
competitive athletes may be of some relevance. Physical exertion in horses and
humans, particularly when exhaustive, is associated with a significantly increased
production of reactive species, measurable by an increased degree of oxidative
modification to various molecules [99-108]. Tyrosine residues within proteins may
react with some reactive species both in vitro and in vivo. It is possible that free
tyrosine molecules similarly would be degraded by such oxidants, and levels of
tyrosine may be decreased (see also Chapter 2, Literature Review). Although none
of the horses had taken part in any racing event for at least 1 month prior to blood
sampling, it is possible that the large variability in red cell tyrosine level seen in these
horses was because some of them had been exercised more than others prior to the
quarantine period (but for no longer than a period equivalent to the red cell’s
lifespan), accounting for lowered levels in some of these horses. If so this would
constitute not a genetically-determined variability, but variability arising because of a
‘non-pathological’ extrinsic influence. Red cell tyrosine levels for athlete horses may
therefore not be representative of baseline levels in non-athlete horses. It is possible
that non-athlete horses have a higher mean red cell tyrosine level, and a lot less

variability, compared with athlete horses, but this remains to be tested.

Finally, it is necessary to consider that other explanations for the elevated levels of
tyrosine found in the red cells of some species may need to be sought. Harley and
associates had found that in the presence of exogenous tyrosine, whereas washed
human red cells accumulate tyrosine (which can subsequently also exit the red cells),
that the red cells evaluated from one rhinoceros and from one horse showed no
significant tyrosine uptake under the same conditions [2, 5] If tyrosine is unable to
enter the red cells of these species (or some individuals at least) in vitro, then how
might tyrosine have accumulated in the red cells of these animals? One possible
explanation is that tyrosine may be able to enter the red cell of these animals in a

different form, in a manner analogous to how taurine has been shown to accumulate
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in human red cells under certain conditions. Although taurine has no transport
system in human red cells, it can enter in the hypochlorous acid (HOCI)-oxidized
form (taurine chloramine) [70, 72] produced on reaction of neutrophil-released HOCI
and taurine within the surrounding plasma. At higher HOCI levels taurine
dichloramine is formed which is very toxic but can enter red cells. Amines are readily
regenerated by reducing agents such as thiols [109], and in the red cell they are
readily reduced by GSH back to taurine. It is believed that in this way the red cell is
able to remove the potentially toxic taurine derivatives from sites of imflammation.
Taurine is then trapped and accumulates within the red cell [71]. This may be the
reason why reported red cell taurine levels are so discrepant, with one very early
report finding a red cell concentration of 30uM [110](this value being referenced by a
more recent publication [71]), while a later report found a 5-fold higher level of taurine
in human red cells [83](this value being referenced in a current hematology text book
[3]). This compares with human plasma taurine concentration reported as 50-70uM
[70, 83].) On in vitro exposure of red cells to activated neutrophils (which release
HOCI and taurine during the respiratory burst, see Literature Review and Background
Work), red cell taurine content rises significantly (300-fold) [71]. Tyrosine may
similarly be able to enter the red cells of some species only in its oxidized form, and
once reduced back to tyrosine, it would then be trapped in these red cells. If this was
the case, then recent, excessive neutrophil activation, such as occurs with a bacterial
infection, but also in association with strenuous physical exertion [111-114] could
theoretically lead to a high level of red cell tyrosine in an individual animal. Halliwell
et. al. (2007) also indicate that tyrosine may be formed from the hydroxyl radical-
mediated oxidation of phenylalanine [8]. This is however unlikely to explain the

elevated levels of tyrosine found in the red cells of some healthy mammalian species.

(iv) Urate: inter- and intraspecies variation

Whilst investigating tyrosine levels in the red cells of horses, very noticeable was the
presence of what appeared to be extremely variable levels of urate in the red cell
extracts of the different horses, to the extent that it became the dominant peak in
some horses (Fig 14A), yet was undetectable in almost 50% of the horses (Figs 14C
and D). This peak had the same anion-exchange and reverse-phase elution times,
260:280nm ratio and diode array spectrum to that produced by the distinct peak of
urate detectable in human red cells and human plasma (Figs 14E and F), and also
that of a urate standard. The identity of the substance accounting for this HPLC peak
in horse red cells was confirmed to be urate by co-elution with a solution of urate
spiked into the red cell extract shown in figure 14B (purity of the peak was

maintained, spiked profile not shown), and by disappearance of this unknown peak
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on exposure of the red cell extract to the urate-specific enzyme uricase (Sigma-
Aldrich, USA)(0.11U per ml of extract for 1hour at 37°C), with no other profile

changes. The levels of red cell urate present in some of the horses in the current

study were unprecedented.
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Figure 14. Reverse-phase HPLC absorbance profiles at
260nm (solid line) and 280nm (dashed line) of
neutralized, acid-soluble red cell extracts from (A) a
horse with a very large amount of the unknown LMW
substance; (B) a horse showing a large amount of red
cell tyrosine but also some of the LMW substance
accounting for the unknown peak, (C) a horse with
significant tyrosine but with no detectable amount of the
unknown LMW substance (D) a horse with a low tyrosine
level and no detectable amount of the unknown LMW

substance, and a typical profile of a human (E) red cell

A and (F) plasma acid extract.

Harley and coworkers had previously observed that a few horses sampled by them

had small amounts of urate in their red cells (unpublished [5]). Although these levels

(20.2 + 38.5uM) were within the lower range known to be present in human red cells

[3], this in itself was intriguing to the investigators, considering the near absence of

urate in the plasma from horses [115, 116], and there being no previous reports on

the presence of urate in horse red cells. Moreover, when eight of these horses took

part in an endurance racing event, Harley et. al. (2004) found that red cell urate level

1 hour after the race had increased significantly (P = 0.0313) over baseline levels in
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many of these horses (the median level increasing from OuM to 35uM), with levels in
one horse rising from OuM to 824uM (Fig 15). These elevated levels of red cell urate,
in most cases, dropped back to baseline levels by 24 hours. Surprisingly, the median
level was increased again at 72 hours (to 78uM); however levels at this time point

were not significantly different to levels at baseline (P = 0.0938) [4].
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Figure 15. Modified representation of data previously reported by Harley et.al. (2004) [4]. Red cell urate
levels in eight horses bled before, and then immediately, 1 hour, 24 hours and 72 hours after an
endurance race of 80km, with a mean duration of 5.1 hours. The horizontal bars indicate median values.

The Wilcoxon signed rank test was used to determine P values.

The production and disappearance of uric acid was also observed over short time
periods in rhino, horse, and human erythrocytes incubated on the bench
(unpublished). This was a chance and sporadic observation seen during their HPLC
analyses of UV-absorbing compounds in red cell extracts (personal communication
[64]).

Now, in the current study, although none of the 20 horses sampled had undergone
any significant exertion for at least one month prior to sampling, just by viewing the
HPLC profiles it was clear that some of these horses had baseline red cell urate
levels exceeding even human plasma urate levels (Fig 14F above). All of these novel
findings in red cell urate metabolism were unprecedented, not readily explainable,
and of particular interest because of the well-established physiological role of urate

as an important LMW antioxidant in human plasma.

Urate is a product of purine nucleotide degradation (see Fig 2, Literature Review and
Background Work). The enzyme required to make urate is xanthine oxidase/xanthine
dehydrogenase (XO/XD), also known as xanthine oxidoreductase (XOR). It catalyses
the hydroxylation of hypoxanthine to xanthine, and then of xanthine to urate. XO/XD
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activity has been detected in all species examined, including bacteria. As the name
implies, it exists in two interconvertible active forms: the oxidase form (XO) and the
dehydrogenase form (XD). Most of the cell-bound enzyme exists in the
dehydrogenase form in vivo, whilst circulating (plasma) enzyme is mostly in the
oxidase form due to conversion by serum proteases. The electron-acceptor for the
XD form is preferentially NAD", whereas for XO it is solely O,. Reduction of O, by
either form of the enzyme yields the superoxide free radical. In mammalian tissues,
although activity is widely distributed, degree of activity is very tissue-specific [117].
In humans very low levels of XO/XD activity are present in blood, and the highest
levels are found in liver, intestine and mammary tissue [118]. The urate formed in
these cells enters the plasma and is present as the sodium salt at biological pH 7.4
(uric acid has a pKa = 5.8). Most (95%) of it exists as the free form, but a small
proportion is bound to albumin [119]. In most mammalian species, the hepatic
enzyme urate oxidase (uricase) then rapidly converts urate into allantoin as the final
step in purine degradation, keeping plasma urate levels to a minimal. Humans and
apes have however lost uricase; a number of distinct mutations are known to have
occurred over about 60 million years of evolution to eventually make uricase non-
functional [39, 120]. In addition, in humans the kidneys reabsorb > 90% of the filtered
urate. As a consequence humans have a significantly higher plasma urate level,
being at least 10-fold higher than in animals with uricase [116, 121]. Normal human
plasma levels range between 50 and 900uM [122], reaching a mean of about 350uM
in men. Since the solubility limit of sodium urate is about 420uM [119], such an
elevated level of urate in humans is associated with a significant risk of precipitation
(gout, and urinary uric acid crystals). Yet it is believed that the evolutionary changes
leading to an elevated plasma urate level occurred despite these risks because of the
significant advantages associated with the potent antioxidant activity of urate. Urate
is non-enzymatically degraded by various oxidants and is well known to be a potent
antioxidant (see also Chapter 2). In 1981, Ames et. al. first suggested that by virtue
of this antioxidant activity, the evolution of high plasma urate levels was
advantageous by contributing to human longevity and a reduction in cancer rates
[39].

Unlike for plasma urate levels, data on urate levels in red cells is not available for any
animal species other than for humans — in vitro experiments have shown that urate
can enter the human red cell in the anionic form [123], most likely via the non-
selective band-3 protein membrane transporter [124]). Therefore, in humans, the
presence of urate in the red cells is presumed to arise from entry of some of the high

level of plasma urate into the red cells. Whereas in all mammals with uricase, the
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paucity of plasma urate, together with the fact that the red cell supposedly lacks the
enzyme XO/XD necessary to make urate (see below) seems to justify the
assumption that urate levels would be negligible in the red cells from most

mammalian species [125].

In 1965, Al-Khalidi et. al. reported that the red cells of mammals lack the enzyme
XO/XD necessary to make urate [22], and to date no-one has challenged this
conclusion. These investigators measured XO/XD activity in both whole blood and
serum samples, separately, from various vertebrate species including humans (n=
40). In all the mammals that showed whole blood activity, they found that the serum
activity was always approximately double that found in whole blood. Given that the
haematocrit in most animals is very roughly almost 50%, they concluded that red
cells of all mammals including humans do not contain substantial amounts of the
XO/XD enzyme. Nucleated red cells from chicken, tortoise and turtle, in contrast, had

significant XO/XD activity with their detection method.

In view of the above points, the detection of urate in the red cells of horses is clearly
fascinating. Investigation of urate levels in the red cells and plasma of horses and

other mammalian species (as evaluated for tyrosine) was therefore undertaken.

Humans (n=25) had a significant (although relatively variable) amount of urate in
their red cells (Fig 16A), levels ranging from 23.7uM to 214.5uM, with a mean of
117.5 + 39.7uM, which is in agreement with the text book values of 113uM [3] and
130uM [126]. Although red cell urate levels in horses (n=20) did not differ significantly
from levels in human red cells (P = 0.5423), the range of urate levels in horses was
huge, and skewed to the right. Thus whilst 50% of the horses had a red cell urate
level of less than 50uM, the other 50% had levels ranging between 50uM and
750uM, giving a mean of 181.4 + 231.3uM, and a median [and interquartile range] of
73.7 uM [8.3 uM — 284.4uM]. None of the other mammalian species evaluated had

levels significantly greater than their respective plasma levels (Fig 16B).
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Figure 16. (A) Urate concentrations in the red cells from various mammalian species, including humans.
Horizontal bars indicate means. It should be noted that due to the highly skewed distribution of red cell
urate in these horses, the median for red cell urate in horses was 74uM, being much lower than the
mean. The Mann Whitney test for non-parametric data was therefore used to determine P -values
between horses and other species; otherwise the Unpaired t test was used. (B) Urate concentrations in
the plasma from the same individuals as in (A). The Unpaired t test was used to compare plasma urate
levels between the different species The Paired t test was used to determine P values when comparing

plasma and red cell urate levels within a species.

Furthermore, analysis of blood samples from four horses repeated on three different
occasions over a month showed that baseline (i.e. not whilst racing) red cell urate

levels in these horses, similar to tyrosine levels, were stable over time (Fig 17).
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Because the skewed pattern of distribution and stability of red cell urate was
reminiscent of the skewed yet stable red cell tyrosine levels in horses (as reported in
section iii above), levels of each of these two substances were compared in each
horse; however no correlation was evident between red cell urate and tyrosine levels

(Fig 18). Gender had no influence on red cell urate level (data not shown).
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Evaluation of plasma urate levels showed that, as expected, humans had a
significantly higher mean level than that found in any other animal species evaluated.
Human plasma levels ranged from 92.9uM to 360.7uM, with a mean of 238.1 +
66.6uM (Fig 16B above). As shown in figure 19, plasma and red cell levels of urate
were well correlated in humans (open circles), with an average E:P ratio of 0.49 - this

ratio and correlation have not been reported on before.
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Figure 19. Comparison of the urate concentration within red cells and plasma for humans (open circles,
n= 25) and horses (black circles, n=20). The Pearson test was used to determine statistical significance

of correlation for humans, and the Spearman test for horses.

In contrast with this correlation in humans, the extensively ranging red cell urate
levels in horses showed no correlation whatsoever with plasma urate levels (Fig 19,
black circles). As expected, because of the presence of uricase, the mean plasma
urate level in horses, as for all the other species evaluated (Fig 16B above) was
negligible, being 3.2 + 5.9uM, with a range of 0-17uM in horses, which is in
accordance with a previously published range of 7.3-17.4uM [115] and mean level of

9.0 + 1.6uM [116]. Similarly, the increases in red cell urate level found by Harley et.
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al. in some horses post-exertion (Fig 15 above) could not be explained by the lesser
increases in plasma urate level found in the same horses [64], and that are reported

by others to be associated with physical exertion in horses [115, 127].

It is possible that, as hypothesized to account for the elevated red cell tyrosine levels
in horses, urate is being actively pumped from the plasma into the red cells of
horses. However this would be occurring against a concentration gradient of more
than 1mM in some horses, and would have to proceed very rapidly to account for the
increased levels detected 1 hour post-exertion, as seen in the exercised horses of
figure 15. Such a mechanism to explain the presence of high red cell urate levels in
the horses is further unlikely since Harley and associates found that, in the presence
of 500uM urate in the incubation medium, whereas human red cells accumulated
urate to a concentration of approximately 170uM, the red cells from a horse showed
no significant uptake [5]. Therefore, whilst all of the urate found within human red
cells is by all accounts entering from the plasma, in horses significant amounts of
urate are accumulating in the red cells by an active process which is highly unlikely to
be related to plasma urate levels, particularly considering the negligible plasma urate

levels in horses.

The only other plausible explanation for the presence of urate in the horse red cells is
that urate is actually being produced and then trapped within the red cells. For this to
occur, active XO/XD enzyme (see also above) would have to be present in these red
cells. Considerable variation in the distribution and level of XO/XD in tissues exists
between species [118], and it is possible that as for urate riboside which is detectable
exclusively in the red cells from bovines, that horses may be a unique species in
having XO/XD enzyme activity in their red cells (horse red cells were not actually
evaluated by Al-Khalidi). However, an alternative explanation is suggested by
observations in various other tissue types: it was found that measures of XO/XD
activity often do not reflect protein levels (as measured using antibodies or ELISA)
because inactive forms of the enzyme exist in vivo — two forms of naturally-occurring
inactive XO/XD enzyme are described - demolybdo-XO/XD lacks molybdenum (Mo),
and in desulfo-XO/XD the Mo=S grouping, essential for catalytic activity, is replaced
by Mo=0 [128-130]. As much as 60% of purified bovine milk XO/XD is inactive
towards xanthine [129]. In other tissues, the ratio of inactive to active forms varies
significantly, and depends on the animal species and the specific tissue investigated
[117]. However mammalian red cells were never re-evaluated for the presence of

inactive forms of XO/XD. It is therefore possible that horses, and even other
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mammalian species, may similarly have significant protein levels of inactive XO/XD

within their red cells.

The production of urate in the red cells is then proposed to occur when the inactive
form of the enzyme in the red cells becomes activated via post-translational
modifications under specific conditions. This is supported by studies using cell culture
experiments which show that upregulation of XO/XD activity occurs not only at the
transcriptional, but also at that post-transcriptional level in nucleated cells,
(depending on the stimulus and tissue), and that such post-translational modifications

may include the incorporation of Mo and also sulfuration reactions [117, 131].

A variety of factors such as hypoxia, various inflammatory cytokines, hormones etc.
have been found to lead to increased levels of XO/XD activity in nucleated cells in
vitro [117]. Increased XO/XD activity was reported in the lung tissue of a mouse
model of acute viral pneumonia [132], and a 20-fold increase of enzyme activity (and
30-fold increase in urate) was found in the brains of rats with induced bacterial
meningitis versus healthy controls [133]. Urate levels were also elevated in the
cerebrospinal fluid from patients with bacterial meningitis and other inflammatory
brain diseases such as multiple sclerosis, viral meningitis and stroke [117]. The
production of urate in skeletal muscle was shown to increase after submaximal
exercise in fit humans [105]. The production of urate in brain and skeletal muscle is
unexpected considering that normal human brain tissue and skeletal muscle have
been shown by Sarnesto et. al (1996) to have no detectable XO/XD by western
blotting [134], yet Hellsten et. al. (1997) showed that the number of xanthine oxidase
structures observed by immunohistological methods in exercised muscle was up to
eightfold higher than control from day 1 to day 4 after exercise. The increase was
attributed to an enhanced expression of xanthine oxidase predominantly in
microvascular endothelial cells - this again illustrates the potential for some tissues
that don’t normally have detectable XO/XD to upregulate enzyme level/activity when

required.

What would be the advantage of having such a carefully regulated system of
inducibility for XO/XD activity? Certainly compared with many other animals, only low
baseline levels of XO/XD are present in most human tissues [117, 134]. XO/XD
activity leads to the production of potentially damaging reactive species (superoxide
and thus H,O,, nitric oxide and even peroxynitrite [117, 135]), and has been
implicated in ischemia-reperfusion injury [136-139], although others feel that this is

probably unjustified [117, 140], and also various other clinical conditions [141].
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Conversely, its involvement in normal physiological processes has been much less
studied, and the fact that XO/XD activity is inducible infers some useful role of this
enzyme under particular conditions. The fact that XO/XD is the only metabolic source
of the protective antioxidant urate, the presence of which can limit oxidative damage
[142, 143](see also Chapter 2), has generally been overlooked by investigators in the
field [144]. As such, it is not surprising therefore that many of the above-mentioned
conditions, where an increased XO/XD activity or urate level have been measured in
tissues, are known to be associated with oxidative stress, and where an increase in a

potent antioxidant would be clinically advantageous.

Certainly it is known that organisms will often increase levels of their antioxidant
defense systems in response to oxidative stress in an attempt to restore the
prooxidant/antioxidant balance. For example, some yeast cultures exposed to H,O,
for 30min showed significantly increased activities of the antioxidant enzymes
catalase and superoxide dismutase (see also Chapter 2, Literature Review), although
another strain of the same species showed no activation and its survival was much
lower. Notably, whereas a certain concentration of H,O, caused an increase in
catalase activity, a higher concentration of H,O, resulted in a decreased catalase
activity in the same strain [145]. A single bout of exhaustive physical exertion is well
known to induce in vivo oxidative stress and damage in various species including
humans and horses [99, 101-103, 108, 146-149]. An increase in antioxidant enzyme
activities has been observed in humans in association with acute physical exertion.
For example, red cell catalase and glutathione reductase (GR) activities have been
shown to increase during a long-distance cycling event in humans [108], although
another study showed no increase in antioxidant enzyme activity [114]. Post-exertion
increases in red cell antioxidant enzyme activities, including that of plasma XO/XD,
have also been shown in horses [102, 150], although in other studies increases in
red cell antioxidant enzyme activity were not found [151, 152]; this may be due to
variations in study protocol. Plasma levels of urate are well known to increase after
exhaustive exertion both in humans [105, 108, 153] as well as in horses [115, 127,
150]. The increases in antioxidants all tend to return to pre-exertion levels within a
few hours after the exertion. Of note is that the reported increase in plasma urate
levels reported in horses (these being similar to that observed by Harley and
coworkers (personal communication [64]) was considerably lower is highly unlikely to
be able to account for the much higher post-race increases in horse red cell urate
observed by Harley et. al. (2004) [4]. Rather, it is proposed that post-exertion
increase in red cell urate levels seen in some horses occurred via increased

activation of red cell XO/XD (induced by the associated acute exercise-induced
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oxidative stress) [4]. The significant increase in circulating hypoxanthine which is
associated with physical exertion [154], would most likely be an important
contributing factor to the increased level of urate observed (both in plasma and red
cells), by providing the substrate for XO/XD. The subsequent decrease in red cell
urate level (usually within 24 hours) could be attributed to continued oxidation of the

urate (to form allantoin) by the residual levels of circulating oxidants post-exertion.

Baseline levels of antioxidant enzymes may also be increased with more prolonged
or repeated in vivo exposure to mild-moderate oxidative stress, a process termed
‘adaptation’. For example, rats exposed to daily bouts of restraint stress show
elevated baseline red cell catalase and glutathione peroxidase activity [155]. The red
cells from smokers (smoking induces oxidative stress [156, 157]) have higher
catalase [158], superoxide and GPx activity [159] than red cells from nonsmokers.
The increased antioxidant levels may allow individuals to better tolerate mild-
moderate oxidative stress, although the increased level of antioxidant defenses are
often not enough to completely inhibit oxidative damage. An
‘overcompensating’/protective adaptive response is suggested to be the mechanism
behind “body hardening”, defined by Siems et. al. (1994) [160] as “exposure to a
natural, e.g., thermal stimulus, resulting in an increased tolerance to stress e.g.
diseases”. The amount of oxidative stress induced by the stimulus would be such so
as to not induce any significant oxidative damage, yet enough to stimulate an
antioxidant response. An example of hardening is that induced by exposure to
repeated intensive short-term cold stimuli, which increases oxidant production [8,
160] — this is often applied in hydrotherapy. Siems et. al. showed that the baseline
concentration of reduced GSH was increased and the concentration of oxidized GSH
was decreased in the red cells of subjects who swim regularly in ice-cold water
during the winter (winter swimming) as compared to those of nonwinter swimmers
[160]. Ischaemic preconditioning would be another example of oxidant-stimulated
hardening which protects against subsequent severe ischaemia-reperfusion oxidant-

induced damage [161].

Relevant to the current study is that all the horses sampled in the current study,
unlike the other mammalian animals sampled, were ‘professional’ athletes, and
therefore extremely fit individuals. Regular controlled physical exercise/training,
unlike strenuous/exhaustive exercise, may also induce ‘body hardening’. Increases in
baseline antioxidant defenses are evident in the blood and/or muscle cells in humans
[114, 162-164] and animals, including horses that undergo fitness training [165-170],

and an increased level of fithess is universally accepted to have beneficial effects in
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terms of general health. It is therefore possible that high, stable levels of red urate
found in these horses, which had not taken part in any racing event for at least 1
month prior to sampling, reflects an adaptive/hardening response in antioxidant
defenses, via an increased level of baseline XO/XD activity in these fit individuals
compared with the sedentary animals sampled. This could be the basis of future

investigations.

Notably, red cell urate levels in the 20 athlete horses of the current study were
significantly higher (P = 0.0023) than pre-race levels in another 20 horses previously

sampled by Harley and coworkers (unpublished work [5], as shown in figure 20).
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The only difference between the horses from the previous study, and the horses of
the current study was that the latter were ‘elite’-athletes (highly trained and
competing race/endurance horses, awaiting exportation after having been sold for
high prices). It is possible that the elite-athlete horses from the current study had a
higher mean red cell urate level because they had a higher level of red cell XO/XD

activity, perhaps induced by their special fitness regime.

Despite the very high red cell urate levels in some of the elite athletes, the variance
was large, with some of these horses having almost undetectable levels of red cell
urate. Since they were all being housed in the same quarantine facility, with the
identical diet, such environmental contributing factors could be excluded. Genetic
factors were considered. Horses are a species that seem to show much
heterogeneity in the transport of substances across their red cell membranes, for
example, as mentioned earlier, in amino acid transport. Relevant here is the report by
Jarvis et. al. (1998) that horses show significant heterogeneity in the inward transport
of hypoxanthine into their red cells, with 15% of Thoroughbred horses tested (n=25)
failing to transport hypoxanthine [26]. This could be a reason why some of the elite-
athlete horses had no detectable urate in their red cells. It is also possible that

transport of urate out of the red cell may also show individual variation. Alternatively,
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heterogeneity in protein levels of red cell XO/XD may exist. Kirschvink et. al. (2006)
evaluated blood oxidant/antioxidant status in thoroughbreds, standardbreds and
jumping horses and concluded that breed, gender and age were all influencing
factors [171]. Red cell urate levels in the Arabian-Crossbred versus the
Thoroughbred horses were thus compared in order to determine what influence, if
any, horse breed had on the variability seen (Fig 21), but levels of red cell urate

between these two breeds were not significantly different.
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In order to determine if red cells with higher levels of urate were more resistant to
H.O,-lysis, the red cells from horses with varying levels of urate were exposed in
vitro to H,O,- and AAPH-induced oxidative stress - no correlation was found between
urate level and resistance to lysis (data not shown). However, an unexpected and
striking difference in red cell susceptibility to lysis was found between the Arabian-
Crossbred and Thoroughbred horses, with the red cells from the Arabian-Crossbred
horses being much more resistant to H,O.,- and AAPH-induced lysis than the red

cells from the Thoroughbred horses (Fig 22).

Notably, the Thoroughbred horses were all trained for sprinting events (racehorses),
whilst all the Arabian-Crossbred horses were endurance-trained athletes - this seems
to fit in with the study by Kinnunen et al. (2005) reporting that, compared with trotters,
endurance-trained horses had higher baseline activity of some red cell antioxidant
enzymes and higher baseline total antioxidant capacity. These investigators reported
that, unlike the trotters, the endurance horses did not show evidence of increased
oxidative stress after exhaustive exertion, although they had higher baseline levels of
oxidative stress compared with the trotters [172]. Marlin et. al. (2002) also found
endurance horses to exhibit much lower signs of oxidative stress and oxidative
damage than anticipated after a prolonged bout of exhaustive exercise [115]. It is
possible that endurance training induces a greater adaptive antioxidant response
than the training used for racehorses. However, since endurance-trained horses are

most often Arabian-Crossbred horses, it remains an interesting question as to which
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factor is a greater influence in the resistance of this group of horses to episodes of

acute oxidative stress: genetics or training mode?
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Figure 22. Red cell suspensions (1% Hct) from four Thoroughbred (black, purple, green, dark blue) and
four Arabian-Crossbred horses (red, pink, orange, light blue) were exposed to 50mM H,O, (in PBS, at
37°C), and the supernatants evaluated for haemolysis after (A) 1 minute, (B) 1 hour and (C) 20 hours.
(D) Suspensions of the red cells from two of these Throroughbred horses and one of the Arabian-
Crossbred horses were also incubated with 20mM AAPH, and the supernatants evaluated after 1 hour.

(E) Total triton-X-induced haemolysis of a suspension of red cells from each of the eight horses.

Next, a literature search was performed, and two reports found to support the idea
that human red cells must have significant levels of XO/XD protein. Kaynar et. al
(2005) investigated red cell XO/XD activity (!!), in addition to the activities of various
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known red cell antioxidant enzymes, in healthy human subjects versus lung cancer
patients. They reported that, in addition to having elevated red cell catalase activity,
the red cells of the cancer patients had significantly increased XO/XD activity
compared with the red cells of the healthy subjects, which had very low but
nevertheless measurable XO/XD activity [173]. Since red cells cannot synthesize
new proteins, the increased activity of red cell XO/XD seen in these patients implies
that much inactive XO/XD protein is present in healthy human red cells - surprisingly,
these investigators made no reference to Al-Khalidi’'s conclusions, and to the fact that

their results challenged the dogma.

The other report supporting the presence of XO/XD in human red cells is by Tavazzi
et. al (2000) [174]. These investigators exposed a suspension of washed, catalase-
inhibited (1mM NaN3;) human red cells (5% Hct) to increasing concentrations of H,O,
(0-10mM, in phosphate buffer with 10mM glucose). They found an H,O,-
concentration-dependent decrease in ATP, accompanied by an increase in IMP (see
below), inosine, hypoxanthine, as well as xanthine and urate!! Again, surprisingly,
these investigators made no mention of the fact that red cells do not supposedly
have the machinery to make xanthine and urate from hypoxanthine, but their results
indicate that horses are not unigue amongst mammals in having the potential to

produce urate within their red cells.

The above-mentioned report by Tavazzi et. al. highlights the possibility that red cell
XO/XD may also be activated by a single exposure to in vitro or in vivo oxidative
stress (such as with an exhaustive bout of exercise). However, on attempting to
replicate the Tavazzi experiment (for this thesis), despite finding an H,O,-
concentration-dependent increase in hypoxanthine and decrease in ATP level, no
urate or xanthine became detectable, even at the highest H,O, concentration. An
opportunity then arose to examine the red blood cells of rats being forced to undergo
exhaustive physical exertion. None of the rats however showed any red cell urate
production at any of the various time points evaluated after the stressor (data not
shown). These findings point rather that XO/XD activity in red cells may only increase
detectably on repeated or chronic exposure to oxidative stress (an adaptive-type
response). It is hypothesized that red cell basal XO/XD activity in the blood donor in
Tavazzi’s study might have been greater than in the red cells from the donors used in
the current study (fitter individuals, or smokers possibly used in the Tavazzi study?).
Tavazzi et. al. subsequently found that, whereas AMP deaminase (see Fig 2,
Literature Review and Background Work) from other mammalian cells is

paradoxically always inactivated by exposure to H,O,, that the AMP deaminase from
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red cells is activated by exposure to H,O, [175], explaining how xanthine and
hypoxanthine were formed in their earlier study. Therefore, under conditions of
oxidative stress, the benefit of providing substrate to produce urate in the red cell
under conditions of oxidative stress may be considerably greater than in other cell

types (see also Chapter 3).

(v) Eree tryptophan: inter- and intraspecies variation

On comparison of the reverse-phase HPLC profiles of the red cells from the various
mammalian species, as illustrated in figure 11 of section iii, further species-specific
differences in the size of three other peaks were observed. The identities of the LMW
substances responsible for these peaks were initially determined by their shared
characteristics with known substances present in the standards mix. Support for a
suspected identity was always provided by co-elution with a standard solution of that

substance.

Species differences in tryptophan levels were evident for both red cells and plasma.
A visibly higher level of free tryptophan was present in the red cells of some species
compared with humans. Tryptophan, as for tyrosine, is a phenolic, UV-absorbing
amino acid. As for tyrosine, although it has numerous well-described physiological
roles in nucleated cells, none of these roles are apparently present in the red cell.
Significantly however, although little mentioned in the literature, is that tryptophan
and its oxidative metabolites have also been shown to have in vitro antioxidant
activity [132, 176] (see Chapter 2); however, a physiological role in antioxidant

defense has not been suggested before.

In human red cells, the mean free tryptophan level was 7.5 + 1.6uM (Fig 23A).
Beutler's 2001 textbook value is given as 24 + 4uM [3], but this value is referenced
from publications dating from the 1950’s and 1960’s. Another report found that
tryptophan was observed only irregularly in whole blood and washed red cells [83].
Such discrepancy may be because different washing protocols for the red cells were
used, and as for tyrosine, tryptophan may be easily lost from the red cells in the wash
steps [83].

As for tyrosine, tryptophan levels in the red cells from many of the other species
evaluated were significantly higher compared with human levels, with horses and
buffalo having a 5-fold, and cows having a 7-fold higher red cell tryptophan level.
Notably, although tryptophan levels were in a much lower range than tyrosine levels,

levels of these two amino acids in the red cells seemed to follow a similar species
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distribution (compare with Fig 12A, section iii). In other words, the same animal
species that had high red cell tyrosine levels relative to humans also had elevated
red cell tryptophan relative to humans. Since tryptophan and tyrosine transport into
human red cells, occurs via both the L-system and the aromatic amino acid-specific
T-system [92, 177], heterogenous expression or activity level of these transport
systems amongst different species may be one explanation for the similar trend of

intra-erythrocytic levels of these two aromatic amino acids.
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Figure 23. Tryptophan concentrations in the (A) red cells and (B) respective plasmas from various
mammalian species, including humans. Horizontal bars indicate means. The Unpaired t test was used to
determine P values to compare tryptophan levels between species. The Paired t test was used to
determine P values when comparing plasma and red cell tryptophan levels within species.

However, in contrast with what was found for tyrosine, the mean plasma tryptophan
level (Fig 23B) was at least equivalent or higher than the respective mean red cell
level for each species, (except for cows and buffalo, see below). The mean plasma
tryptophan level in humans was 56.2 + 18.7uM (which compares well with a previous
report of 45 + 9uM [83]). Horses and particularly rats had the highest plasma
tryptophan levels. The elevated plasma levels in these animals may be due to dietary
factors - for example, horse diets are often supplemented with tryptophan because of
its calmative properties [178], and this has been shown to increase plasma
tryptophan levels [179]. However, despite the high plasma tryptophan levels, rats had
red cell tryptophan levels similar to human levels. Therefore mean E:P tryptophan
ratios (as for tyrosine) varied significantly between species. Most interestingly,
whereas levels in the red of this essential amino acid cell were generally lower than
the respective plasma level, this was not the case for cows and buffalo. In these two
related species, red cell tryptophan levels were significantly greater than the plasma
levels (P < 0.0001).
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Surprisingly, red cell tryptophan levels in cows (Fig 24A) and buffalo (not shown), as
for humans (Fig 24B), correlated positively with plasma levels, with an E:P ratio of
1.4, 1.7 and 0.15 respectively. In contrast, red cell levels in horses (Fig 24C) and

sheep (Fig 24D) showed no correlation with plasma levels.
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Figure 24. Comparison of the tryptophan concentration within red cells and of plasma for (A) cows, (B)
humans, C) sheep and (D) horses. The Pearson test was used to determine statistical significance of

correlation, except in (D) where the Spearman r was determined.

Therefore, whereas in humans (and all the other non-bovid species evaluated,
particularly rats) there appears to be a relatively restricted entry of plasma tryptophan
into the red cells, the red cells from cows and buffalo seem to accumulate
tryptophan, analogous to the accumulation of tyrosine in the red cells of some other
species. This accumulation is plasma-level dependent. Such active uptake is likely to
utilize a significant amount of the red cell’s energy, implying an active role for the

elevated tryptophan (and tyrosine) levels in the red cell.

(vi) NAD(H) and NADP(H): inter- and intraspecies variation

In addition to the pronounced interspecies variability in red cell levels of urate

riboside, urate, tyrosine and tryptophan, levels of the major electron-transfer
substances NAD(H) (Fig 25A) and NADP(H) (Fig 25B) were also highly variable

between the different species although to a lesser extent, with the red cells from
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many of the species evaluated appearing to have much higher levels than seen in

human red cells.

It is necessary to note that, although these co-enzymes exist in vivo both in an
oxidized and reduced form, acid extraction of the red cell contents leads to complete
oxidation of all the NADH and NADPH. Therefore, although only NAD* and NADP*
(oxidized forms) are present in the extracts, as represented by figures 25A and B,
these represent the total NAD(H) and NADP(H) present in the red cells of the various

species respectively.
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Figure 25. (A) NAD" and (B) NADP" concentrations in the red cells from various mammalian species,

including humans. Horizontal bars indicate means.

Surprisingly little comparative data is available on levels of NAD(H), and even less on
NADP(H) within red cells. In this study, the mean level of NAD" in human red cells
was 94.2 + 2.6uM - this compares with a previous report by Harkness et. al. (1969) of
70uM NAD in human red cells [27], and another relatively more recent report by
Micheli et. al. (1993) of 50.8 + 7uM for combined reduced and oxidized NAD(H) in
human red cells [180]. The mean level of NAD" in sheep red cells was almost 4-fold
greater than in human red cells, with similarly high levels in rats and naked molerats.
Our finding that both rats and sheep have higher mean levels of NAD(H) than the
other species, being 345uM and 383uM respectively, is in accordance with another
published report comparing levels in the red cells of rats and sheep with those from
horses, rabbits and guinea pigs using a spectrophotometric assay [181]. The only
other report found to compare NAD levels amongst various mammals was the study
by Harkness et. al. in 1969 using low resolution chromatography [27]. Although these
investigators did not measure levels in sheep or rats, they found similarly high levels

in dolphins as found for sheep in the current study. Whereas the red cells from rats
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clearly had higher concentrations of NAD(H) than was present in the human red
cells, rat and human fibroblasts did not show such a difference in NAD(H) levels

(HPLC profiles not shown).

Although red cell extract levels of NADP" also varied between species, the difference
in mean level of NADP* between the species with the lowest (buffalo) and the highest
(naked molerat) level was only 2.5-fold, this being much less than the variation for
NAD® which was almost 8-fold. No other reports comparing NADP(H) levels in
different animals were found. The NADP* and NAD" levels clearly did not correlate.
As expected, no NAD* or NADP"* was present in the plasma extracts (see Fig 11,

section iii).

New molecules of both NAD* and NADP* can be synthesized through a salvage
pathway in the red cell, whereby NAD" is enzymatically synthesized from nicotinic
acid and PPRP. After attachment of AMP, glutamine provides an amino group for
completion of the synthesis of NAD". Enzymatic phosphorylation of NAD* by ATP
then forms NADP™[1]. Large oral doses of nicotinic acid have been shown to promote
an increase in NAD" (but not NADP™) concentration in human red cells [182], so it is
at least theoretically possible that differences in NAD(H) levels within the red cells of
different species may reflect differences in dietary nicotinic acid intake; this would
however not explain the large intraspecies difference found in NAD(H) level in sheep
red cells since they all came from the same herd. Notably, tryptophan is a precursor
molecule for nicotinic acid, and rats had particularly high plasma tryptophan levels
(presumably diet-related) (see Fig 23B, section v). Rats may thus have large
amounts of nicotinic acid formed in their plasma. On the other hand, plasma
tryptophan levels were relatively low in sheep, and thus are unlikely to explain the
elevated NAD(H) in this species. Alternatively the differences in interspecies
differences in NADH level may be genetic, having been induced by different species
requirements of this important antioxidant within the red cell. The much more
consistent levels of NADP(H) amongst mammalian species, and the fact that
changes in NAD" production do not influence NADP* production may reflect that

maintenance of NADP(H) levels within a narrower range is more crucial to survival.

(vii) Inter- as well as intraspecies variability in _red cell LMW substances at a

spectrophotometric glance

A simple and rapid spectrophotometric diode array scan (absorbance spectrum

220nm-350nm) of red cell acid extracts provides a concise visual illustration of the

Chapter 1: Results and Discussion -60 -



more striking differences evident in the red cell extracts of some mammalian species
(Fig 26).

Urate riboside absorption Figure 26. (A) Characteristic absorption

maxima is 298nm
A A profile of diode array scans of the red cell
acid extracts of human (black), cow (green)
buffalo (red) and horse (blue). The dashed

blue line is the extract from a horse that was

ATP absorption
maxima is 260nm

shown on HPLC to have a large

concentration of both urate and tyrosine

Absorbance

. S— (horse C in Fig 9). Maximum absorption for
urate riboside is 297-298nm, whilst that for

. urate is 293nm. A nanodrop (Qiagen) was
T T T T 1
225 250 275 300 325 350 used, pathlength = 1mm.

(B) Diode array scans of standard solutions
of tyrosine (dashed), urate (solid) and ATP
_ (dotted) (100uM each in phosphate buffer,
a pH 7.4). Note that due to the significantly
lower extinction coefficient of tyrosine
compared with urate, ATP and many other

LMW substances, that even large amounts of

Absorbance

tyrosine in an extract may at first glance be
significantly underestimated when observing
HPLC profiles at 260/280nm and most other

T T T T T
225 250 275 300 325 350 wavelengths.
nm

The fact that the spectrophotometric diode array pattern of red cell extracts varies so
significantly between some animals may enable this method to provide a forensic tool

for an initial rapid determination of whether blood is of human origin or not.

Possibly even more useful is that a single absorbance reading of cow and buffalo red
cell extracts measured at 298nm correlates significantly with the respective urate
riboside HPLC peak area (measured at 280nm) (Fig 27A), since urate riboside
completely dominates the HPLC profile at this wavelength. Smith et. al. (1981)
quantified urate riboside in cow red cells by extrapolation from a spectrophotometric

reading [84], and this same method was used in the current study.

Similarly, in the current study it was further shown that single absorbance readings of

horse red cell extracts at 293nm correlate significantly with the respective urate
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HPLC peak areas (measured at 280nm) (Fig 27B). Tyrosine level could not however

be determined using a single spectrophotometric reading.
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Figure 27. Comparison of a single absorbance reading versus HPLC peak area (measured at 280nm)
for (A) urate riboside (single reading at 298nm), and (B) urate (single reading at 293nm). A nanodrop
(Qiagen) was used, pathlength = 1mm. The Goodness of Fit test was used to determine linear

regression.

Thus a single spectrophotometric reading, as opposed to HPLC, may be used as a
simpler, more rapid and cost-effective method to determine levels of some of these
substances in acid extracts. This may be particularly useful if levels of these

substances are found to be useful biomarkers of oxidative stress.
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(E) SUMMARY

Using ion-exchange HPLC, interspecies differences in the variety and levels of UV-
absorbing LMW substances within red cells have previously been reported to exist.
For example, many mammalian species have significantly lower levels of red cell
ATP compared with humans. However the identities of some unretained substances
responsible for large early-eluting peaks seen on ion-exchange HPLC of red cell
extracts from some species were never determined. In order to begin to clarify some
of these evolutionary differences, a combination of anion-exchange and reverse-
phase HPLC was used to determine the identity of the LMW substances accounting
for some of the species-specific variability in red cell profiles. Levels of these
substances in the red cells and plasma of the various mammalian species were

determined, and are summarized in table 2 below.

Compared with levels in human red cells, high levels of tyrosine were found in the
red cells not just of the Perissodactyla Order, as was anticipated, but also in various
other mammalian Orders (Carnivora and some Artiodactyla). In the red cells of the
same species, levels of tryptophan were also significantly higher than for humans.
Urate riboside was the prominent peak in the red cells from cows and buffalo and
seems to be specific to the Bovinae Subfamily. Its absence in both the plasma and
fibroblasts from these animals indicates that its formation is likely to be limited to their
red cells. The red cells from sheep, rats and naked molerats had particularly high
levels of NAD(H) (which is not present in plasma) relative to the red cells from the
other species, whereas NADP(H) showed less interspecies variation. The red cells
from horses were particularly interesting; in addition to having high levels of tyrosine,
horses were the only mammalian species (other than humans) to have urate in their
red cells, with extraordinarily high levels (800uM) found in the red cells of some
horses. Unlike for humans where red cell urate may be explained by the high urate
levels, plasma levels of urate in horses were negligible (as expected), and could not
therefore account for the high levels of red cell urate in this species. Similarly, plasma
levels of tyrosine were very similar and low across all mammalian species, and could
not account for the very high levels of tyrosine found in the red cells of some species.
In cows and buffalo, red cell levels of tryptophan were also higher than plasma
levels. Therefore, it may be concluded that the red cells of these mammalian species

must be actively accumulating such LMW substances.
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Table 2. The mean levels of various soluble antioxidants found in the red cells/plasma (where

applicable) from various mammalian species relative to levels in human red cells (set as the 100%

control), as determined from the reverse-phase HPLC profiles. In brackets are the actual concentrations

(uM) of these substances. Where levels are greater than that present in human red cells/plasma, these

are highlighted in blue. Urate riboside is not included because it is undetectable in all species other than

Bovinae.
Tyrosine | Tryptophan Urate NAD(H) NADP(H)
Human (25) 100/100 100/100 100/100 100 100
(68/60) (8/50) (118/238) (94) (85)
Horse (20) 410%95 470/136 153°/1 86 111
(279%/57) (38/68) (181/2) (81) (94)
White rhinoceros (1) | 14857112 757/98 0/17 36 49
(10107/67) (61/49) (0/40) (34) (42)
Sheep (6) 150/143 100/75 0/1 407 61
(102/86) (8/38) (0/2) (383) (52)
Cow (24) #183 720/76 1/9 163 94
(*150) (58/38) (1/21) (153) (80)
Buffalo (6) #1a8 477142 1/9 56 56
(*129) (38/21) (1/21) (53) (48)
Rat (3) 56/189 80/216 6/15 367 75
(38/113) (6/108) (7/36) (345) (64)
Naked molerat (2) 0/118 13/60 2/13 404 147
(0171) (1/30) (2/31) (380) (125)
Rabbit (1) 63/115 88/77 0/2 241 110
(43/69) (7/39) (0/5) (227) (94)
Dog (3) 153/102 135/112 0/8 221 64
(104/61) (11/56) (0/19) (208) (54)
Cat (3) 537/75 324/91 0/5 181 96
(365/45) (26/46) (0/12) (170) (82)

Note: * Because of the skewed data, these values significantly underestimate the very high levels

present in some horses.
" This value in 8 black rhinoceros was 778.8uM, and 1145% that for humans [2].

# Unable to determine this value from the HPLC profiles (see Results and Discussion, section iii).
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Whereas evolutionary adaptations are likely to explain most of these interspecies
differences in red cell LMW substances, the accumulation of large amounts of urate
in the red cells of horses is thought to reflect an inducible biochemical pathway of
urate production which may be common to the red cells of many, or even possibly all
mammals - it is proposed that mammalian red cells have inactive XO/XD enzyme,
which may become activated, and even upregulated under certain conditions,
including regular physical exertion as in the case of the athlete horses sampled for

this study.

The unexpectedly large degree of intraspecies variation in red cell levels of some of
these substances, particularly of tyrosine and urate in horses, and urate riboside in
cow/buffalo reflects significant intraspecies genetic heterogeneity for the ability to

accumulate these substances in the red cells from these species.
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CHAPTER 2

Investigating a role for free tyrosine and tryptophan in
endogenous antioxidant defense

(A) INTRODUCTION

In Chapter 1, some of the differences in the variety and level of red cell UV-
absorbant, low molecular weight (LMW) substances amongst mammalian species
were clarified and quantified. High levels of free tyrosine and tryptophan, as well as
NAD(H), NADP(H), urate and urate riboside were shown to be accumulating in the
red cells of some species. It is logical that red cells would only make use of their
limited energy supplies to synthesize/accumulate such substances if this served a
useful physiological role. Urate and NADH both have well-established antioxidant
functions, although an antioxidant role for urate within red cells has never been
suggested. Urate riboside, a LMW substance unique to the red cells of some bovids
(see Chapter 1, Background Work and Literature Review), has been shown to have

similar in vitro antioxidant properties to urate [36-38].

Specifically within the mature, anucleate mammalian red cell, elevated levels of
tyrosine and tryptophan would not be required for protein synthesis. Although these
amino acids also serve as precursor molecules for acetyl-CoA and various other
specialized biomolecules such as melanin, epinephrine, thyroxin, and serotonin
[183], neither the Krebs cycle nor any of the other specialized biochemical pathways
are represented in the mature red cell. Could the significant accumulation of free
tyrosine and tryptophan in the red cells of some mammalian species be
revealing/illuminating an unsuspected role for these LMW substances in antioxidant

defense?
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(B) LITERATURE REVIEW

Reduction-oxidation (redox) reactions occur continuously as part of an O -rich (21%)
environment for both biotic and abiotic processes, for example the (abiotic) rusting
process. Although O, is poorly reactive with most biological molecules, oxidation
reactions do nevertheless occur in biological organisms, thought probably to involve
the presence of transition metal ions. The more reactive superoxide (O,'") free
radical is produced, which will then further accelerate the oxidation process [8]. The
simplest defense to limit such non-specific oxidation reactions is to reduce O,
concentration within the organism. In complex organisms such as mammals, the
circulating red blood cells safely deliver a minimum intracorporeal amount of O, to

the peripheral tissues by regulating its release from haemoglobin (Hb) as required.

Many reactive species (RS), including reactive oxygen species (ROS) such as O,
reactive nitrogen species (RNS) and reactive chlorine species (RCS) are however
generated ‘deliberately’ under physiological conditions within cells. One of the largest
sources of RS in most nucleated animal cells is the respiratory chain in the
mitochondria that converts molecular O, to water. A few percent of O, molecules
continuously leak from the electron transport chain as O, which will then form
hydrogen peroxide (H,O,) enzymatically, or by spontaneous dismutation. This
process alone results in a substantial basal level of oxidants in vivo. Although the
mammalian red cell is spared from producing mitochondrial-derived O,"", a low
continuous flux of O,~ and hence H,0, is produced within the red cell via the auto-
oxidation of oxyhaemoglobin (oxyHb) to methaemoglobin (metHb) - approximately 3-

4% of the oxyHb is estimated to undergo auto-oxidation every day [184, 185].

Investigation of the physiological role played by H,O, and other RS in intracellular
signaling via redox reactions is a rapidly developing field [8, 186, 187]. The RNS,
nitric oxide (NO-), is synthesized within various cells by the NO- synthase enzymes
and has many important physiological roles [8]. The enzyme xanthine
oxidase/xanthine dehydrogenase (XO/XD) (see Chapter 1, Results and Discussion,
section iv) can produce O, , thought to play a role in defending the gastrointestinal
tract against pathogens [188]; XO/XD also produces NO- [189]. Phagocytic cells
produce large amounts of intracellular O,"~ via NADPH oxidase during the respiratory
burst, and this O, has been shown to be crucial in the eradication of certain
bacteria. Hypochlorous acid (HOCI) is produced in activated neutrophils by the heme
enzyme myeloperoxidase (MPQO) through chlorination of H,O, [109]. Although HOCI
is microbicidal and cytotoxic in vitro, its actual role in bacterial killing has been
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questioned [190]. RS such as H,O, and NO- produced within cells readily move
across membranes into the extracellular fluid and plasma [8, 191], and HOCI is
released into surrounding tissues during an inflammatory reaction. The O, radical
however does not readily cross biological membranes unless specific channels exist

[8], such as the anion channel of the red cell [192].

Although O,~ and H,O, themselves react relatively slowly with most biological
molecules, reaction of O, and H,O, with other molecules to form more highly
reactive RS leads to significant cellular damage. Such oxidative damage has been
implicated as a primary or at least contributing pathophysiological factor in a wide
range of disease processes [8]. For example, H,O, will react with unbound transition
metal ions, especially iron, manganese and copper ions via Fenton chemistry to form
the highly oxidising hydroxyl radical (OH*). The OH- radical reacts with a wide range
of molecules and will damage DNA, proteins and lipids. Carbon-centered radicals
may be formed (eg. in lipid membranes) on reaction with OH-. These carbon radicals
can then combine with O, to form peroxyl radicals, which themselves oxidize
adjacent lipids, thus initiating the propagation of lipid peroxidation [8]. Peroxyl radical
formation and peroxidation of proteins also occurs in vivo [193-195]. Similarly, the
reactivity of the physiologically important NO* molecule is greatly enhanced by its
rapid reaction with O, to form peroxynitrite (ONOQO"), which can lead to both the
oxidation and nitration of various susceptible biological molecules [196]. HOCI is a
highly reactive oxidizing and chlorinating species, and has been shown to be
involved in causing inflammation-associated cellular damage [109, 197]. Singlet
oxygen, formed on photosensitisation of some molecules which then transfer the
excitation energy to an adjacent O, molecule, can be highly damaging and plays a
large part in the aging process (especially in the skin and eye). It may also be
produced in activated neutrophils [8]. In addition to being formed endogenously,

various damaging RS may be also be derived exogenously (eg. oxidant drugs).

In order to survive an oxidizing environment, aerobic organisms have necessarily
evolved an array of antioxidant defense mechanisms. A “disturbance in the
prooxidant-antioxidant balance in favour of the former”, is the classic definition of
‘oxidative stress’ by Sies (1991) [198], and is most usually initiated by an increased
level of RS. Oxidative stress can eventually lead to oxidative damage, including cell
death, if adaptation by upregulation of the antioxidant defenses does not re-establish
the prooxidant-antioxidant balance. The new simplified definition of an antioxidant
according to Halliwell and Gutteridge (2007) [8], two names well-known in the field of

free radical research, is “any substance that delays, prevents or removes oxidative
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damage to a target molecule”. The term antioxidant defense thus encompasses

many different substances that all ultimately serve to limit oxidative damage.

Antioxidants may be classified in various ways [8], including whether they are
proteins or LMW antioxidants. The antioxidant proteins may perform their role
enzymatically or non-enzymatically. Proteins such as transferrin and ferritin act by
decreasing the formation of damaging RS; they sequester and thus minimise the
availability of pro-oxidant iron ions within plasma and nucleated cells respectively.

Other proteins such as albumin can act as antioxidants by scavenging various RS.

Three enzyme processes, namely superoxide dismutase (SOD), catalase and the
glutathione peroxidase (GPx)/reduced glutathione (GSH) system are responsible for
the catalytic removal of O,"~ and H,O,. The SOD family of enzymes is responsible for

removing O, by accelerating its dismutation to H,O,.

O+ 0y +2H" — H,0, + O,

The SOD enzymes are present in almost all eukaryotic cells [8]. Copper and zinc-
containing SOD is located mainly in the cytosol and is composed of two protein
subunits, each of which has one copper and one zinc ion at the active site.
Manganese-containing SOD (from higher organisms) is composed of four protein
subunits, and contains manganese at its active site. It is located largely in the
mitochondria. Both SODs are also present in the peroxisomes of cells [199]. The
selenium and manganese ions at the active sites of these SODs catalyse the

dismutation reaction by undergoing alternate oxidation and reduction [8].

Catalase and GPx then both function to remove the H,O, (GPx can also remove
organic peroxides [200]). Catalase is present in the cytoplasm, peroxisomes and
nucleus of eukaryotic cells [199]. Especially high levels of this enzyme are present in
liver and red blood cells [8]. Catalase contains four subunits, each of which has a
Fe(lll)-haem at its active site [201]. As shown in the reaction below, catalase donates
2 electrons to reduce one H,O, molecule and forming compound |, where the iron is
an Fe(lV) species with an additional electron having been removed from the
porphyrin ring to form a porphyrin-cation radical (haem**), and sometimes referred to
as "heme-Fe(V)=0 [9]. Compound | then receives 2 electrons from another H,O,
molecule to return to its ferric state (the H,O, is oxidized to water and oxygen in this
step) [8].
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catalase Fe(lll) + H, O, — compound | + H,O

compound | + H,O, — catalase Fe(lll) + H,O + O,

Net : 2H,0, — 2H,0 + O,

The catalytic rate of mammalian catalase activity is amongst the highest of the known
enzymatic rates [202]. Catalase activity is proportional to the H,O, concentration over
a wide range of the latter i.e. it is efficient at high H,O, concentrations, but slower at
destroying low concentrations of H,O,. Certainly catalase appears to be essential for
protection against higher levels of H,O, - acatalasemic red cells are very sensitive to
exogenous H,0, [203]. The finding that metHb levels in acatalasemic red cells from
both humans [203] and mice [204] are normal supports the proposal that catalase
has a limited role to play in unperturbed red cells. During exposure to lower
concentrations of H,O,, slower peroxidatic reactions of catalase are noticeable, and
the one-electron reduction of compound | can also form inactive catalase (compound
II). In this way, exposure to H,O, that is generated at a constant rate, catalase can
reach a steady state in which much of it is inactive. One role of bound NADPH may
be to help maintain enzyme activity by acting as a preferred electron donor to
compound | under conditions where H,O, supply is limited. NADPH may also

reconvert compound Il to active catalase [202].

The GPx family of enzymes is widely distributed in animal tissues, and is present in
all cellular compartments [199], with especially high levels present in liver and kidney
tissue. At least four types exist - cytosolic GPx (GPx1), is the classical enzyme, while
another type of GPx (GPx2) is present in the cells lining the gastrointestinal tract as
well as liver cells. GPx3 is present in plasma. GPx1-3 are each composed of four
protein subunits, each of which bear an atom of selenium (present as
selenocysteine) at the active site [8]. The GPx enzymes, unlike catalase, follow
Michaelis-Menten relationships and efficiently remove low concentrations of H,O,, as
well as organic peroxides, by coupling reduction of these RS with the oxidation of the
cofactor GSH to form GSSG [207]. It has been proposed that the primary
physiological role of GPx lies in its ability to detoxify organic peroxides [205, 208].

H,O, + 2GSH — GSSG + 2H,0
ROOH + 2GSH — ROH + GSSG + H,0
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The GSH cofactor, a tripeptide, is synthesized in the cytoplasm of all animal cells, the
liver being the most active organ [8]. High levels of GSH are present intracellularly
eg. 2mM in the red cells [1]. Catalase activity is also dependent on the reducing
potential of its attached reduced NADPH cofactor [209], which can provide the
required 2 electrons to compound | when H,O, levels are low, so as to limit formation
of the inactive compound Il [8]. Hence, maintenance of an adequate baseline level of
the reduced forms of the LMW cofactors GSH and NADPH via the hexose
monophosphate (HMP) shunt (see below) is crucial to the adequate functioning of
the 2 main H,O,-removal systems in cells. In the red cell (Fig 28), the continuous
removal of H,O, is particularly necessary because the auto-oxidation of OxyHb is
accelerated by H,O,, as well as by various other oxidants. Excessive MetHb
formation leads to reduced oxygen-carrying capacity, and haemoglobin denaturation,
precipitation and cell lysis may occur if red cells are exposed to sufficient oxidative
stress [210, 211].

Figure 28. Schematic representation of O,"- and H20O - neutralising pathways within the red cell. All
reactions, other than oxyhaemoglobin auto-oxidation and reduction, also occur in other cell types. The
source of Oz - and H2O in nucleated cells is mainly from the respiratory chain in the mitochondria.

(SOD=superoxide dismutase; CAT=catalase; GPx=glutathione peroxidase; GR=glutathione reductase;

MR=methaemoglobin reductase)

Oxidised NADP" is reduced back to NADPH via the HMP shunt (see also Fig 1,
Chapter 1). In turn, NADPH serves to provide the electrons for the reduction of

GSSG back to GSH by the enzyme glutathione reductase (GR). These cofactors are
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therefore continuously cycled between the oxidized and reduced forms without being
consumed. The balance (ratio) between the oxidised and reduced forms of these
substances is an important component of what is termed the redox state of cells
[212]. Under physiological conditions, most (up to 99%) of the cellular glutathione
exists in the reduced GSH form [8]. Similarly, the NADP*/NADPH ratio is
approximately 0.04 in human red cells [180] (and about 0.005 in other mammalian
tissues [213]). Regulation of glucose flux through the HMP shunt is dependent on the
availability of NADP* [1, 15], but is also inhibited by NADPH [214]. Any oxidant
substance/drug that oxidizes GSH, and hence increases the NADP*/NADPH ratio,
will stimulate the shunt. In the normal red cell, the rate of the HMP shunt can be

increased significantly by shunt activators [40], and by as much as forty-fold [215].

As shown in figure 28, NADH plays a vital role in the red cell as the main electron-
donating cofactor for the reduction of metHb back to Hb via methaemoglobin
reductase (MR), although NADPH can function as an alternative cofactor [216]. The
oxidised form, NAD", is reduced back to NADH via glycolysis. In contrast with the
NADP’/NADPH, the NAD'/NADH ratio in healthy mammalian tissue has been
reported to be around 1 [212]. However within red cells (human), the ratio is
approximately 27 [180]. Therefore in the red cell specifically, low levels of the
reduced form relative to the oxidized form are maintained, this however obviously
being sufficient to provide the electrons for the critical reduction of metHb, which is
maintained so as to account for only 1% of total Hb [217]. In fact, any surplus NADH
in the red cell is oxidised back to NAD" by the reduction of pyruvate to lactate, this

being the major product of glycolysis in red cells under normal circumstances [1].

Extracellular fluids including plasma contain little or no catalase activity. Only low
activities of SOD and GPx (the GPx3 form only) are present in plasma [218] and in
some extracellular tissues such as in seminal plasma [219, 220], the extracellular
tissues of the eye [8, 221] and the mucus linings of the respiratory and intestinal
tracts [8]. Therefore unlike within the intracellular environment, extracellular fluids
including plasma do not have significant O, - or H,O,- removing capacity. Levels of
GSH in plasma are also much lower than within cells, being only 2uM in human
plasma [222]. Higher levels (40-200uM) are however present in alveolar lining fluid
[8]. GSH, as for NADH and NADPH, can also donate electrons directly to various RS
[8, 223], for example HOCI [224] and ONOOQO" [225] in vitro. Therefore, in tissues
where GSH is present at high concentrations, direct scavenging of these RS is

feasible in vivo [8].
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Cells and extracellular fluids including plasma are also equipped with an array of
LMW antioxidant substances, many of these acting as ‘sacrificial agents’ by being
preferentially oxidised by RS to prevent damage to essential enzyme systems”
biomolecules. These LMW antioxidant substances are either synthesised in vivo (eg.
urate), or are derived from the diet (eg. vitamin C/ascorbate, which cannot be
synthesized by some vertebrates, including humans [226]). Besides its important role
as cofactor for numerous enzymes, and various other metabolic functions, in vitro
data suggests that ascorbate is likely to be providing significant in vivo LMW
antioxidant protection against various RS. Mammalian cells accumulate ascorbate
from the surrounding body fluids against a concentration gradient, with intracellular
levels reaching millimolar concentrations. Levels in plasma are relatively low (30-
90uM), but are higher in cerebrospinal fluid, aqueous humour of the eye, seminal
fluid, gastric and respiratory tissue fluids. Ascorbate is a powerful reducing
substance, reacting with most RS including the radicals formed from oxidation of
other antioxidants such as urate and a-tocopherol radicals. The one-electron
oxidation of ascorbate yields the semidehydroascorbate (SDA) radical (also known
as ascorbyl). This product is very non-reactive, this being the essence of ascorbate’s
antioxidant activity. Left to themselves, 2 ascorbyl molecules will undergo slow
disproportionation, regenerating some ascorbate and forming dehydroascorbate
(DHA).

2SDA — ascorbate + DHA

DHA is unstable and breaks down into a mixture of products. In healthy mammalian
tissues, the ascorbate/DHA ratio is high, and most cells possess enzymes that
convert DHA or SDA back to ascorbate at the expense of GSH or NADH [8]. In
addition, red cells (as well as neutrophils) take up plasma DHA and convert it back to

ascorbate [227](see also Chapter 3).

Vitamin E is believed to be one of the most important endogenous, lipophilic LMW
antioxidants. Yet, as for vitamin C, although much in vitro evidence of its antioxidant
activity exists, evidence for its antioxidant effect in healthy humans is limited [8].
Vitamin E is not a specific substance, but rather the term Vitamin E is a nutritional
term first used to refer to a fat-soluble ‘factor’, a dietary lack of which caused a
variety of specific symptoms in various animals. Vitamin E is now known to refer to
eight naturally-occurring substances that have such lipophylic anti-oxidant activity, o-
tocopherol being one of these substances. Blood tocopherol levels in healthy

humans are 20-35uM. Because a-tocopherol is fat soluble, it concentrates in the
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interior of cell membranes and in lipoproteins. The significant antioxidant activity of a-
tocopherol is by virtue of its ability to inhibit lipid peroxidation - it is able to scavenge
lipid peroxyl radicals before they have a chance to react with the adjacent fatty acid
side chain. Alpha-tocopherol is capable of reacting with a second peroxyl radical,
producing a non-radical product. Various LMW antioxidants (including GSH) are
known to be able to reduce the a-tocopherol radical back to a-tocopherol in vitro,
with ascorbate-dependent recycling thought to be the most important in vivo. Singlet

oxygen is also quenched by a-tocopherol [8].

Urate, traditionally considered to be a metabolically inert end-product of purine
metabolism, is believed to provide potent antioxidant protection, particularly at the
very high levels present in human plasma (mean of 350uM) (see also Chapter 1,
Results and Discussion, section iv). The concentration of urate in human plasma is
several-fold higher than that of the other recognized LMW antioxidant substances
present in plasma, namely ascorbate and a-tocopherol [39, 228]. In humans, urate is
also present intracellularly [8], including within red cells (approximately 120uM), and
in various other body fluids such as saliva (100-200uM) [229], and respiratory tract
lining fluids (90-250uM) [230].

Urate can act as an antioxidant by binding iron and copper ions [231], and also by
directly scavenging many different RS in vitro. It reacts with ozone [232], ONOO
[233, 234], HOCI [235], singlet oxygen and peroxyl radicals [39]. Urate has also been
found to stabilise ascorbate in biological fluids, without itself being consumed. This
stabilizing effect appears to be due to an inhibition of iron-catalyzed oxidation of
ascorbate due to iron chelation by urate [236]. Urate is able to protect red cell
membrane ghosts from lipid peroxidation [39], and cell culture experiments have
been used to show urate’s ability to protect other cells against various RS such as
ozone [237, 238]. In isolated organ preparations, urate protects against reperfusion
damage induced by activated granulocytes, cells known to produce a variety of
radicals and oxidants. There is now evidence for such processes not only in vitro and
in isolated organs, but also in the human lung in vivo [239-241], a site of direct
exposure to many exogenous RS, and which has relatively high urate levels. Infusion
of urate was also found to have neuroprotective effects in some animal models [142,
143], and infusion of urate into humans during severe physical exertion leads to a
smaller rise in markers of oxidative damage [242]. In the process, urate radicals may
be formed that are themselves capable of oxidizing other molecules [8]. Ascorbate is
able to reduce these radicals [243]. Otherwise urate is converted to innocuous
products such as allantoin. Allantoin, as well as oxonic/oxaluric and parabanic acids
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and other unidentified products, are also formed when urate reacts with H,O, plus Hb
(or hemin) [235] (see also Chapter 3, Literature Review). An increased concentration
of allantoin has been observed in the body fluids from patients with various chronic
conditions known to be associated with oxidative stress, such as rheumatoid arthritis
[244], chronic renal failure [245] and diabetes [246], as well as after acute exhaustive
exertion [104, 105] and after short-term whole body exposure to extreme cold [160],

this taken as evidence that urate does indeed react with RS in vivo.

Many other LMW substances have been shown in vitro to have antioxidant activity
against various RS, but their contribution to antioxidant defense in vivo is still

unconfirmed (eg. bilirubin, ergothioneine [8])

Measures of the antioxidant capacity of biological samples can either focus on
determining levels of individual antioxidants (eg Vitamin C content), or alternatively
can act to provide an estimation of the total antioxidant capacity (TAC) of the sample.
The latter approach attempts to ‘summarise’ the activity of all antioxidants present in
the sample into a single value. Various ‘TAC assays’ exist, for example the ‘oxygen
radical absorbance capacity’ (ORAC) and the ‘total radical trapping antioxidant
parameter (TRAP) assays. Such TAC assays and have been used to evaluate and
compare the antioxidant capacity of a range of pharmacological compounds, foods,
beverages [247, 248] and also biological samples such as plasma and seminal
plasma. A change (usually a decrease) in plasma TAC in individuals over time, or
between healthy controls and diseased individuals, is often used in clinical studies as
an indirect measure of the association of oxidative stress with the event or disease

process, or of response to antioxidant therapy [8, 249].

The contribution of a putative antioxidant to the sample’s TAC can also be
determined, this being calculated from its concentration in the sample and its TAC
value (determined using a standard solution of the substance). In this way, urate has
been found to be a major contributor to the TAC of human plasma with several of the
TAC assays [8]. Important to note, however, is that by virtue of the different chemistry
behind these assays (in particular different oxidants), and because the time-course
over which they are conducted is different (see Results and Discussion), the various
assays to measure TAC contributions often do not always give the same results
[249]. Using the TRAP assay, for example, the major contributors to the TAC of
human plasma were found to be protein (10-50%), urate (35-65%), ascorbate (up to
24%) and vitamin E (5-10%) [250]. Using the ORAC assay on total/whole (ORACy)

and protein-precipitated (ORAC_yw) human plasma samples, it has been shown that
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the precipitated fraction (which would include proteins as well as lipoproteins and
their associated lipophilic antioxidants) account for 85-90% of the ORAC+ value of
human plasma against peroxyl radicals [116, 251]. Another study showed that the
lipophilic components of plasma account for 28-33% of this value [252]). Hence,
certainly if using the ORAC assay and the interest is in LMW antioxidant molecules,
proteins in plasma samples should first be precipitated, allowing determination of the
TAC of just the LMW components of the sample (TAC.uww) in order to prevent

‘masking’ of the LMW substance’s antioxidant value by the proteins.

In human plasma the sum of the TAC contributions from the known plasma
antioxidants is less than the TAC of plasma i.e. there are as yet ‘unidentified’
antioxidant components. This could reflect synergy between antioxidants such that
they work better in combination than individually. This could also reflect a contribution
from unsuspected LMW antioxidant substances to the TAC_uw of plasma [8]. Various
pieces of scientific evidence exist that together seem to provide sufficient grounds for
the proposal that endogenous levels of free tyrosine and/or tryptophan may be
playing a yet insufficiently appreciated antioxidant role. This evidence is presented

next.

Most tyrosine molecules in biological tissues are present as residues within proteins.
These tyrosine residues are targets for redox reactions. Much attention has therefore
focused on the reactions of protein-bound tyrosine residues with various RS.
Although reaction with these protein residues often eliminates the initiating RS to
form more stable, non-reactive products (see below), these reactions are generally
unfavourable because the protein is usually damaged and marked for degradation
[253-255].

In vitro experiments show that free tyrosine is a target for most of the same RS that
attack protein-bound tyrosine including singlet oxygen [256], ONOO" [257] and HOCI
[109]. As for protein-bound tyrosine residues, the oxidation of free tyrosine leads to
various end-products, depending on the RS. For example, exposure of free or
protein-bound tyrosine to singlet O, forms tyrosine peroxides [256] which can be
removed by GSH and ascorbate and the GPx/GSH enzyme system (although the
latter cannot remove protein-bound peroxides, consistent with substrate size being a
key factor) [258]. Exposure to most other RS leads to the formation of free or protein-
bound tyrosyl radicals. Free and protein-bound tyrosyl radicals may be reduced back
to tyrosine by various reducing substances such as GSH, ascorbate, urate, and also

free tyrosine [259-264]. Alternatively, tyrosyl radicals may dimerise to form dityrosine
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via the ortho-ortho cross-linkage of two tyrosyl radicals [265] (Fig 29). Dityrosine is
also formed when tyrosine reacts with H,O, plus a non-specific peroxidase (for
example horseradish peroxidase [265] or Hb [4, 254]) — see also Chapter 3.
Dityrosine is a very stable end-product [6], and will therefore not take part in further

oxidation reactions.

HO NH, HO NH,

o OH fe] OH
RS or RS or
peroxidase/H,0, peroxidase/H,0,

HO NH, HO NM,
free tyrosyl

4 o radicals J o

dimerisation
HO. HO o
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Figure 29. Free tyrosyl radical and dityrosine formation via the oxidation of free tyrosine by various RS,

or the peroxidase/H,O; antioxidant system (adapted from DiMarco et. al. (2007) [6]).

When dityrosine crosslinks form between protein-bound tyrosyl radicals, this can lead
to protein unfolding and eventual degradation. However, Moosmann et. al. (2000)
have suggested that tyrosine and tryptophan residue-enriched peptides representing
stretches from the transmembrane domains of integral membrane proteins serve to
protect cells from oxidative destruction, with these amino acids acting as ‘sacrificial’
residues [176]. The distributional pattern of such tyrosine and tryptophan-enriched
peptides seems to constitute a general principle of membrane protein architecture,
being found in many diverse classes of membrane proteins independent of their
primary function, and they do not seem to be a requirement for membrane protein
stability or correct insertion. Moosmann et. al. suggested that oxidized tyrosine and
tryptophan residues could then be reduced by various electron-donating LMW

substances. They also suggested that this may explain the high vulnerability of low-
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protein, neuronal membranes to oxidative stress, as is seen in neurodegenerative
disorders [176].

Free tyrosine may, as for these membrane bound tyrosine residues, play a role in
antioxidant defense as a ‘sacrificial’ amino acid by being preferentially targeted by
RS. Phenolic ring-containing substances are known to have antioxidant potential
[266], and various phenolic compounds, including tyrosine, have more recently been
investigated for their antioxidant properties against ONOO™ and as potential
therapeutic drugs to limit oxidative damage occurring in inflammatory conditions. Van
Dyke et. al. (2007) showed that free tyrosine in micromolar amounts had significant in

vitro antioxidant activity against this physiological RS [196].

The possibility that endogenous free tyrosine may be playing an important
antioxidant role in vivo is supported by the study of van Overveld et al. (2000), which
investigated the antioxidant activity of seminal plasma [66]. Reactive species are
produced within this fluid which bathes spermatozoa. The presence of RS in seminal
plasma is important for a number of spermatozoal functions [267]. However,
spermatozoa are also particularly susceptible to oxidative stress because their
constituent lipids are rich in polyunsaturated fatty-acid side-chains [219]. The large
variety and high levels of antioxidant defenses present in this fluid are therefore
crucial to maintaining a well-controlled prooxidant/antioxidant balance. The SOD and
GPx enzymes are present, as are iron-binding proteins (lactoferrin and transferrin).
High levels of urate (235uM) and ascorbate (568uM), and lower levels of hypotaurine
(35uM) present in seminal plasma have each been suggested to contribute to the
LMW antioxidant defense [8, 268, 269]. Van Overveld et al [66] found deproteinised
human seminal plasma to have an unusual, slow but continuous antioxidant activity
using the ‘trolox equivalent antioxidant capacity’ (TEAC) assay, this being one of the
established TAC assays. Using the same assay, they also evaluated the various
putative LMW antioxidant substances (urate, ascorbate, tocopherol and hypotaurine).
They included tyrosine since it is present at such high levels in spermatic fluid
(2116uM [65]). They found free tyrosine to have powerful antioxidant activity, and to
have the same TEAC curve as that for seminal plasma, whereas urate for example
showed immediate and complete radical-trapping ability. They concluded that,
compared with all the other substances evaluated, tyrosine was the most important
antioxidant contributor to seminal plasma TAC using the TEAC assay. They
suggested for the first time that a high level of free tyrosine in seminal plasma is

providing important antioxidant protection [66].
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As compared with seminal plasma, levels of free tyrosine in other tissues are
relatively low, being approximately 60uM in plasma. This level is however not very
different to levels of the antioxidants ascorbate and a-tocopherol in blood. Yet free
tyrosine has not previously been considered to be an important naturally occurring
antioxidant. It is worth considering that even if levels of free tyrosine are insufficient
to prevent oxidative damage to other biomolecules, the preferential cross-linking of a
protein-bound tyrosyl radical with a free tyrosyl radical formed in close proximity,
rather than with another tyrosyl residue in the same protein, could limit protein
damage/unfolding. Finally, it is noteworthy that patients with phenylketonuria, an
autosomal recessive disease causing reduced tyrosine formation, show signs of
increased levels of oxidative stress, and a deficient capacity to handle an increased
level of RS [270].

As in the case of tyrosine, free tryptophan is never included in the textbooks as being
a physiologically relevant antioxidant. Many of the same RS that attack tyrosine are
also reactive with tryptophan, both protein-bound and free amino acid forms [256,
258, 271, 272]. Oxidative modification of protein-bound tryptophan, as for tyrosine
residues, can be very detrimental. For example, oxidation of tryptophan and tyrosine
residues of the SOD enzyme protein results in impaired enzyme activity [271]. As for
tyrosine there is a small body of scientific evidence to indicate that free tryptophan,
and/or its oxidative metabolites (Fig 30) do have antioxidant activity. Cadenas et. al
(1989) showed that 5-hydroxytryptophan (5-OH-Tryp), the precursor to serotonin,
was able to protect microsomal lipids from peroxidation [273]. Christen et. al (1990)
investigated the possibility of a physiological role for free tryptophan and its oxidative
metabolites as inducible antioxidants in lung tissue. They showed that low
micromolar concentrations of hydroxylated tryptophan metabolites (but not their
corresponding nonhydroxylated precursors) were able to scavenge peroxyl radicals
with higher efficiency than equimolar amounts of either ascorbate or Trolox. They
suggested that the 100-fold induction of indoleamine 2,3-dioxygenase (IDO) seen in
mice suffering from acute viral pneumonia (IDO being the first enzyme in the catalytic
formation of kynurenine oxidative metabolites from tryptophan), represents a local
antioxidant defense in such inflammatory diseases (Notably, XO was also
significantly induced in the lungs of these mice) [132]. Such an upregulation of IDO
occurs in various tissues in response to infections and other pathological conditions,

and has also been suggested to contribute to scavenging of RS [8].
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Figure 30. Part of the tryptophan oxidative metabolic pathway (adapted from
Streete et. al. (2004) [7]).

A significant rate of synthesis of tryptophan oxidative metabolites (particularly 3-
hydroxykynurenine glucoside) occurs in the human lens [274, 275]. These UV filter
compounds are poor photosensitizers and protect the lens against light of
wavelength 300-400 nm (UVA) [276]. The possibility that some of these tryptophan
oxidative metabolites may also be providing antioxidant protection in the human lens
has been suggested [277]. Notably, Truscott and co-workers reported a decreased
level of free tryptophan metabolites in cataract lenses compared with normal lenses,
despite a higher tryptophan and normal kynurenine concentration in the cataract
lenses. This appears to be due to a defect in one of the steps that converts
kynurenine to 3-hydroxykynurenine glucoside [7]. Such an impairment may be a
predisposing factor to cataract formation since evidence of oxidative stress and

damage are detectable in cataract lenses [7, 278-280].

Although the enzyme IDO, which can be induced in many cell types by interferon-
gamma [281], is not likely to be present in plasma or in red cells [1], tryptophan can
also undergo non-enzymatic oxidative modification, as indicated by Halliwell et. al
(2007) (Fig 31). Reaction of tryptophan with various RS forms N-formylkynurenine.
Ring-hydroxylated products such as 5-OH-tryptophan may also be formed [8]. This
implies that tryptophan oxidative metabolites may be formed non-enzymatically in

plasma and red cells in the presence of oxidative stress.
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Figure 31. Oxidative modifications of tryptophan [8].

In conclusion, it is therefore possible that free tyrosine and tryptophan (and/or its
metabolites) may have antioxidant activity by serving as ‘sacrificial’ LMW substances,
and may be contributing to the residual TAC yw of plasma. The TAC_uw of red cell
contents has not previously been reported, and the potential LMW antioxidant
contributors have not been determined. The high levels of tyrosine in the red cells of
some mammalian species, the high levels of urate found in the red cells of some
horses, and the accumulation of tryptophan and urate riboside in bovid red cells as
reported in Chapter 1, may each be contributing significantly to the LMW antioxidant

capacity of these red cells.

(C) AIMS

To (i) compare the oxygen-radical absorbance capacity (ORAC) value of tyrosine,
tryptophan, and urate, (ii) to determine the ORAC value of acid-extracts of red cells
and plasma from humans, horses and bovines, and (iii) to determine the antioxidant

contribution of the above LMW substances to the ORAC values of these extracts .
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(D) MATERIALS & METHODS

(i) Samples
Thirty micromolar solutions of commercially available LMW substances were made in

10mM potassium phosphate buffer (pH 7.4) (tyrosine, urate, xanthine, hypoxanthine,
taurine and phenylalanine from Sigma, USA; NADH from Boehringer Mannheim, W.
Germany; tryptophan from Hopkin & Wiliams Ltd, UK.). Diode array
spectrophotometry was performed to confirm identity and concentration of solutions
made. Aliquots of these solutions were frozen at -80°C, and thawed immediately prior
to use in the assay. Some of the aliquots of frozen red cell and plasma acid-extracts
from humans, horses, cows and buffalo that were made for HPLC analysis (as
described in Chapter 1) were thawed and used for the ORAC assay in order to
determine the ORAC value of the LMW substances (ORAC_uw) for the red cells and
plasma of each species. Prior et. al. (2003) showed that use of perchloric acid was

best of the options tested to remove proteins for determination of ORAC yw [252].

(ii) The oxygen-radical absorbance capacity (ORAC) assay

This fluorometric, kinetic assay quantitates the ORAC value of antioxidant
substances over time and to completion. The ORAC assay was first developed by
Cao et. al. (1993) [251]. They used p-phycoerythrin as the target - this was
subsequently shown to be very unstable, and the improved ORAC developed by Ou
et. al. (2001) used fluorescein (FL) as the target/probe [282]. Blackhurst et. al. (2007)
further modified the assay [283]. In the current study the latter method was used, with

some further minor modifications.

The ORAC assay was performed on a top-reading fluorescence spectrophotometer
(Varian, Australia), in white, flat-bottomed, 96-well microplates (Greiner Bio-One,
USA) at ambient temperature. The excitation and emission wavelengths were 485
and 520 nm respectively. Each 300ul reaction was performed in duplicate (in
consecutive wells) and allowed to proceed at ambient temperature. The final
reactions contained:

50ul of phosphate buffer, pH 7.4 (12.5 mM)

100l of fluorescein (31.9nM)@

50ul of the sample®™ or trolox standard®

100u! of AAPH (110pM)@
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The following control reactions were also included in each assay:

300yl buffer alone (background fluorescence)

200ul buffer plus 100ul fluorescein (no free radicals)

@ Fluorescein (FL) is a stable molecule which is susceptible to oxidative degradation
by peroxyl radicals. A stock-1 solution (1.196mM) of FL (Sigma-Aldrich, USA) was
made in buffer (stable indefinitely when stored at 4°C). A stock-2 solution (5.98uM) of
FL in buffer was made from this every 2 months (stored at 4°C). A working solution

(95.7nM) of FL in buffer was made from stock-2 on the day of the assay.

®) This consisted of either thawed 30uM solutions of the commercially-available LMW
substances, or thawed red cell (or plasma) acid-extracts which were 1 in 17 (or 1 in

12) dilutions of the actual red cell water (or plasma) (see Chapter 1).

© Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) represents a
water-soluble form of tocopherol and serves as the antioxidant standard in the ORAC
assay. A stock-1 solution (100mM) of Trolox (Sigma-Aldrich, USA) was made in
absolute ethanol. A stock-2 solution (200uM) of Trolox in cold buffer was made, and
aliquots frozen at -20°C. An aliquot was thawed on the day of the assay, serial
dilutions (200uM -1.37uM) were made in cold buffer and used immediately. A control
(OuM Trolox) reaction was always performed by adding 50ul buffer instead of Trolox

to the reaction.

@ AAPH  (2,2-azobis(2-amidinopropane)  dihydrochloride)  decomposes
spontaneously at 37°C in aqueous solution to release a constant flux of peroxyl free
radicals [8]. A working solution (330uM) of AAPH (Sigma-Aldrich, USA) was always
made in pre-warmed buffer (37°C) immediately before addition to each well, as this
has previously been reported to improve reproducibility of the assay [252]. AAPH
was always added last to the well to initiate the reaction. Some investigators use a
temperature-controllable fluorescence plate reader, and maintain the reaction

temperature at 37°C.

All reaction constituents were added to each well, except for AAPH, and the plate
was shaken for 10 seconds. Before reconstituting the AAPH, ‘time O’ fluorescence
readings of the two control reactions were made. The AAPH was added to the
appropriate wells, the plate shaken for 10 seconds, and fluorescence measurements

made and recorded (Cary Eclipse software, Australia) at 2 min, 5 min and then every
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5 min thereafter until 20 min, then every 10 min until 60min, and then every 15 min
until all reactions had reached baseline (zero) fluorescence. The decrease in

fluorescence over time reflects the oxidative degradation of FL.

Graphpad Prism Statistical Software Version 4.01 (2004) was used to convert the
data into an average fluorescence/time plot/curve for each duplicated reaction (Fig
32), determine the area-under-curve (AUC) for each reaction, and perform the

subsequent analyses.
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Figure 32. Time-dependent fluorescence decay of fluorescein after the addition of AAPH in the
presence of serial dilutions of Trolox antioxidant, and control reactions and a typical sample (black line).
The red striped area represents the background AUC; the grey area would be the samples corrected
AUC.

A Trolox standard curve (AUC versus Trolox concentration) was produced for each
assay (Fig 33), and the AUC for each sample extrapolated to a Trolox concentration.
The ORAC value of each sample is thus measured as umol Trolox equivalents
(TE)/litre sample. The definition of one ORAC unit is the protection provided by a

1uM Trolox solution [251].
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Where the samples were acid extracts of red cells or plasma, the ORAC value of the
extract was multiplied by a further factor of 17 or 12 respectively, these being the

dilution factors of the biological samples (see Chapter 1, Materials and Methods).

(iii) Statistical considerations

Unless otherwise indicated, data are presented as mean + SD. Linear regression
was determined using the Goodness of Fit test. When comparing means, the
Unpaired t test was used to determine statistical significance, unless the data was
skewed, in which case the Mann Whitney test was used. The Paired t test was used
when comparing plasma and red cell levels within the same species, except where
the data was skewed, in which case the Wilcoxon signed rank test was used. The
Pearson test was used to determine statistical significance of correlation, unless the
data was skewed in which case the Spearman r was determined. A P value < 0.05
was considered statistically significant. The intra-assay and inter-assay coefficients of
variation (CV) for the ORAC assay were 17% and 4.5% respectively, using urate as
the quality control solution. It was noted that well position in the 96-well plate
significantly and consistently contributed to the large intra-assay CV. Ou et. al. (2001)
also noted this effect and performed their duplicate reactions in a “forward-then-
reverse” order to correct possible errors due to signal drift associated with different
positions of the same sample [282]. A large intra-assay variation was also shown by
Prior et. al. - they determined this to be caused by a number of factors, and a lower
CV could be obtained using 48-well plates, and when excitation/emission could be
set from the bottom of the plate [252].
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(E) RESULTS AND DISCUSSION

Many different assays exist to measure TAC [249]. These assays vary in terms of the
pro-oxidant and target/probe used, as well as how the measurement is made (fixed
time point versus assays that allow reactions to reach completion). The ORAC assay
is one such well-established assay to measure TAC. It quantifies antioxidant
scavenging activity of a substance/sample against the peroxyl radicals released by
thermal decomposition of water-soluble AAPH, by measuring the protection it gives
to the target or probe (namely FL) from oxidation. The protective effect of an
antioxidant substance or sample is determined relative to the antioxidant activity of
the known antioxidant Trolox, a water-soluble from of tocopherol [282], and given as

umoles TE/litre.

When Cao et. al. first reported developing the ORAC assay, they measured the
ORAC values of urate and vitamin C, two well established endogenous antioxidants
present at high levels in human plasma [251]. However since then, investigations
have focused more on using TAC assays such as the ORAC assay to evaluate the
antioxidant capacity of food, beverages and potential therapeutic drugs, rather than
on evaluating the antioxidant activities of baseline levels of LMW substances, and
their contributions to the antioxidant capacity of biological tissues. In Chapter 1 the
detection of unusually high levels of urate and tyrosine in the red cells of horses
relative to man, and the accumulation of tryptophan in the red cells of cows and
buffalo was reported. In order to determine if these LMW substances may have
antioxidant ability, the ORAC values of equimolar solutions (30uM) of tyrosine and
tryptophan, as well as urate and various other LMW substances known to be present

in red cells and/or plasma were determined.

Examination of the fluorescence curves for each LMW substance revealed not only
differences in AUC, but also very different kinetic profiles for the various substances
(Fig 34). TAC assays that are designed to determine antioxidant capacity at a fixed
time point (eg. the TEAC assay) would give very different results for the same
substance, depending on the time point at which the measurement is taken. One of
the advantages of assays like the ORAC assay that measure an AUC for reactions
which are allowed to run to completion (i.e. back to baseline), is that this solves many

of the problems associated with kinetics and lag-time effects [251].
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Figure 34. Time-dependent fluorescence decay of fluorescein after the addition of AAPH in the
presence of 30uM solutions of urate, tyrosine, tryptophan, xanthine, NADH, or 12.5uM Trolox as

standard, or no antioxidant.

Figure 34 shows that reactions containing Trolox or urate have very similar FL
degradation profiles. Urate and Trolox have the same high rate of reaction with the
water-soluble peroxyl radicals formed from AAPH - after an initial plateau region,
indicating complete FL protection, the fluorescence decreased rapidly and at a rate
similar to that found in the control (no antioxidant), indicating complete oxidation of
the urate/Trolox. These profiles are identical to that illustrated by Cao et. al. (1993)
for urate and Trolox [251]. The extent of the plateau for a substance is related to its
concentration in the reaction (see Fig 32). Although an equimolar solution of NADH
showed a shorter plateau than for urate, the rate of FL-degradation after the plateau
phase was slightly slower than for urate and Trolox, being identical to that in the

control.

Tyrosine showed a significantly lower affinity for the peroxyl radicals than Trolox and
urate. Instead of a plateau region, tyrosine seems rather to be providing partial,
continuous protection to FL. This same slow radical trapping curve was shown by
van Overveld for tyrosine (and seminal plasma) using the TEAC assay, and
suggested to be important in maintaining a careful balance between pro-oxidants and
antioxidants for adequate spermatozoal function [66] (see also Literature Review). A
similarly slow, fluorescence-degradation profile was evident for reactions containing
an equimolar amount of xanthine, although the protection was less than that provided

by tyrosine.
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Reactions containing tryptophan showed a strikingly different protective profile. There
was an extended plateau-type phase, well beyond that for equimolar concentrations
of urate. This plateau tended to drop off very slowly, up till a point where no further
antioxidant protection was evident. Therefore tryptophan was more efficient to limit

oxidation of FL (see below).

The ORAC value for each of the LMW substances was then determined from the
respective AUC (Fig 35).
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Figure 35. The mean (and SD) ORAC values of equimolar (30uM) solutions of some LMW substances.

Results represent 4-7 replicates (performed on different days) for each substance.

A 30uM solution of urate was determined to have an ORAC value of 29umoles
TE/litre, indicating that the antioxidant capacity of urate to protect FL against peroxyl
radicals is just slightly less than an equimolar amount of Trolox. Extrapolated, one
ORAC unit (which by definition equals 1uM Trolox) equals 1.05uM urate. This result
is in agreement with the findings of Cao et. al. (1993) who found that one ORAC unit
equals 1.08uM urate [251]. Such extrapolations are possible since linear correlations
between ORAC value and concentration of antioxidants tested have been shown
[251, 284]. Quantitatively then, urate and Trolox must donate almost the same

number of electrons, and at similar rates, to peroxyl radicals.

Although tyrosine clearly reacts at a slower rate than urate or Trolox with peroxyl
radicals (Fig 34 above), its AUC shows it to have a greater (almost 2-fold) ORAC

value than either of these antioxidants. A possible explanation is that whereas each
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urate molecule may be donating 1 electron, forming stable and mildly oxidizing urate
radicals, that 2 tyrosine molecules may donate 3 electrons via a disproportionation
reaction between two tyrosine radicals (see Literature Review). Despite tyrosine’s
greater ORAC value compared with urate, the very different kinetics between
tyrosine and urate should nevertheless be kept in mind — levels of antioxidants are
likely to be continuously renewed in vivo, and urate would be a more
powerful/complete antioxidant than tyrosine against peroxyl radicals because of its

greater rate of reaction (or higher affinity for) with these radicals.

Tryptophan had an extraordinarily high ORAC value, this being almost 5-fold greater
than the ORAC of the known antioxidant urate, the 30uM tryptophan solution having
an ORAC value of 119umol TE/litre. This reveals a complex antioxidant capacity for
tryptophan, probably via the non-enzymatic, peroxyl-mediated formation of
tryptophan oxidative metabolites (see Literature Review). Halliwell et. al. (2007)
indicate that tryptophan can undergo non-enzymatic oxidative modification by RS to
form these products, which have significant antioxidant activity as shown by Christen
et al. (1990) and Cadenas et. al (1989), [132, 273]. An equimolar solution of
tryptophan is therefore clearly able to donate many more electrons to peroxyl radicals

than either urate or tyrosine.

As expected, the hypoxanthine and phenylalanine (included as ‘negative controls’)
solutions both showed no ORAC activity. The ORAC value for the 30uM NADH
solution was 18umol TE/litre, NADH being an important intracellular reducing agent
and able to donate electrons directly to peroxyl radicals [8]. Although suggested by
some to have antioxidant activity [70-73, 285], taurine showed no antioxidant activity
against peroxyl radicals in the ORAC assay - this is in accordance with Auroma et. al.
(1988) who showed that unlike hypotaurine, taurine does not react rapidly with
H,0,, Oy, OH-, or HOCI [74]. Unexpectedly, xanthine, which has not previously
been evaluated as an antioxidant, had an ORAC value a little greater than that of
NADH. Based on this data, both tyrosine and tryptophan, neither previously
considered to have significant antioxidant activity, have greater antioxidant activity
against peroxyl radicals than urate, with the relative peroxyl radical absorbing
capacity of 1uM Trolox, urate, tryptophan and tyrosine being 1, 0.97, 4 and 1.5
respectively. The relative peroxyl radical absorbing capacity of 1uM NADH and

xanthine were 0.67 and 0.6 respectively.

In order to determine the contribution of tyrosine, tryptophan and urate to the LMW

component of red cell and plasma TAC, the ORAC assay was performed on
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perchloric acid-extracts of red cell and plasma samples from humans (n=5 and n=4
respectively), horses (n=12), cows (n=4) and buffalo (n=6). Only deproteinised
samples were evaluated firstly because it has been shown that proteins account for
85-90% of the ORAC value of whole/total human plasma against peroxyl radicals
[116, 251]. Hence, certainly if using the ORAC assay and the interest is in LMW
antioxidant molecules, proteins in plasma samples should first be precipitated,
allowing determination of the ORAC yw of the sample (ORAC ww) in order to prevent
‘masking’ by the proteins. In addition, an ORAC value for total red cell contents

cannot be determined, since hemoglobin quenches fluorescence [286].

In comparison with the plasma extracts from the different mammalian species (Fig 36
A), which all followed very similar kinetics (albeit surprisingly, considering the high
urate in human plasma), the fluorescence curves in reactions containing red cells

extracts (Fig 36 B) were unique for each species.
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Figure 36. Time-dependent fluorescence decay of FL after the addition of AAPH in the presence of (A)
plasma extracts, and (B) red cell extracts from humans, cows, buffalo and horses, illustrating the very
different ORAC kinetics profiles for the red cell extracts from different mammalian species. Note that
some profiles may start at different fluorescence intensities because the reactions were not all
performed in the same run — this would however be taken into account when extrapolating the TE value

from the respective Trolox standard curve performed with every run.

The curve for horse red cell extracts was reminiscent of the slow continuous radical-
trapping ability of a tyrosine solution. The curves for human, cow and buffalo red cells
each showed similar kinetics, although the AUC for buffalo and cows was clearly
much larger than that for humans. The red cell LMW contents from cows in particular
provided prolonged, complete protection to FL (as does urate) until a point where the

FL degradation followed a more ‘tryptophan-type’ pattern.

Chapter 2: Results and Discussion -90 -



The ORAC_ uw value for each acid-extract was then determined (Fig 37 and Table 3).
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Figure 37. Box and whisker plots of the ORAC values of deproteinised red cell (empty boxes) and
plasma (grey boxes) extracts from four mammalian species: humans (n=5), horses (n=12), cows (n=4)
and buffalo (n=6). The Mann Whitney test for non-parametric data was used to determine P values
between horses and humans where data was skewed, whilst the Unpaired t test was used otherwise.
The Paired t test was used to determine P values when comparing plasma and red cell tyrosine levels,

except for horses where the Wilcoxon signed rank test was used.

Table 3. The mean (+ SD) ORAC values for red cell and plasma extracts from four mammalian species.

Plasma ORAC uw Red blood cell ORAC, uw
(umol TE/litre plasma) (umol TE/litre red cell water)
Human (n=5) 1032 + 106 623 + 207
Horse (n=12) 873 + 115 2631 + 948
Cow (n=4) 782 + 148 3419 + 694
Buffalo (n=6) 693 + 95 1633 + 305

The ORAC_ ww of human plasma was 1032 + 106umol TE/litre plasma. This is similar
to that previously reported by Prior et. al. (2003) [252]. Human plasma ORAC yw was
significantly higher (P < 0.023) than that from all three other species evaluated - this
is in agreement with Ninfali et. al. (1998), the only other report comparing plasma
TAC from different species, including cows and horses with that found in humans
[116]. These investigators suggested this to be due to the presence of significant

levels of urate in human plasma.
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The ORAC value for red cells has not previously been reported. Whereas in humans,
red cell ORAC ww values were significantly lower than plasma ORAC ww values (P =
0.0197), for each of the other three species the relationship was reversed, with red
cell ORAC_ uw values being significantly higher than the respective plasma ORAC uw
values (P < 0.0029). The ORAC_uw values of human red cells were also significantly
lower than that of red cells from the other three species (P < 0.0012) — it is interesting
to speculate why the red cell’'s LMW antioxidant capacity would have evolved to be
so much higher than the respective plasma LMW antioxidant capacity (although not

for humans) (see also Chapter 3).

The large intra-species variation in red cell ORAC_ yw for horses and bovids was
reminiscent of the large intra-species variation in tyrosine and urate levels amongst
horses, and urate riboside levels amongst bovids, as reported in Chapter 1, and is
similarly intriguing as it implies significant differences in antioxidant defense amongst

individual.

It should be noted that the original ORAC assay, and as used in this study, is
performed in aqueous solution. Therefore it measures the hydrophilic antioxidant
activity, whilst lipophilic antioxidants have been found not to contribute to this value
[282]. This may be because most of these antioxidants tend to be precipitated out
with the plasma lipoproteins during the acid extraction step. The ORAC assay has
been adapted by Prior et. al. (2003) to measure lipophilic and hydrophilic
components separately (with hexane extraction of the lipophilic antioxidants), and
using the same peroxyl radical generator for both components [252]. The total
ORAC_ yw Vvalues indicated in table 3 above may be predicted to be about 30%

greater if the lipophilic LMW antioxidant component was included [249].

The antioxidant contributions provided by tyrosine, tryptophan, urate and urate
riboside to the LMW component of red cell and plasma TAC were then determined
(Fig 38). The antioxidant activities of 0.97, 4 and 1.5 umoles TE/litre as determined
above for every 1umole of urate, tryptophan and tyrosine respectively present in red

cell water or plasma was used to determine this contribution.
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Figure 38. Stacked bar graphs of the contribution of tryptophan, tyrosine, urate and urate riboside to the
ORAC_ww of red cells and plasma from a number of individual humans, horses, cows and buffalo. The

red cell and plasma samples from the same individual are always aligned.

From figure 38, it is clear that there was no correlation between red cell and plasma

ORAC_ uw within each species.

Although urate did contribute significantly (17-29%) to human plasma ORAC yw,
urate levels did not correlate with the plasma ORAC_ ww. The only other study found
to report on urate contribution using the ORAC assay (n=4) showed a 16%

contribution to, and also no significant correlation with, plasma ORAC_ yw [116]. The
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contribution from tyrosine to plasma ORAC_ww in humans was 8-10%. The

contribution from tryptophan was as much as that from urate, being 16-29%.

Red cell urate concentration on the other hand was found to correlate significantly
with the respective red cell ORAC yw Vvalue in humans (P = 0.0125), and contributed
between 11-17% of the LMW antioxidant activity against peroxyl radicals. Tyrosine
contributed between 12-23%, and tryptophan between 3-5%. Unlike urate levels,
levels of these two amino acids in the human red cells did not correlate with the
ORAC_ mw values.

In horses, the high levels of tryptophan present in horse plasma samples, and most-
likely diet-induced (see Chapter 1, Results and Discussion, section v), were found to
be a large component of the plasma ORAC, uw, contributing 26-38% of the LMW
antioxidant capacity against peroxyl radicals. Tryptophan concentration also

correlated significantly with plasma ORAC uw (P = 0.0112).

In horse red cells, it was the tyrosine concentration, rather, which correlated
significantly with the highly variable red cell ORAC ww values (P = 0.0002) (Fig 39 A).
Tyrosine contributed between 10-24% of the ORAC_ww value. Although urate
contributed a large component of the ORAC yw in some horses (up to 30%), other
horses had no red cell urate, and urate levels did not correlate with red cell
ORAC_ yw- However, when the contribution from urate was added to the contribution
from tyrosine for each horse, the correlation with red cell ORAC mw value was
improved over that with the correlation with tyrosine contribution alone (P < 0.0001)
(Fig 39 B).
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Figure 39. Comparison of the horse red cell ORAC.ww value and (A) horse red cell tyrosine
concentration, and (B) combined ORAC uw contribution from red cell tyrosine and urate in horse red

cells. The Spearman test was used to determine statistical significance of correlation.
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In horse red cells, tryptophan contributed only 4-10% of the ORAC.uw. The
contribution from tyrosine, tryptophan and urate in the horse red cells combined
accounted for 19-47% of the red cell ORAC_ uw.

Despite the finding in Chapter 1 of an accumulation of tryptophan in the red cells
from cows and buffalo, this being higher than in any of the other species evaluated,
tryptophan was found to contribute only about 4-7% of the ORAC_ ww in cow red cells,
and in buffalo the contribution from tryptophan was only slightly more, being 7-10%.
This may be attributed to the fact that urate riboside must be contributing an
overwhelmingly large amount to the ORAC uw of the red cells from these two
species. Although the antioxidant contribution of urate riboside to the red cell
ORAC_ yw could not be determined directly, urate riboside concentration correlated
with red cell ORAC.uw (Fig 40 A). Based on the linear regressions for cow and
buffalo separately, as depicted in figures 40 B and C, a residual red cell ORAC yw
value of 750 and 900 umoles TE/litre was determined for cows and buffalo
respectively (at x-axis = 0). In this way the contribution of urate riboside to red cell
ORAC_ mw was thus determined to range from 57-73% in cows, and 18-45% in
buffalo. The unlikely but small possibility that levels of another one, or more
antioxidants are also correlated with these widely ranging red cell ORAC_ yw values,

cannot however be excluded.
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In red cells, high levels of reduced glutathione (GSH) are present (>2mM), and this
antioxidant is likely to be contributing significantly to the residual ORAC ww in the red
cells. Vitamin C has an ORAC of about 0.52 umol TE/litre according to Cao et. al.
(1993) [251]. Therefore in humans, the known levels of Vitamin C [3, 218] would add
only about 10umol and 25-100 umol TE/litre to the determined ORAC_ ww of red cell
water and plasma respectively. Although reduced NADH does have ORAC activity
(Fig 35 above), all the NADH in the red cells would have been converted to NAD"
during the extraction process, and hence would not contribute to the red cell extract
ORAC values. If kept in the reduced form, its contribution would be about 30, 50, 60
and 90umol TE/litre red cell water in buffalo, horses, humans and cows respectively.
Other unsuspected antioxidants may also be contributing to the residual ORAC yw,
as well as possible synergy between antioxidants (for example, the ability of

ascorbate to reduce urate radicals, see Literature Review).

What is the biological significance of the ORAC value in assessing antioxidant
ability? No single TAC assay or other measure of antioxidant capacity can be
considered as a “total antioxidant capacity assay”. In a biological system, whereas an
antioxidant may be particularly reactive with a specific antioxidant, it may be less
efficient in scavenging a different RS. The ORAC assay assesses antioxidant
capacity against peroxyl radicals; further assessment of the antioxidant capacity of
tyrosine and tryptophan against other oxidants, such as the OH- or O, radicals, and
ideally in a more complete biological system (for example cell-based in vitro assays)
is required to generate an “antioxidant profile” and establish their antioxidant roles.
The ORAC assay is however considered to be one of the most representative of the
TAC assays of what may be occurring in the biological setting. The ORAC reaction
proceeds as a classic hydrogen atom transfer (HAT) mechanism, rather than as a
single electron transfer (SET) mechanism, as occurs in the TEAC and FRAP assays.
Many scientists feel that the HAT reactions are most relevant to human biology. The
AAPH provides a controllable source of organic peroxyl radicals, which is the
predominant radical occurring in lipid oxidation in biological systems. Oxidation of
proteins by the OH* radical and other reactive species is also proposed to occur in
vivo to form protein peroxyl radicals [194, 195]. Therefore, the ORAC assay, unlike
many of the other TAC assays, uses an oxidant that is clinically relevant to measure

antioxidant activity [247].
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(F) SUMMARY

Both tyrosine and tryptophan have significant antioxidant activity against water
soluble peroxyl radicals, as measured using the ORAC assay. The radical
scavenging capacity of 1uM Trolox, urate, tryptophan and tyrosine is 1, 0.97, 4 and
1.5 respectively. The antioxidant contribution of physiological levels of tyrosine and
tryptophan and urate ribosdie to the ORAC_ yw of plasma and red cells of some
mammalian species is similar or greater to the contribution by urate, and in some
instances correlations of these with red cell ORAC_ ww activity were demonstrable,
e.g. for urate riboside in cows, and for combined urate plus tyrosine in horses. In
conclusion, these results provide evidence to suggest that these free intra-
erythrocytic amino acids have effective in vivo antioxidant activity, and that their
contribution to endogenous LMW antioxidant defense mechanisms s
underestimated, particularly in mammalian species found to accumulate high levels

of these substances in their red cells.

Chapter 2: Summary -97 -



CHAPTER 3

Unsuspected antioxidant strategies of mammalian red
cells

(A) INTRODUCTION

Most of the enzymatic and non-enzymatic antioxidant capacity of whole blood is
located within the red cells, both because it has high levels of these established
antioxidants, and because it is the most abundant cell type in blood. In Chapter 2 it
was demonstrated that the red cells from cows, buffalo and horses (although not
humans) have significantly greater LMW antioxidant activity against peroxyl radicals
(analogous with hydroxyl radicals) than the respective plasma. It was also shown that
the high levels of tyrosine, tryptophan, urate and urate riboside present in the red
cells of some mammalian species (as reported in Chapter 1) are likely to be playing a
physiological part in such antioxidant activity, as well as in neutralising a variety of
other biologically-relevant reactive species. But why do red cells require such an
extensive antioxidant capacity, and what might the advantages be for the
accumulation of these other putative LMW antioxidants specifically within the red

cells?
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(B) LITERATURE REVIEW

Compared with other tissues, a relatively low rate of superoxide (O,*") and hence
hydrogen peroxide (H;O;) production occurs within the mature mammalian red cell
[287]. Having no nucleus or subcellular organelles, O, " production in the red cell is
thought to arise exclusively from the auto-oxidation of ferrous Fe(ll) oxyhaemoglobin
(oxyHDb) i.e. every so often a molecule of oxyHb releases O,"", leaving behind ferric
Fe(lll) methaemoglobin (metHb) [8] (Fig. 41). It has been estimated that about 3% of
the oxyHb present in human red cells undergoes such oxidation every day [288] (4%
in mice red cells [289]). MetHb, which is unable to bind oxygen, is continuously
converted back to ferrous haemoglobin by the NADH(NADPH)-dependent
methemoglobin reductase enzyme (ascorbate can also reduce metHb back to ferrous
Hb, but only at millimolar levels [290, 291]). Normally, the amount of metHb present
in human red cells is approximately 1% of total Hb [289, 292]. The high level of
copper-zinc superoxide dismutase (CuZnSOD) present in red cells [8] rapidly
catalyses the dismutation of two molecules of O, to form one H,O, molecule. This
maintains very low intra-erythrocytic levels of O, ", calculated to be 1.9 x 10" M in
human red cells [287], and 5 x 10™"® M in mice red cells [289]. This value is 300 times

smaller than that calculated for liver [287].

H,0,

SOD
02l

OxyHb Fe(ll) «aurraranrnnnnnnss » MetHb Fe(lll)

Deoblflzb Fe(II)\—/

MetHb reductase

Figure 41. Auto-oxidation of oxyhaemoglobin.
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H,O, itself can accelerate the two-electron oxidation of oxyHb to form the Fe(IV) Hb
species, ferrylhaemoglobin (ferrylHb) (Fig 42). FerrylHb is only an intermediate

species.

FerrylHb Fe(IV)

oxyHb Fe(“) IIIIIIIIII* MetHb Fe("l)

Ne.
DeoxyHb Fe(ll)

MetHb reductase

Figure 42. Reactions of oxyhaemoglobin, ferrylhaemoglobin and methaemoglobin with H,O, (as

reviewed and proposed by Nagababu et. al. (2004) [9]).

Nagababu et. al. reported that the subsequent reaction of H,O, with ferrylHb to form
Fe(lll) metHb occurs via the one-electron oxidation of H,O,. A O, radical is
concurrently produced within the haem pocket, and leads to the formation of
fluorescent heme degradation products, as well as reforming an H,O, molecule [293-
295].

H,O, also rapidly oxidizes metHb to yield oxoferrylhaemoglobin (oxoferrylHb).
OxoferrylHb is two oxidizing equivalents above metHb - it is an Fe(lV) Hb species

that has an additional electron removed from globin to produce a protein-bound
radical, and referred to as "HbFe(IV)=0 [9]. FerrylHb and oxoferrylHb, both being

Fe(lV) Hb species, have identical absorbance profiles on spectrophotometry [293].
As for the reaction of H,O, with other haem-containing proteins (eg. myoglobin,
catalase, peroxidase enzymes), formation and dissipation of the free radical in
oxoferrylHb has been found to proceed via a complex series of transfer and
transformation steps [296, 297]. Many similarities exist particularly between Hb and
myoglobin oxidation reactions - with both, the formation of protein-bound tyrosyl
radicals seems to be involved [261, 288, 296, 298, 299].
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In the red cell, oxidation of Hb by H,O, leads not only to loss of oxygen carrying
capacity, but both the ferryl iron and the protein-bound radical of oxoferrylHb are able
to initiate a range of oxidative chemical reactions with similar reactivity to the
hydroxyl (OH-) radical [300-302]. The Hb itself also becomes modified/damaged, for
example dityrosine formation has been shown to occur in vitro [254], whilst products
reflecting the covalent modification of haem can be detected even in normal blood,
and levels of these products increase significantly during acute oxidative stress
(exercise) [300]. Therefore, although H,O, itself is not a very reactive oxidizing
species, the oxidative toxicity of H,O, is greatly enhanced through its interaction with
Hb within the red cell (the toxicity of oxidized Hb is hazardous not only within the red
cell, but also systemically, for example with the use of Hb derivatives as a blood
substitute [303]). H,O, within red cells can also react rapidly with cytoplasmic LMW
‘catalytic’ iron (presumably released from Hb, particularly in older red cells) [8] to
form the highly reactive hydroxyl radical (OH-). The formation of these highly reactive
oxidizing species within the red cell in particular could be detrimental because this
long-lived, circulating cell, with a polyunsaturated fatty acid (PUFA)-rich membrane,
no longer has a nucleus and protein synthesizing machinery, and therefore generally

cannot replace oxidised biomolecules.

In Chapter 2, using the Oxygen radical absorbance capacity (ORAC) assay it was
reported that tyrosine, tryptophan, urate and urate riboside were each able to
neutralize peroxyl radicals. The action of peroxyl radicals is believed to be similar to
that proposed for the OH- radical [194]. Therefore, it is probable that accumulation of
high levels of these LMW substances within the red cell cytoplasm may provide a
physiological antioxidant role by neutralizing OH- radicals formed in the red cell.
These LMW substances may also be involved in removal of the highly oxidizing

oxoferrylHb species (see later).

Despite these putative antioxidant strategies for the removal of such highly oxidizing
molecules, removal of H,O, before it induces significant Hb oxidation or forms more
oxidizing species is clearly preferable. High levels of catalase and glutathione
peroxidase (GPx, specifically GPx1 in the red cell) activity within the red cell [8, 206]
imply that, in a closed system, a very low steady-state concentration of H,O, would
be maintained within the red cells. This has been calculated to be 2 X 10™"° M [287].
In mice, this value was determined to be even lower (5 X 10" M [289]). These red
cell H,O, concentrations are to be compared with levels of 4-5 X 10° M reported for

human plasma [304] and steady state levels of 107 to 10°® for perfused rat liver tissue

[8].
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Since H,0, is freely able to permeate most biological membranes, including that of
the red cell [8], the red cells with their low production of H,O,, and high H,O.-
removing capacity (and reserve), may act as ‘sinks’ for extracellular H,O, [218].
Under conditions of increased systemic oxidative stress, red cell catalase and GPx
activities can be further increased [108, 155, 158]. The red cell hexose
monophosphate (HMP) shunt (see also Chapter 2, Literature Review) can also be
activated several fold on exposure of red cells to oxidant substances that deplete
reduced glutathione (GSH) or NADPH levels [40, 215]. As a consequence, healthy
red cells do not easily undergo lipid peroxidation on in vitro exposure to H,O; [8]. Red
cell catalase, more than GPx, has been shown in vitro to be responsible for the
removal of significant amounts of extracellular H,O, [206, 305], and catalase activity
has been shown to correlate with the ability of red cells to withstand H,O.-induced
lysis [306, 307].

The proposed ability of the red cells to act as scavengers for plasma H,O, should,
theoretically, not only protect themselves but also the tissues they perfuse (as well as
other blood cells) — as the red cells decrease plasma, and hence extracellular H,O,,
the H,O, produced inside nucleated cells should exit these cells into the extracellular
fluid. Therefore, despite its highly pro-oxidant intracellular environment, it has been
suggested that red cells may be playing an important physiological role in limiting
oxidative damage to other cells/tissues [8, 217, 308, 309]. Various investigators have
shown that red cells are able to reduce the H,O, -induced damaging effects when
added to various cell cultures (leukemic cell line [206], endothelial cells [310],
neutrophils [309] and T-lymphocytes [311, 312]) to isolated rat lung tissue [310] and
also to mouse embryos [313]. By removing extracellular H,O,, red cells also limit the
formation of extracellular hydroxyl radicals and hypochlorous acid (HOCI) by

stimulated neutrophils [305].

In contrast to H,O,, O, does not readily cross biological membranes except where
specific channels occur [8]. Superoxide has however been shown by Lynch et. al.
(1978) to be able to exit the red cell via the red cell anion exchange channel (band 3
protein) [192]. Although it may be presumed that O, would theoretically be able to
enter the red cells via the same channel, Winterbourn et. al. (1987) found that O,
(unlike H,0O,) was not scavenged by red cells [305]. Therefore the red cell may not be

involved in removing O, from plasma.

The red cell may be particularly permeable to various other RS because it possesses

a larger number of band-3 membrane channels than most other cell types [314].
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Peroxynitrite (ONOOQO"), a strong oxidant formed by reaction between O,* and nitric
oxide (NO-) (see also Chapter 2, Literature Review), is one such RS that is easily
able to cross the red cell membrane. Inside the red cell, ONOO' is rapidly inactivated
by reacting with the large amount of oxyHb present, which itself is oxidized to metHb.
It has been calculated that approximately 50% of peroxynitrite generated in the blood
enters the red cell [315, 316]. The red cell also limits extracellular ONOO™ formation
by rapidly removing its precursor, namely NO-, from plasma. This small, relatively
unreactive free radical diffuses freely across all membranes, but in vivo is taken up
and removed within seconds by red cells because it is rapidly destroyed by oxyHb
[317, 318]. (The high level of CuZnSOD present within the red cell [8, 319] reacts
rapidly with the O, formed within the red cell, which may otherwise react with the
NO- to form ONOO" within the red cell). The red cell may also serve to scavenge
HOCI from extracellular fluids — HOCI can penetrate the red cell membrane and GSH
appears to provide significant antioxidant protection to other cellular components
from HOCI within the red cell [224]. By virtue of its membrane permeability to various
RS, together with fact that most of the non-enzymatic, as for the enzymatic,
antioxidant capacity of whole blood is localised in the red cells [217], the red cells

may be playing an intricate role in maintaining circulating redox balance.

Considering the reactivity of tyrosine, tryptophan and urate with various RS including
ONOO" and HOCI (see Chapter 2, Literature Review), high levels of these LMW
substances present in the red cells of some mammals relative to plasma levels may
be promoting the scavenging ability of the red cells for such RS by serving as
additional sacrificial antioxidant targets within the red cell. But if these LMW
substances are indeed serving as direct antioxidants for RS that are being taken up
from the plasma, then why not accumulate these LMW substances in plasma, for
example as humans accumulate urate in their plasma? One possible explanation is
that the kind of concentrations that are accumulating within the red cell may be
hazardous if present in plasma (for example, gout, urate kidney stones, and the
symptoms associated with hereditary tyrosinaemia). Therefore, high levels of these
substances may rather have evolved safely packaged within the circulating red cells,
which are then able to take up these RS from the plasma. Another possibility is that
there may be a redox advantage for the accumulation of these LMW substances
specifically within the Hb-rich milieu of the red cells — these LMW substances may be
serving to promote completion of the peroxidase turnover cycle of metHb, and

thereby improve the H,O, -neutralising ability of Hb.
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Whereas much emphasis has been placed on the pro-oxidant potential of Hb,
reactions of this abundant red cell constituent (approximately 300g/litre packed red
cells [13]) with various RS make for a highly efficient antioxidant system which is
perhaps not yet fully appreciated [308]. As mentioned above, oxyHb acts as an
oxidant by rapidly destroying both NO* and ONOO' that enter the red cells [315, 316].
Another way, therefore, of looking at the oxidation of oxyHb and metHb by H,0O, is
that, in-so-doing, H,O, is removed. The efficiency of this particular antioxidant action
of Hb is greatly enhanced by the fact that the product of oxidation, namely
oxoferrylHb, can be reduced back to metHb, thereby setting up a catalytic cycle. One
way in which this is suggested to occur is via a catalase-like, or catalatic-type, activity
of metHb (Fig 43).

H,0, H,0
Catalase|(Felll) +-Compound I Fe(IV)
0,+H,0 -
H,0,
H,0, H,0

[MetHb|(Felll)

H,0,

Figure 43. Catalase-dependent removal of H,O, (above), and the catalatic activity of
metHDb, as proposed by Nagababu et al. (2004) [9] (below).

Both metHb and catalase (as was described in Chapter 2 Literature Review) are
Fe(lll) haem species. Both donate 2 electrons to reduce 1 molecule of H,O, to H,0.
In the process, metHb is oxidized to oxoferrylHb, whilst catalase forms compound I.
Each of these products are Fe(lV) species with an additional electron having been
removed from the globin chain in the case of oxoferrylHb, and from the porphyrin ring
to produce a porphyrin cation in the case of compound I. The oxoferrylHb species,

like ferrylHb, can be reduced to metHb by H,O,. However, since the haem
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degradation products observed when oxyHb reacts with H,O, do not form when
metHb reacts with H.,O, ([294], it has been suggested that this is because
oxoferrylHb can abstract 2 electrons from one H,O, molecule, reducing it to water
and oxygen [293]. Therefore, unlike for the reaction of ferrylHb with H,O,, no O, is
formed when H,O, reacts with oxoferryl. Nagababu et. al. (2004) have therefore
proposed that reaction of metHb with H,O, is analogous with the reaction of catalase

with H;O, i.e. that metHb can remove H,0, via catalase-like activity [9].

If metHb was able to function like catalase, then, as for catalase, 2 molecules of H,O,
should be removed with every cycle of one metHb molecule (reviewed by Nagababu
et. al. (2004) [9]). However, an earlier study by Guilivi et. al. (1990) found that
oxoferrylHb did NOT have catalatic-like activity - they showed that only 1 molecule of
H.O, is decomposed by each oxoferrylHb molecule per cycle [320]. Therefore,
although metHb appears to be reformed on reduction of oxoferrylHb by H,O, (in
order to explain the continued cycling), no net removal of H,O, occurs in this step.
One possible explanation is that, as for ferrylHb (see Fig 42 above), only one
electron is removed from 2 different H,O, molecules during the reduction of
oxoferrylHb. Each H,0, would be oxidized to form O,*", and hence reform H,O, (why
this O, would not be causing haem degradation of oxoferrylHb is unclear). Then on
spectrophotometry, Guilivi et. al. (1990) also showed that the end-product of the
reaction between oxyHb and a continuous flux of H,O, is an Fe(IV) Hb species [320]
(presumably oxoferrylHb) — this suggests that, at least at these concentrations of
H,O,, the rate at which H,O, reduces oxoferrylHb must be slower than the rate at

which metHb is oxidized by H,O,, which is again unlike the activity of catalase [8].

In the same study, Guilivi reported that, under more physiologically-correct in vitro
conditions of using a greater oxyHb concentration, Fe(lV) Hb was only an
intermediate product, with metHb being the final product [320]. They provided
experimental evidence to support their explanation that, under such conditions, most
of the H,O, would be consumed by the oxidation of oxyHb, and that oxyHb (rather
than H,O,) would donate an electron to the ferrylHb intermediate via a
comproportionation reaction, whereby 2 molecules of metHb would be formed.
Although they proposed this to be occurring between oxyHb and ferrylHb, they also
showed in a separate experiment that oxyHb, as well as some LMW substances (see

below), were able to donate the electrons to reduce oxoferrylHb back to metHb [320].

MetHb can therefore remove H,0,, by coupling its reduction to water using a suitable

electron donor, for example oxyHb (and even H,0O; itself). This forms the basis for
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the activity of the haem-containing, non-specific peroxidase enzymes (although these
peroxidases are usually viewed rather as using H.O, to actively oxidize substances
for a specific purpose). As a result, Hb has been dubbed by some as a
‘pseudoperoxidase’ or peroxidase ‘mimic’, although it in fact acts as a true
peroxidase [8, 321]. Figure 44 illustrates how compound | of horseradish peroxidase,
a classic example of a non-specific peroxidase, receives two electrons in two one-
electron steps, with each electron donor forming a radical (which may then dimerise).
The exact steps whereby the oxoferryl iron and the protein radical of oxoferrylHb
[322], as for the equivalent ferrylmyoglobin [323], are reduced are complex, but
essentially as for the peroxidase enzymes, can involve the 2 electron reduction of

oxoferrylHb by an electron donor.

HRP (Felll +-Compound I Fe(IV)

SH- Compound Il
e Fe(IV) s SH,

SH, SH-

r
Oxidation
products
of ED

ED ED

Figure 44. Non-specific peroxidase activity of horseradish peroxidase (HRP) (above),

and the peroxidase-like activity of metHb (below). ED = electron donor.

Guilivi et. al. (1990) showed that urate could reduce oxoferrylHb back to metHb [320].
This is in keeping with the findings of Kaur et. al. (1990) that, although urate is not
oxidized by H,O, addition of Hb (or hemin) to the reaction leads to the formation of
urate oxidation products [235] because the oxoferrylHb species formed is able to
oxidize urate. These investigators showed that the rate constant for the reduction of
oxoferrylHb was significantly greater for urate than for oxyHb (153 M s™ versus 23

M" s7). In their study, ascorbate also reduced oxoferrylHb, but with a much lower
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rate constant, whilst GSH, NADH, and NADPH showed no detectable reducing
activity. Another study also reported that urate reduced oxoferrylHb much more
efficiently than did oxyHb (100 M s versus 20 M s™") [321]. However, unlike in the
Guilivi study, these investigators found that ascorbate had a 4-fold greater rate
constant than urate to reduce oxoxferrylHb. Despite the significantly higher rate
constants for urate and ascorbate for the reduction of oxoferrylHb, the concentration
of urate (120uM, see Chapter 1, Fig 16) and ascorbate (40-70uM [292]) in human red
cells compared with that of the oxyHb concentration (5mM [289]) means that oxyHb
would by far be the most significant potential reductant for oxoferrylHb within the red
cell [320].

However, if one now considers the extremely high levels of urate reported in Chapter
1 to be present in the red cells of elite-athlete horses (up to 800uM, see Results and
Discussion, section iv, Fig 16), it may well be that under such conditions urate can
play a physiological role in the elimination of oxoferrylHb radicals to reform metHb. At
this concentration, the rate of removal of oxoferrylHb (and hence removal of H,0,) by
urate should theoretically be at least in a similar range to that which intra-erythrocytic

concentrations of oxyHb would be removing.

There are no reports on the reduction of oxoferrylHb back to metHb by tyrosine,
tryptophan or urate riboside, these all being other LMW substances also reported in
Chapter 1 to accumulate in the red cells of some mammalian species. However, it is
known that the horseradish peroxidase enzyme can abstract electrons from either
tyrosine (forming dityrosine) or tryptophan (unknown products formed) [324].
Similarly, myeloperoxidase (MPO) also catalyses the formation of tyrosyl radicals
[197]. Harley et. al. (2004) showed that free tyrosine, like urate, although not oxidised
by H,O,, is oxidized by H,O, plus Hb (or hemin), and that dityrosine is formed [4],
indicating at least that tyrosine (and possibly tryptophan also) can donate electrons to

oxoferrylHb.

More recently, interest has grown on the subject of using the peroxidase activity of
metHb plus a suitable electron donor to protect acellular and cellular-type
haemoglobins (developed as “blood substitutes”) from auto-oxidation, as well as to
limit the toxicity associated with these haemoglobin-based oxygen carriers (HBOC)
[321, 325]. It is for such purposes that Atoji et. al. (2006) considered the possibility
that, because horseradish peroxidase can use tyrosine as electron donor to eliminate
H,O,, metHb plus tyrosine may similarly eliminate H,O,. They showed that the

apparent rate constant for elimination of H,O, was 10 times greater when tyrosine
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(1TmM) was added to solutions of metHb (5uM) and H,O, (200uM), and that by
coencapsulating a mixed solution of metHb plus tyrosine with oxyHb into vesicles
(cellular-type HBOCs), the oxidation of oxyHb was significantly delayed, both in vitro
and in vivo. This clearly indicates that tyrosine must be able to reduce oxoferrylHb

back to the original metHb form.

It is proposed that a further evolutionary advantage for the novel finding of the
accumulation of these LMW substances specifically within the Hb-rich milieu of the
red cells may be to promote the peroxidase-like H,O, -removing ability of metHb by
being electron donors for the reduction of oxoferryl Hb, thereby providing antioxidant
protection either specifically for the red cell, or more generally for the tissues
perfused by red cells. The comparative effect of the presence of these and other
putative electron donors on the metHb-dependent removal of H,O, has not

previously been reported.

(C) AIM

To compare the effect of urate, tyrosine, tryptophan and other putative electron

donors present in red cells on the peroxidase-like ability of metHb to remove H,0..
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(D) MATERIALS AND METHODS

(i) Reagents
Tyrosine, urate, GSH, human Hb, BHT, methanol and xylenol orange were

purchased from Sigma-Aldrich (USA); NADH from Boehringer Mannheim (W.
Germany); tryptophan from Hopkin & Williams Ltd (UK).; ascorbate from Allied Drug
Company (SA); Hydrogen peroxide and H,SO,4 were purchased from Merck (USA),

and Fe ammonium sulphate from Univar (USA).

(ii) Hb-peroxidase reactions

One milliliter reactions in 10mM potassium phosphate buffer (pH 7.4) were performed
in eppindorfs at room temperature. All working solutions were made fresh. The H,0O,

was always added last to the reaction.

The final reactions contained:
- 50pul Hb (10pM)®
- 900pl of one of the putative electron donors(250uM) ®
- 50ul H,0, (500uM)

Various control reactions were also performed:

- 50ul phosphate buffer

No Hb catalyst - 900ul of one of the putative electron donors
(250uM)
- 50upl HO, (500uM)
AND
(- 50upl Hb (10uM)
No LMW reducing <{ - 900ul phosphate buffer
substance ~ 504l H,0, (500uM)
AND
- 950ul phosphate buffer
- 50upl HyO, (500uM)

H>O, stability over time <

@ Commercially-available human Hb (approximately 0.008g) was reconstituted in
phosphate buffer (800ul). This was centrifuged at 10 000g for 10min to remove any
precipitated Hb. The resulting concentration of this solution was determined
spectrophotometrically according to Winterbourn et. al. (1990) [211]. This revealed
that most (96%) of the soluble Hb was oxidized, being present as methaemoglobin
as indicated by the manufacturer. A 200uM working solution was made in buffer.
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®) Urate, tyrosine, tryptophan, ascorbate, NADH and GSH solutions (278uM) were
made in potassium phosphate buffer (pH 7.4). The concentrations of these solutions
were confirmed using spectrophotometry. This provided a final concentration of
250uM of each LMW substance when adding 900ul of these solutions to the 1ml

reactions.

(iii) Ferrous ion oxidation-xylenol orange (FOX) assay

The ferrous ion oxidation-xylenol orange (FOX) assay was used to determine how
much H,O, was still present in each of the reactions at various time points. The FOX
assay was first developed (and later modified) by Wolff and coworkers (1990) as a
sensitive peroxide-measuring technique [326-328]. It is a simple colorimetric method
in which hydroperoxides (including H,O,) oxidise ferrous Fe(ll) to ferric Fe(lll) iron;
this then forms a xylenol orange-ferric ion complex, which is a chromagen with
maximal absorption at 560nm. The assay has been used to measure plasma lipid
hydroperoxides [328], to determine H,O. levels in human urine [329, 330], to
compare the H,O, scavenging ability (and by extrapolation the catalase activites) of
red cell lysates from different mammalian species [307], and to determine the
antioxidant capacity of various foods in preventing the formation of Ilipid
hydroperoxides [331]. The method used in the current study is a modification of the
original assay (protocol kindly obtained from Professor Dave Marais, University of

Cape Town).

The FOX reagent mix® was prepared just prior to performing the assay. A volume of
180ul of the FOX reagent mix was added to the required wells of a clear 96-well plate
(Greiner Bio-one, Germany), and evaporation over time was prevented by sealing the
tops of the wells with cellotape. At 0, 10, 20, 40min, and every 20 min thereafter for
160min, 20ul of each peroxidase and control reactions was added to the FOX
reagent mix in the appropriate wells. The plate was tapped to ensure adequate
mixing of the reaction contents at each time point, and the wells sealed again. Thirty
minutes after the last time point (sufficient to reach the plateau in the reaction
between H,0, and the FOX reagent mix [332]), the plate was shaken for 10 seconds
and the absorbance at 560nm was determined on a spectrophotometer (Labotech,
USA).

© The FOX reagent mix was made from 1 part FOX mix A and 4.5 parts FOX mix B.

FOX mixes A and B were stored at 4°C for up to 2 weeks.
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FOX mix A: 2.5mM Fe ammonium sulphate and 2mM xylenol orange in 0.25M
H,SO,

FOX mix B: 0.88mM butylated hydroxytoluene (BHT) in analytical grade methanol
(BHT is a potent antioxidant which, if analyzing a biological sample,

will prevent the formation of any further lipid hydroperoxides).

A standard curve for H,O, concentration (Fig 45), as well as measures of absorbance
for the FOX mix A and the FOX reagent mix, were performed with each assay to
control for consistency of the freshly made working solutions. The standard curve

would also serve to determine actual H,O, in reactions if required.

2.25-
2.00-
1.754
1.50
1.254 o
1.00
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2 _ " . .
0.00 r=0.9943 (P<0.0001) * to determine the linear regression.
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0 100 200 300 400 500
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Figure 45. FOX assay standard curve for H»O»

Absorbance @ 560nm

concentration. The Goodness of Fit test was used

(iv) Statistical considerations

The intra-assay coefficient of variation (CV) for the FOX assay was 0.8% (across the
plate) and 2.2% (down the plate), using H,O, concentration at 40min in a reaction

containing Hb and urate as the quality control reaction.
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(E) RESULTS AND DISCUSSION

Reaction of H,O, with methaemoglobin (metHb), or oxyHb, leads to the formation of
oxoferrylHb [294]. Both urate and ascorbate are able to efficiently reduce oxoferrylHb
back to metHb, thereby providing the electrons for the peroxidase-like activity of
metHb. Yet even in the absence of such reducing substrates, H,O, is consumed,
presumably because H,O itself can provide the electrons to reduce the highly
reactive oxoferrylHb species. One possible evolutionary advantage for the high levels
of urate, urate riboside, tyrosine and tryptophan within the red cells of some
mammals may be that their presence may accelerate the metHb-dependent removal
of H,O,, as has already previously been shown in vitro for tyrosine. The influence of
equimolar amounts of urate, tyrosine and tryptophan on the peroxidase-like activity of
catalytic amounts of metHb over time was therefore investigated, and compared with
the control reaction of H,O, plus metHb alone. Ascorbate, NADH and GSH (all
established LMW antioxidants present in the red cell) were also compared. The FOX
assay was used to determine the residual H,O, present in the reactions at each time

point.

Figure 46 below depicts the decrease, over time, in absorbance at 560nm (reflecting
H,O, concentration) in reactions starting with 10uM metHb plus 500uM H,0,
plus/minus one of various putative electron donors (each at 250uM). The ability of
metHb on its own to remove H,O, was observed, which is in agreement with the
findings of Guilivi et. al (1990), that reaction of oxoferrylHb with H,O, results in
removal of H,O, (by reforming metHb that then reduces 1 molecule of H,O, per
cycle) [320]. This supports the proposal that H,O, itself can act as the electron donor
to reduce oxoferryl. Significantly, however, all the LMW substances, except GSH,
increased (to different degrees) the amount of H,O, removed compared with the

reaction of metHb plus H,O, alone.

The overall rate of H,O, removal in these reactions (if no catalase is present) is
determined by the rates of the forward and reverse reactions of the peroxidase cycle.
The forward reaction is dependent on the rate constant for metHb + H,O,, and the
concentration of H,O, and metHb. The reverse reaction is dependent on the rate
constant(s) for oxoferryl + substrate(s), and the concentration of H,O,, metHb, and
the LMW substrate if present. Initially, at least, since the rate of the forward reaction
would be identical in each reaction, irrespective of the LMW substrate present, the
difference in the initial rate of removal of H,O, in each reaction with equimolar

amounts of different LMW substance would be dependent solely on the rate
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constants for these reactions. Therefore, although in each reaction the electron
contribution from H,O, towards the reverse peroxidase reaction cannot be separated
from that of the contribution from the LMW substances, it may at least be said (as
seen from Fig 46A) that the initial rate constants (within the first 10 min) for these

LMW substances to reduce oxoferrylHb would be increasing in the following order:

NADH < GSH = tryptophan = tyrosine < urate < ascorbate

Reactions Controls

=

S
EC —e— Hb + H,0, —6— H,0; only
S <
3 § —e— Hb + H,0, + UA --0-- Hb only
®3
O —o— Hb + H202+ tyr
g9,
_‘é’ T —e— Hb + H,0, + trypt
c o
wn .E
3 g 05 0 Hb+H,0,+asc

2 4 o ° 0 Hb +H,0,+NADH

0.0 | | | | Hob + H,0, + GSH
0 5 10 15 20
time (min)

Absorbance @ 560nm
(reflecting H,O, concentration)

0.0 T T T T T T T T
0 20 40 60 8 100 120 140 160

time (min)

Figure 46. (A) The initial and then (B) sequential absorbance readings (at 560nm) of reactions in which
the removal of H,O, by the peroxidase-like activity of metHb in the presence of equimolar amounts of
various LMW substances was evaluated. Absorbance readings directly reflect the H>O, concentration
left in each reaction. Each profile represents the average of two separate experiments, and each of the
curves in the separate experiments showed the identical trend. Reactions (pH 7.4) contained 10uM
metHb, 500uM H;O, and 250uM LMW substance. (Asc=ascorbate; UA=urate; tyr=tyrosine;
trypt=tryptophan).
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Although the rate constants for urate and tyrosine are lower than that for ascorbate,
their concentrations within the red cell need to be considered. The high levels of red
cell urate in horse (150uM) and humans (120uM), and high levels of tyrosine in
rhinoceros (1000uM), horses (280uM) and cats (360uM) may each be promoting the
peroxidase activity of metHb (to be compared with ascorbate levels of 40-70uM in
human red cells). In this way, these LMW may be contributing to formation of the

H>O, gradient between the red cell interior and the surrounding plasma.

Of note is that, although reactions with urate had a slower initial rate of H,O, removal
than reactions containing ascorbate, which is in keeping with the findings by Cooper
et. al. (2008) who looked at oxidation rates of these substrates [321], a similar overall
amount of H,O, was eventually removed over time by both LMW substrates (Fig
46B). Reactions containing tyrosine and tryptophan showed a very similar pattern
over time, with a larger residual H,O, concentration remaining after 160min than for
ascorbate and urate. Even with a prolonged reaction time, reactions with equimolar
NADH and GSH eliminated only a little more H,O, than occurred in reactions where

only H,O, could have provided electrons.

If H,O; itself is able to provide the electrons for the reduction of oxoferrylHb, and
hence for its own removal, then what would the advantage be of having additional
electron-donating substances such as urate, tyrosine etc over the presence of H,O,
alone in the red cells together with metHb? Although H,O, may appear to perform the
same role as the LMW substances for the peroxidase activity of metHb, it should be
noted that exposure of metHb to H,O, leads to the formation of detectable Hb
oxidation products, such as dityrosine [254]. Ramirez et. al. (2003) used an antibody
to detect DMPO nitrone adducts formed on metHb protein radicals, and showed that
ascorbate (at micromolar concentrations) and GSH (at millimolar concentrations)
significantly reduced the level of nitrone adducts formed during oxidation of metHb by
H.O, [298]. Similarly, it has been found that, whereas the presence of ascorbate and
urate during oxidation of metmyoglobin prevented dityrosine formation and reduced
the oxoferryl form back to the original metmyoglobin form, addition of these
substances after the reaction of metmyoglobin with H,O, did not prevent dimer
formation, and a modified form of metmyoglobin became apparent [260]. The
presence of free tyrosine also has been shown to lead to decay of the protein radical
formed during oxidation of metmyoglobin [262]. Therefore, it is possible that the
reduction of oxoferrylHb by H,O, does not lead to the complete recovery of metHb
(although on spectrophotometry it appears very similar to metHb), and that this

modified form of metHb becomes further damaged by the repeated
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oxidation/reduction cycles. This may explain why the presumed peroxidase-like
activity of metHb in the presence of H,O, alone did not continue to remove all the
H,O,. On the other hand, the presence of LMW substances such as urate and
ascorbate with higher rate constants for reaction with oxoferrylHb may minimize the
irreversible damage occurring to metHb on exposure to H,0O,, thereby maintaining
the integrity of the peroxidase enzyme system throughout a greater number of

successive cycles, whilst sufficient concentrations of these substances are present.

It has previously been shown that the oxidation of both urate and ascorbate by
metHb/H,O, is linearly dependent on the concentration of metHb. The same
concentration-dependent effect was found when the removal of H,O, was evaluated
in this study (in the absence of any LMW-reducing substance) (Fig 47A). Figure 47B
shows the linear dependence of the removal of H,O, (at 15mins) on the
concentration of metHb - this reflects that metHb acts as a true enzyme [321]. In
order to ensure a sufficient rate of metHb catalytic activity, 10uM metHb was used in
the above reactions. This concentration has also been used by other investigators

performing similar investigations.

1.4+ A
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Figure 47. (A) Sequential absorbance readings (at 560nm)
of control reactions (no metHb added) for the peroxidase- B
like activity of metHb in the presence of equimolar amounts 7
of various LMW substances. Absorbance readings directly
reflect the H,O, concentration left in each reaction. Each 20+
result represents the average of two separate experiments,
in the same trend was obtained. Reactions (pH 7.4)
contained 500pM H,O, and 250uM LMW substance. (B) As
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An unexpected finding was obtained when performing the control reactions for the
peroxidase-like activity of metHb. These reactions had the various LMW substrates
plus H,O,, but no metHb. As anticipated, urate, tyrosine, tryptophan and NADH
showed no direct scavenging of (and hence oxidation by) H,O, (Fig 48). Ascorbate
was able to remove significant amounts of H,O, in the absence of metHb. To a much

smaller extent, GSH also showed some ability to eliminate H,O..
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Figure 48. Absorbance readings (at 560nm), at time 0 and 160min, for control reactions (no metHb
added). Absorbance readings directly reflect the H,O» concentration left in each reaction. Each result
represents the average of two separate experiments, in the same trend was obtained. Reactions (pH
7.4) contained 500uM H;0; and 250puM LMW substance.

In vivo, catalase and the various peroxidase enzymes are responsible for removal of
most of the H,0.. It is also possible that GSH and ascorbate may directly reduce
H>0,, since although H,O, is generally poorly reactive, it can however oxidise hyper-
reactive —SH groups from some enzymes, as well as certain keto-acids such as
pyruvate and 2-oxoglutarate. Certainly, ascorbate and GSH are believed to be
among the most important antioxidants protecting oxyHb against auto-oxidation
inside the red cells [292]. Although GSH showed a much lower rate of H,O»-removal
than ascorbate, its intra-erythrocytic concentration is at least 30 times higher than
that of ascorbate. It cannot however be excluded that a rapid interaction between
ascorbate (and also GSH) and the subsequently-added Fe** in the FOX mix may

have lead to the false impression that ascorbate in isolation reacts directly with H,O,.

Urate, although not oxidized by H,O, alone, is known to be oxidised by the oxoferryl
species produced on reaction of metHb (or hemin) with H,O, [235]. Urate riboside, a
LMW substance present in high concentrations in the red cells of cows and buffalo

(see Chapter 1, Results and Discussion, section ii), has been shown by Smith et. al.
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to have similar antioxidant properties to urate [36-38]. It was therefore investigated
whether urate riboside would similarly be oxidized in the presence of H,O, and
hemin. The red cell acid extract from a cow (see Chapter 1, Materials and Methods)
was exposed to H,O,, with and without the addition of 10uM hemin to the reaction
(Fig 49).
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Figure 49. Anion-exchange HPLC of neutralized acid-soluble cow red cell extracts exposed, for 10min
at room temperature, to (A) OmM H20O,, (B) 2mM H.O; and (C) 2mM H;0, plus 10uM bovine hemin
(Sigma).

Whilst exposure of a cow red cell extract to 2mM H,O, showed no change in HPLC
profile, the addition of 10 uM bovine hemin to the reaction caused significant
oxidation of urate riboside, with no significant decrease evident in any of the other
UV-absorbing substances present in the extract (Fig 4A). Although the rate of Hb-
dependant H,O, removal by urate ribsoside could not be compared with the other
LMW substance present in red cells, the very high levels of urate riboside (millimolar
range) present in the red cell of the cow may, as may be the case with high levels of
urate in the red cells of some horses, provide some contribution to H,O, removal

within these red cells.

Therefore, it may be postulated that the presence of high levels of urate, urate
riboside, tyrosine and even tryptophan may have evolved to improve the efficiency of
the metHb peroxidase turnover cycle in removing H,O,. But how physiologically
relevant is the peroxidase activity of metHb i.e. does it play a role in removing

significant amounts of H,O in vivo?

The conventional view in more recent years has been that the two enzyme systems,
GPx and catalase, together account for all the H,O.-disposal within the red cell, with
GPx handling ‘physiological’ levels of H,O,, and catalase playing a greater role at
higher concentrations of H,O, [8]. However, other studies indicate that catalase and
GPx alone, cannot account for all the H,O, removed by red cells, and that other

mechanisms are likely to be participating [205, 289]. The role of the peroxiredoxins
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(Prx’s), a family of peroxidase enzymes requiring thioredoxin and the NADPH-
dependent thioredoxin reductase, in antioxidant defense in eukaryotic cells has only
recently become appreciated [8, 289, 333]. They can also reduce organic peroxides
and peroxynitrite [333]. They are widely distributed in animal, plant and bacteria cells
[8]. In the red cell, the Prx enzymes (particularly Prx IlI) are some of the most
abundant proteins (about 240uM Prx II) [289], Although Prx’s can be inactivated by
their substrate H,O,, and are slower at catalyzing H,O, removal than GPx, their high
cellular concentrations and low K, values for H,O, has led some to believe that they
may be even more important peroxide-removing systems in animal cells than
catalase or GPx, especially in disposing of low physiological levels of H,O, [8, 334,
335]. Supporting this is the finding that knockout mice for Prx Il gradually develop
severe haemolytic anaemia and other signs of oxidative damage to their red cells
[336].

The possibility that Hb, via its metHb peroxidase-like activity, may also be
contributing to H,O,-removal within the red cell has been suggested, [205, 320], but
never further investigated, or considered to be significant in human red cells.
Although metHb is highly unlikely to compete with the high levels of highly active
catalase in human red cells, it may play a role in removing low levels of H,0O,
produced within red cells, as suggested for the peroxiredoxins. Given the extensively
variable levels of catalase and GPx between different mammalian species (Table 1),
it is also worth considering that the presence of high levels of LMW substances (eg.
urate and tyrosine) in the red cells of some mammals may point to a greater
contribution of the metHb-peroxidase system to H,O, -neutralization in those red

cells relative to human red cells.

Notably, black rhinoceros have extremely low levels of red cell catalase activity (<2%
that present in human red cells [60]), and a diminished red cell rate of glycolysis
through the HMP shunt [40. These features are likely to be underlying factors
contributing to their inherent sensitivity to oxidant-induced injury {Paglia, 2000 #405,
337]. However, their red cells also have an unusually high level of free tyrosine, as
reported by E.H. Harley and co-workers (2004) [2], and described in Chapter 1. It is
conceivable that this may have evolved to promote the peroxidase-like activity of
metHb as part of a compensatory H,O,-removal system. A similar concept was
proposed by Galaris et. al. (1997) — they suggested that in myocytes, which have
very low levels of catalase, the peroxidase-like activity of metmyoglobin (with
ascorbate as electron donor) may be playing a significant role in the removal of H,0,

during oxidative stress [264]. Because lipid hydroperoxides can also initiate ferrylHb
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chemistry, the presence of large amounts of dispensible LMW electron donors for
oxoferrylHb may also have evolved in some mammalian species to assist GPx in the

removal of organic peroxides.

Table 4. Comparative levels of various antioxidant enzyme activities and GSH content in the red cells of

different mammalian species relative to levels in human red cells, which is set as the 100% control.

SOD Catalase G6PD GPx GR GSH
Human 100 100 100 100 100 100
Horse 126 68 160° 176
Black <2° 320° 1580° 80°
Rhinocero
S
Pig 101 114 109° 251 78’ 77"
117" 80’ 167"
Sheep 156 21 13° 506 38° 138° 133
181° 14* 12° 357° 15* 148°
133* 388*
Cow 168, 272° 55 125° 200 25° 115*
139" 64° 69° 450° 13* 127°
57* 516"
Mouse 186 43 2687 126* 104*
134* 36* 981*
Rat 175 40" 250° 333’ 20" 115"
200° 50° 300° 19° 115°
126* 79* 441* 23* 119*
Rabbit 200 115 138° 274 84" 132"
179" 80’ 261° 200’ 88® 177°
264° 93* 86° 50* 107*
141* 122*
Dog 90* 116° 406" 41* 116*
90°
Cat 123* 171* 160° 488" 99* 119*
86°

Note. Because of the large variability in hemoglobin levels and size plus morphology of the red cells of
the different species, the values obtained were all expressed per gram of Hb, and then extrapolated to a
percentage of the human value (100%). All values that are equal to or greater than the respective
human value are highlighted in blue.

SOD=superoxide  dismutase; = G6PD=glucose-6-phosphate =~ dehydrogenase; = GPx=glutathione
peroxidase; GR=glutathione reductase; GSH= reduced glutathione.

Data referenced is from Maral et. al. (1977) [338], unless otherwise superscripted (1 = Godin et. al
(1992)[339]; 2 = Avellini et. al. (1993)[340]; 3 = Suzuki et. al. (1984)[341]; 4 = Kurata et. al (1993)[342];
5 = Kaneko et. al. (1974)[15]; 6 = Paglia et. al. (1992) [61].

Chapter 3: Results and Discussion -119 -



An alternative way of looking at the evolutionary advantage of accumulating high
levels of electron-donating LMW substances within the red cells of some species, for
example tyrosine in the black rhinoceros, is that animals with lower levels of catalase
or GPx may experience a higher level of oxidative modifications, including an
increased rate of metHb and hence oxoferrylHb formation if their red cells. In such
animals, electron-donating LMW substances could enhance the reduction of highly
reactive oxoferrylHb radicals back to reusable unreactive metHb. Seen in this way,
promoting the reverse reaction of the metHb-peroxidase cycle would be a defense
mechanism, sacrificing tyrosine, for example, to prevent irreversible damage to haem

or other nearby biological targets.

The finding of high tyrosine levels in cats was unexpected, considering what appears
to be an adequate level of catalase and GPx. The Hb of cats, however, is known to
be uniquely sensitive to oxidative damage resulting primarily from its high number of
free sulthydryl groups [343]. As a result, Heinz body formation is a common
haematological abnormality in cats, and haemolytic anaemia ensues if the primary
cause of the oxidative stress is not removed/treated (Heinz bodies are spheroidal red
cell inclusions composed of denatured Hb, and are a late sign of oxidative damage).
It is conceivable that cats specifically may have evolved the ability to accumulate
high levels of tyrosine in their red cells in order to limit oxidative damage to Hb, by
using tyrosine to reduce sulfhydryl radicals formed on their globin chains. Although
cats are nevertheless highly susceptible to oxidative damage of their red cells, this
susceptibility may be significantly worse without high levels of red cell tyrosine, and

oxidative damage to peripheral tissues may be more evident.

Since certain physiological or pathological conditions may be associated with an
increased rate of oxidation of oxyHb to metHb and then to oxoferrylHb, under such
conditions it may be favourable to have an increased level of electron donors that
can rapidly reduce oxoferrylHb radicals so as to limit further oxidative damage. In
Chapter 1, it was suggested that the high stable levels of urate found in the red cells
of some elite athlete horses may have been induced by their intense training
schedule (exhaustive exercise is known to be associated with oxidative stress). It
was further proposed that the ability to induce urate production within red cells (via
the activation of inactive XO in these red cells by oxidative stress) may be a
mechanism common to various/all mammalian species, rather than an evolutionary
phenomenon limited to some horses. The increase in metHb concentration together
with the increase in red cell urate level may lead to a greater rate of H,O, -elimination

within the red cell, and as a consequence from extracellular fluids.
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(F) SUMMARY

In this Chapter, further evidence was provided to support the hypothesis that
accumulation of high levels of urate, urate riboside, tyrosine and tryptophan within
the red cells of some mammalian species may be species-specific evolutionary
adaptations to increase the LMW antioxidant capacity of the red cell These LMW
substances may not only serve as antioxidants to protect red cell contents against
H>O, and various other RS, but their presence at high levels within the red cell may
promote the scavenging ability of the red cells to remove these RS from plasma.
Accumulation of these substances may have evolved within the red cell in order to
safely circulate high levels of these LMW antioxidants within a ‘permeable package’,
in the same way that much of the antioxidant enzyme capacity of whole blood is
conveniently packaged within the red cell. This data lends further support to the
concept that the red cell is providing a convenient roaming ‘package’ of antioxidants,

removing excess RS produced in blood and other tissues.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

Although considerable detail is available concerning metabolic and structural features
of the human red cell, it is well known that significant differences in various
biochemical pathways exist when comparing the human red cell with the red cells
from other mammalian species [15, 26, 94, 344-348]. This includes clear interspecies
differences in the ion-exchange HPLC profiles of the red cells from different
mammals [24, 25]; however many of these species-specific differences in red cell

contents were never clarified.

In this thesis, a combination of reverse-phase and anion-exchange HPLC was used
to further elucidate some of the differences in low molecular weight (LMW) content of
the red cells from different mammalian species. By comparing the red cell and
plasma profiles for each species, the unusual accumulation of substances such as
tyrosine, tryptophan and urate within the red cells accounted for many of the
interspecies differences. It was then proposed that the ability to accumulate such
substances may play a role in red cell LMW antioxidant defense, and results of
various in vitro experiments were consistent with such a hypothesis. These findings
imply the existence of unsuspected antioxidant strategies in mammalian red cells,
this being of interest to antioxidant biology in general, as well as having potential

clinical application.

Oxidative stress, defined as a disturbance in the prooxidant-antioxidant balance in
favour of the former [198], is not only a primary cause of disease, but is also now
generally recognized as an important consequence of a large variety of chronic and
acute conditions that affect not only humans, but also many different animal species.
If re-establishment of the antioxidant/pro-oxidant balance does not occur, oxidative
stress can then be a contributing/potentiating factor in the pathogenesis of the
disease, by leading to oxidative damage of cellular components, including proteins,
lipids and DNA. Therefore, although control of the initiating disease process is
paramount, concurrent management of the oxidative stress may also be essential to

limit progression of the disease, or prevent additional pathology.

Considering the likely role of the red cell as a roaming package of enzymatic and
non-enzymatic antioxidants, permeable to and able to scavenge various reactive
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species (RS), then changes in antioxidant levels of the red cells may provide an
accurate and practical indicator of the extent of oxidative stress. Moreover, therapies
that support the red cell in its ability to scavenge RS would not only protect the red
cell, but may also protect the rest of the body against oxidative damage; however
species-specific differences in antioxidant defenses may need to be considered. The
fact that different mammalian species seem to have evolved different LMW red
antioxidant strategies (probably as a consequence of differing environmental
pressures) may have relevance to the management/prevention of veterinary

conditions associated with oxidative stress.

For example, in mammalian species that accumulate high levels of red cell tyrosine,
therapies aimed at increasing (or at least maintaining) red cell tyrosine levels may
help to support endogenous antioxidant strategies, potentially useful for treatment in
the acute situation of oxidative stress, or more generally as a preventative measure.
Cats for example, which are particularly susceptible to oxidant drug-induced Heinz
body haemolytic anaemia [343], may benefit from tyrosine supplementation to
maintain their red cell free tyrosine levels under conditions of oxidative stress.
Similarly, the black rhinoceros (Diceros bicornis) is a species particularly susceptible
to developing a potentially lethal acute haemolytic anaemia when placed in captivity
[30, 40, 61, 349], and dietary iron overload leading to oxidative stress is suspected to
be a likely precipitating factor [350, 351] - the use of tyrosine supplementation for

black rhinoceros in captivity may reduce this risk.

In addition, high levels of red cell tyrosine in various species may have the potential
to be exploited as biomarkers of oxidative stress (although in some species such as
horses, the large intraspecies variation in red cell tyrosine level is likely to be a
limiting factor). Harley and co-workers (2004) have previously reported that black
rhinoceros in captivity had significantly lower red cell tyrosine levels compared with
their free-ranging counterparts [2]. Significant interest has also arisen more recently
in the measurement of dityrosine as a biomarker of oxidative stress. This is a stable
product of oxidative damage to proteins from various tissues (see Chapter 2) and is
released into plasma. Elevated levels can be detected in urine samples from humans
suffering from conditions associated with an elevated level of oxidative stress [6].
Therefore, in animals that have high levels of free tyrosine in their red cells,
measures of red cell tyrosine, or of its oxidation product dityrosine, in red cell extracts
may be useful biomarkers of oxidative stress. In preliminary investigations, it was
found that a significant level of dityrosine was evident in the red cell extracts from

healthy cats, compared with the extracts from horses with similar levels of red cell
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tyrosine. This may be an indication that cats particularly rely on an increased level of
baseline oxidative modification of red cell free tyrosine, which may be serving to

maintain the reduced state of their oxidant-susceptible haemoglobin.

Red cell urate riboside levels may, in an analogous fashion, provide a biomarker of
oxidative stress in bovids (although a large degree of intraspecies variability in urate
riboside level may be a limiting factor). In vitro
experiments indicate that urate riboside levels
decrease in a manner proportional to the
amount of hydrogen peroxide that cow red cells
are exposed to. Various infectious diseases in
cows and buffalo may give rise to oxidative
stress; and since tuberculosis (TB) in humans
has been shown to be associated with systemic

oxidative stress [352, 353], bovine TB may be

associated with changes in urate riboside
levels. A small, preliminary study is currently underway to determine urate riboside
levels in a TB-positive buffalo herd versus a TB-negative herd from the same area in
South Africa. Bovine TB is endemic in African buffalo and a number of other wildlife
species in South African game reserves [354]; such a biomarker may therefore prove
to be useful as a rapid screening test for increased levels of oxidative stress in

buffalo herds in such areas.

Attempts to increase the level of red cell urate riboside, by providing more substrate
for the enzyme for example, may be another possible research area - improving the
endogenous antioxidant defenses of TB-infected buffalo may limit the contribution of
oxidative damage to the pulmonary tissue destruction associated with TB. The
practicality of this may present a challenge, however, and more feasible may be a
preventative approach - if the antioxidant defense system of healthy buffalo/cows can
be increased, a better adaptive immune response may develop on exposure to the
organism, either during infection or during vaccination. This should theoretically

increase resistance to the development of active TB.

Perhaps most fascinating and with the most potential for further translational
research, is the unprecedented finding of high levels of urate accumulating within the
red cells of some horses sampled for this thesis. Unlike the ability to accumulate
tyrosine or make urate riboside, which are most likely due to evolutionary red cell

adaptations (probably involving gain mutation(s) for urate riboside, and parallel loss
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mutation(s) for tyrosine), it was proposed in Chapter 1, that the ability to accumulate
urate in horse red cells was reflective of the presence of XO/XD within red cells of

some (or even perhaps all) mammalian species.

Although red cells have historically been presumed to have no XO/XD because no
enzyme activity was detected, both active and inactive levels of this enzyme are now
known to exist in various nucleated cells; red cells however were never re-evaluated
for the presence of inactive XO/XD. Moreover, it has been shown that the activity of
XO/XD can be further increased in these other tissues by various factors including
oxidative stress [117]. The elite-athlete horses sampled for this thesis are believed to
have inadvertently provided an in vivo model of repeated oxidative stress - their
extreme fitness regime would have been associated with regular episodes of
oxidative stress which may have lead to an adaptive (‘hardening’) antioxidant
response, including the activiation of otherwise inactive red cell XO/XD, detected as

an increase in red cell urate level.

This proposal, that red cells are able to produce urate under conditions of oxidative
stress by virtue of the presence of red cell XO/XD, has never been investigated to
date, and may be an unsuspected red cell strategy to ‘upregulate’ its antioxidant
defenses when required. Further research to investigate these ideas is to be
undertaken shortly as part of post-doctoral work. If these hypotheses are
substantiated, this may have potential application to various fields of veterinary and

human medicine, including sport’s science.

Finally, significant variation in red cell urate and tyrosine in horse red cells (as for
urate riboside in cows) seems to reflect a large degree of intraspecies genetic
heterogentity for those substances in these two species - it is fascinating to speculate
what such intraspecies variability implies for individual animals within each species, if
indeed these substances are providing significant antioxidant protection; and under

which pathophysiological conditions their role becomes valuable to the individual.

“The greatness of a nation and its moral progress can be judged by the way the animals are treated...”

Mahatma Gandhi
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IAPPENDIX

@Most investigators wash the red cells twice or even three times [23, 125, 173, 181].
In this study, red cells were washed once only as it has been shown that washing red
cells can cause mechanical disruption [307], and also more relevant to this study,
several amino acids including tyrosine [83], as well as urate [5], are easily washed
out of human red cells. Considering the paucity of UV-absorbant LMW substances
detectable in the plasma of all animals evaluated (see Fig 11, Chapter 1, Results and
Discussion, section iii), urate in human plasma is the only UV-absorbing substance
with potential to be problematic with one wash of red cells. In order to determine if
plasma urate could be contributing to the red cell urate concentration when using one
wash step only, the following control experiment was done: A human blood sample
was obtained and the red cells separated from the plasma. After one wash step,
200ul of the N/S supernatant above the red cell pellet was extracted as per the red
cell protocol, and an HPLC profile created. The only substance detectable (as
expected) was a very small urate peak. It was determined that even if as much as
10% of the 200ul of ‘packed red cells’ extracted was actually trapped N/S plus
residual plasma, by extrapolation, this amount of contaminating plasma in the N/S
would contribute no more than 5uM to the red cell's urate concentration of
approximately 115 uM (i.e. 4%). One wash step is therefore optimal to obtain a

representative red cell HPLC profile.

®The addition of 300ul N/S to the 200ul packed red cell prior to the addition of the
PCA, was found to prevent clumping of the red cells that occurs otherwise on
addition of PCA to packed red cells. The use of ice-cold PCA has been previously
recommended in order to minimize acid hydrolysis of the nucleotides [17]. However,
no difference in extract ATP concentration was evident whether the subsequent

10min centrifugation step was performed at room (22°C) temperature or at 4°C.

©The slow addition of K,COs is recommended because significant bubbling (release
of CO,) occurs on reaction of K,CO3; with PCA.

2HC|O4 + K2C03 — 2KC|O4 + H2CO3

!
H,O + CO,

@Ejther KOH or K,COj; are usually used by others to neutralize PCA-extracts, both
forming the insoluble KCIO, with PCA. However, use of these alkalis is associated
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with a number of problems: it is very easy to overshoot the neutralization step with
the strong alkali KOH, and other investigators tend to use the alkaline base K,COs. In
this study it was found that, even with K,CO3, a constant final extract pH of 7 was
difficult to obtain, and a constant amount of K,CO3; gave variable final pH. Careful
and time-consuming titration of the K,CO; was therefore required, particularly
because it was easy to overshoot the correct pH with the high molarity K,CO;
required (so as not to dilute the extract too much further). Despite this, the final pH
still seemed unpredictable. It was determined that a number of other factors also
contributed to a variable final extract pH when using K,CO3: On addition of the K,CO3
to the acid extract, the time-dependent bubbling off of the CO, meant that pH would
not be stable (rising slowly) until all the H,CO; (which is a weak acid) had
dissociated, and all the CO, had bubbled out of the sample. This often resulted in
overshooting the final pH because too much K,CO; had been added before the pH
had stabilised. After addition of K,CO3, the pH of the extract was also affected by
whether or not a lid was placed on the tubes whilst left on ice. Lastly, the pH of the

thawed extracts was very often more alkaline than originally determined.

The significance of this altered pH of the extracts was that the elution position of
certain substances, particularly urate, was effected, its peak often being more difficult
to separate from other peaks. Urate also is known to degrade more rapidly in alkaline
solutions [244]. Finally, equimolar (50uM) uric acid solutions at different pH (in buffer
of pH 7, versus in water pH<7) vary quite significantly in their diode array scans, with
more acidic solutions showing a left shift, as well as reduced peak absorbance. Since
this work was performed using fixed UV-absorbance readings of 260nm and 280nm,
quantification of pH-sensitive substances such as urate would be affected by final

extract pH.

For these reasons, a modification of part of the extraction was developed towards the

end of the thesis work, using 1M K;HPO, which is a much weaker alkali.

HC|O4 + KzHPO4 — KC|O4 + KH2P04

Some of the red cell and plasma suspensions were extracted using this improved
method, which ends up with the same final dilution of the red cell contents: One
milliliter of ice-cold 0.9M PCA was added to the 500ul red cell or plasma suspensions
whilst vortexing vigorously, giving a final PCA concentration of 0.67M. The acidified
samples were immediately centrifuged at 4000rpm for 10 minutes at 22°C to

sediment the protein precipitate. Then 1300ul of this protein-free extract was
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transferred to a fresh 5ml tube, and neutralized by the addition of 1200ul of a 1M
KoHPO, solution. Since no CO, is produced, no bubbling occurs when using K;HPO,,
and the resultant pH is very consistently 7 on Whatman’s pH paper, even after
prolonged storage at -80°C. The only potential disadvantage of using K,HPO, as the
alkalinizing agent is that the resultant high phosphate concentration in the extract has
significant UV absorbance throughout the spectrum used for nucleotide detection (i.e.
260nm and 280nm). However, with reverse-phase HPLC the potassium phosphates
are not retained at all, and the peak does not interfere with other substances. With
anion-exchange, the phosphates are retained, but the peak created does not co-elute
with any other major UV-absorbant red cell LMW substance, and can easily be
subtracted from the extract profile using computer editing. Diode array
spectrophotometry cannot however be performed on K;HPO,-neutralised extracts

because of this buffer’s significant UV-absorption.

®For practical purposes, HPLC analysis of the animal extracts had to be batched.
This meant that some extracts would need to be stored for up to one week prior to
HPLC analysis. It was therefore decided to freeze all extracts at -80°C after the
extraction step and prior to HPLC, as recommended by Bartlett (1986) [17]. Although
the effect of a delay in the extraction of whole blood and washed red cells on LMW
substances has been substantially reported [78, 81, 82]), the effect of delayed HPLC
analysis on the extracts has not actually been described. The effect of freezing, and
then storage at -80°C on levels of some of the LMW substances in a human red cell

(Fig 50A) and a plasma extract (Fig 50B) was therefore investigated.
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Figure 50. Stability, whilst in storage at -80° C, of (A) urate, tyrosine and NAD" in a human red cell
extract, and (B) urate and tyrosine in a human plasma extract. Multiple aliquots of the extracts were
made and then frozen simultaneously. An aliquot of the red cell and plasma extracts were thawed at

each time point, and reverse-phase HPLC profiles produced.
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It is therefore probable that in this study some measurements of urate in the red cell
extracts, and NAD" to a lesser extent, may have been underestimated (possibly up to
30%); nevertheless, urate levels were in agreement with textbook values. Although
reverse-phase HPLC is suboptimal for ATP determination, levels of this nucleotide
appeared unaffected by long-term storage at -80°C. The results indicate that extracts,
particularly red cell extracts, should ideally be analysed fresh without prior freezing,
especially if measuring urate. Interestingly, plasma urate was found to be a lot more
stable to freezing than was red cell urate. Plasma urate levels were only minimally
decreased, even after 5 months of storage at -80°C. It was determined that the
routine spectrophotometric assay used to determine plasma urate (based on the
method of Praetorius using purified uricase [355]) could not be used to alternatively
and rapidly measure red cell urate, as there seemed to be a large amount of a
substance in the red cell extracts that interfered with the assay, giving a very large

falsely-elevated level.

Appendix -129 -



10.

11.

12.

13.

14.

15.

REFERENCES|

Beutler, E., Energy Metabolism and Maintenance of Erythrocytes, in Williams
Hematology, C.B.S. Beutler E., Lichtman M.A., Kipps T.J., Seligsohn U., Editor. 2001,
McGRAW-HILL: New York. p. 319-332.

Weber, B.W., D.E. Paglia, and E.H. Harley, Elevated free tyrosine in rhinoceros
erythrocytes. Comp Biochem Physiol A Mol Integr Physiol, 2004. 138(1): p. 105-9.
Beutler, E., Composition of the erythrocyte, in Williams Hematology, C.B.S. Beutler
E., Lichtman M.A., Kipps T.J., Seligsohn U., Editor. 2001, McGRAW-HILL: New York.
p. 289-293.

Harley, E.H., et al. Red blood cell metabolism shows major anomalies in
Rhinocerotidae and Equidae, suggesting a novel role in general antioxidant
metabolism. in International Congress Series 1275: Animals and Environments. 2004.
Matshikiza, M.T., Unpublished: Antioxidant roles of uric acid and tyrosine in
mammalian erythrocytes, in Chemical Pathology. 2003, University of Cape Town:
Cape Town.

DiMarco, T. and C. Giulivi, Current analytical methods for the detection of dityrosine,
a biomarker of oxidative stress, in biological samples. Mass Spectrom Rev, 2007.
26(1): p. 108-20.

Streete, .M., J.F. Jamie, and R.J. Truscott, Lenticular levels of amino acids and free
UV filters differ significantly between normals and cataract patients. Invest
Ophthalmol Vis Sci, 2004. 45(11): p. 4091-8.

Halliwell, B. and J.M. Gutteridge, Free Radicals in Biology and Medicine. 4th ed.
2007: Oxford University Press.

Nagababu, E. and J.M. Rifkind, Heme degradation by reactive oxygen species.
Antioxid Redox Signal, 2004. 6(6): p. 967-78.

Russell, N.J., et al., Blood Biochemistry. 1982, Beckenham: Billing and Sons.

Beutler, E., Introduction, in Red Cell Metabolism (Methods in Hematology), E.
Beutler, Editor. 1986, Churchill Livingstone. p. 1-7.

Beutler, E., Production and Destruction of Erythrocytes, in Williams Hematology,
C.B.S. Beutler E., Lichtman M.A., Kipps T.J., Seligsohn U., Editor. 2001, McGRAW-
HILL: New York. p. 355-368.

Gallagher, P.G. and B.G. Forget, The Red Cell Membrane, in Williams Hematology,
C.B.S. Beutler E., Lichtman M.A., Kipps T.J., Seligsohn U., Editor. 2001, McGRAW-
HILL: New York. p. 333-343.

Kim, H.D. and T.J. McManus, Studies on the energy metabolism of pig red cells. |.
The limiting role of membrane permeability in glycolysis. Biochim Biophys Acta, 1971.
230(1): p. 1-11.

Kaneko, J.J., Comparative erythrocyte metabolism. Adv Vet Sci Comp Med, 1974.
18(0): p. 117-53.

References -130 -



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sartorelli, P., et al., Role of inosine in prevention of methaemoglobinaemia in the pig:
in vitro studies. Zentralbl Veterinarmed A, 1996. 43(8): p. 489-93.

Bartlett, G.R., Metabolic Intermediates-Chromatographic Techniques, in Red Cell
Metabolim (Methods in Hematology), E. Beutler Editor. 1986, Churchill Livingstone:
Edinburgh. p. 8-18.

Valentine, W.N., et al., Hereditary hemolytic anemia with human erythrocyte
pyrimidine 5™-nucleotidase deficiency. J Clin Invest, 1974. 54(4): p. 866-79.

Paglia, D.E. and W.N. Valentine, Characteristics of a pyrimidine-specific 5'-
nucleotidase in human erythrocytes. J Biol Chem, 1975. 250(20): p. 7973-9.

Amici, A., et al., Homogeneous pyrimidine nucleotidase from human erythrocytes:
enzymic and molecular properties. Biochem J, 1994. 304 ( Pt 3): p. 987-92.

Paglia, D.E., et al., Mechanisms of adenosine 5'-monophosphate catabolism in
human erythrocytes. Blood, 1986. 67(4): p. 988-92.

Al-Khalidi, U.A. and T.H. Chaglassian, The Species Distribution of Xanthine Oxidase.
Biochem J, 1965. 97: p. 318-320.

Simmonds, H.A., et al., Altered erythrocyte nucleotide patterns are characteristic of
inherited disorders of purine or pyrimidine metabolism. Clin Chim Acta, 1988. 171(2-
3): p. 197-210.

Bishop, C., Overall red cell metabolism, in The Red Blood Cell, C. Bishop and D.
Surgenor, Editors. 1964, Academic Press: New York. p. 148-189.

Brown, P.R., et al., Nucleotide metabolism in the whole blood of various vertebrates:
enzyme levels and the use of high pressure liquid chromatography for the
determination of nucleotide patterns. Comp Biochem Physiol B, 1972. 43(4): p. 891-
904.

Jarvis, S.M. and R.C. Harris, Adenosine and hypoxanthine transport in horse
erythrocytes: evidence for a polymorphism in the transport of hypoxanthine via a
sodium-dependent cotransporter. Exp Physiol, 1998. 83(2): p. 203-9.

Harkness, D.R., J. Ponce, and V. Grayson, A comparative study on the
phosphoglyceric acid cycle in mammalian erythrocytes. Comp Biochem Physiol,
1969. 28(1): p. 129-38.

Brewer, G.J., et al., Sodium-potassium stimulated ATPase activity of mammalian
hemolysates: clinical observations and dominance of ATPase deficiency in the
potassium polymorphism of sheep. J Lab Clin Med, 1968. 71(5): p. 744-53.

Bartlett, G.R., Red cell metabolism and function, in Advances in Experimental
Medicine and Biology, G.J. Brewer, Editor. 1970, Plenum Press, New York. p. 245-
256.

Paglia, D.E., Acute episodic hemolysis in the African black rhinoceros as an analogue
of human glucose-6-phosphate dehydrogenase deficiency. Am J Hematol, 1993.
42(1): p. 36-45.

Davis, A.R., E.B. Newton, and S.R. Benedict, The combined uric acid in beef blood.
Journal of Biological Chemistry, 1922. 54: p. 595.

References -131 -



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Hatfield, D. and H.S. Forrest, Biosynthesis of 3-ribosyluric acid (uric acid riboside).
Biochim Biophys Acta, 1962. 62: p. 185-7.

Forrest, H.S., D. Hatfield, and J.M. Lagowski Uric Acid Riboside. Part I. Isolation and
Reinvestigation of the structure. J Chem Soc, 1961: p. 963-968.

Hatfield, D., et al., Biosynthesis of a New Uric Acid Ribonucleotide. Biochim Biophys
Acta, 1964. 91: p. 163-6.

Tax, WJ., JH. Veerkamp, and J.M. Trijbels, Activity of purine
phosphoribosyltransferases and of two enzymes of pyrimidine biosynthesis in
erythrocytes of ten mammalian species. Comp Biochem Physiol B, 1976. 54(2): p.
209-12.

Smith, R.C. and L. Lawing, Antioxidant activity of uric acid and 3-N-ribosyluric acid
with unsaturated fatty acids and erythrocyte membranes. Arch Biochem Biophys,
1983. 223(1): p. 166-72.

Smith, R.C. and V. Nunn, Prevention by antioxidants of the hemolysis of erythrocytes
of cattle, pigs and humans treated with t-butyl hydroperoxide. Comp Biochem Physiol
C, 1986. 84(1): p. 79-82.

Smith, R.C. and V. Nunn, Prevention by 3-N-ribosyluric acid of the oxidation of bovine
hemoglobin by sodium nitrite. Arch Biochem Biophys, 1984. 232(1): p. 348-53.

Ames, B.N., et al., Uric acid provides an antioxidant defense in humans against
oxidant- and radical-caused aging and cancer: a hypothesis. Proc Natl Acad Sci U S
A, 1981. 78(11): p. 6858-62.

Paglia, D.E., et al., Radiometric assessment of hexose monophosphate shunt
capacity in erythrocytes of rhinoceroses. Am J Vet Res, 2001. 62(7): p. 1113-7.
Marinaki, A.M., et al., Genetic basis of hemolytic anemia caused by pyrimidine 5'
nucleotidase deficiency. Blood, 2001. 97(11): p. 3327-32.

Gilbert, R.D., et al., The Lesch-Nyhan syndrome--an under-recognised condition in
South Africa? A case report. S Afr Med J, 1992. 81(7): p. 375-7.

Galloon, T. and E.H. Harley, Biochemical genetics of HPRT Cape Town: is the defect
in the HPRT gene? J Inherit Metab Dis, 1988. 11(1): p. 114-22.

Briggs, O.M. and E.H. Harley, The fate of administered purines in the Dalmatian
coach hound. J Comp Pathol, 1986. 96(3): p. 267-76.

Galloon, T., L.M. Steyn, and E.H. Harley, Biochemical and genetic properties of
HPRT Cape Town. Adv Exp Med Biol, 1986. 195 Pt A: p. 177-82.

Harley, E.H., et al., Source and fate of circulating pyrimidines. Adv Exp Med Biol,
1986. 195 Pt A: p. 109-13.

Briggs, O.M. and E.H. Harley, Serum urate concentrations in the Dalmatian Coach
Hound. J Comp Pathol, 1985. 95(2): p. 301-4.

Steyn, L.M. and E.H. Harley, Intracellular activity of HPRT Cape Town: purine uptake
and growth of cultured cells in selective media. J Inherit Metab Dis, 1985. 8(4): p.
198-203.

Steyn, L.M. and E.H. Harley, Substrate inhibition in a human variant of hypoxanthine-

guanine phosphoribosyltransferase. J Biol Chem, 1984. 259(1): p. 338-42.

References -132 -



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

Harley, E.H. and P. Berman, Diagnostic and therapeutic approaches in pyrimidine 5'-
nucleotidase deficiency. Adv Exp Med Biol, 1984. 165 Pt A: p. 103-8.

Briggs, O.M., A.L. Rodgers, and E.H. Harley, Uric acid urolithiasis in a Dalmatian
coach hound. J S Afr Vet Assoc, 1982. 53(3): p. 205-8.

Harley, E.H. and M.J. Losman, Anabolic and catabolic pathways of pyrimidine
metabolism in rat liver. Int J Biochem, 1981. 13(2): p. 247-9.

Cassidy, M., M.C. Gregory, and E.H. Harley, Primary overproduction of urate caused
by a partial deficiency of hypoxanthine-guanine phosphoribosyl transferase. S Afr
Med J, 1980. 57(23): p. 948-50.

Harley, E.H., C.M. Adnams, and L.M. Steyn, Kinetics of a HGPRT mutant showing
substrate inhibition. Adv Exp Med Biol, 1980. 122A: p. 333-6.

Harley, E.H., P. Zetler, and S. Neal, Kinetics and compartmentation of erythrocyte
pyrimidine metabolism. Adv Exp Med Biol, 1979. 122B: p. 217-22.

Losman, M.J. and E.H. Harley, Evidence for compartmentation of uridine nucleotide
pools in rat hepatoma cells. Biochim Biophys Acta, 1978. 521(2): p. 762-9.

Harley, E.H., A. Heaton, and W. Wicomb, Pyrimidine metabolism in hereditary
erythrocyte pyrimidine 5' nucleotidase deficiency. Metabolism, 1978. 27(12): p. 1743-
54.

Harley, E.H., Erythrocyte pyrimidine metabolism in pyrimidine 5'-nucleotidase
deficiency. Monogr Hum Genet, 1978. 10: p. 141-5.

Berman, P.A., et al., Oxypurine cycle in human erythrocytes regulated by pH,
inorganic phosphate, and oxygen. J Clin Invest, 1988. 82(3): p. 980-6.

Paglia, D.E., et al., Acute intravascular hemolysis in the black rhinoceros: erythrocyte
enzymes and metabolic intermediates. Am J Vet Res, 1986. 47(6): p. 1321-5.

Paglia, D.E. and R.E. Miller. Erythrocytic ATP deficiency and acatalasemia in the
black rhinoceros (Diceros bicornis) and their pathogenic roles in acute episodic
hemolysis and mucocutaneous ulcerations. in Proc. Joint Conference, American
Associations of Zoo and Wildlife Veterinarians. 1992. Oakland, CA.

Weber, B., Unpublished: Red Blood Cell Pathophysiology: Comparative and
Diagnostic Aspects, in Chemical Pathology. 1999, University of Cape Town: Cape
Town.

Dierenfeld, E.S., Rhinoceros Nutrition: an Overview with Special Reference to
Browsers. Verhandelungsbericht Erkrankungen Zootiere, 1995. 37: p. 7-14.

Harley, E.H. 2008.

Frohlich, J.U., et al., Free amino-acid composition of human seminal plasma in
different andrological diagnoses. Andrologia, 1980. 12(2): p. 162-6.

van Overveld, F.W., et al., Tyrosine as important contributor to the antioxidant
capacity of seminal plasma. Chem Biol Interact, 2000. 127(2): p. 151-61.

Rhemrev, J.P., et al., Quantification of the nonenzymatic fast and slow TRAP in a
postaddition assay in human seminal plasma and the antioxidant contributions of
various seminal compounds. J Androl, 2000. 21(6): p. 913-20.

References -133 -



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Grisham, M.B., et al., Chlorination of endogenous amines by isolated neutrophils.
Ammonia-dependent bactericidal, cytotoxic, and cytolytic activities of the
chloramines. J Biol Chem, 1984. 259(16): p. 10404-13.

Learn, D.B., V.A. Fried, and E.L. Thomas, Taurine and hypotaurine content of human
leukocytes. J Leukoc Biol, 1990. 48(2): p. 174-82.

Raschke, P., P. Massoudy, and B.F. Becker, Taurine protects the heart from
neutrophil-induced reperfusion injury. Free Radic Biol Med, 1995. 19(4): p. 461-71.
Thomas, E.L., et al., Evidence for a role of taurine in the in vitro oxidative toxicity of
neutrophils toward erythrocytes. J Biol Chem, 1985. 260(6): p. 3321-9.

Cantin, A.M., Taurine modulation of hypochlorous acid-induced lung epithelial cell
injury in vitro. Role of anion transport. J Clin Invest, 1994. 93(2): p. 606-14.

Refik Mas, M., et al., The effect of taurine treatment on oxidative stress in
experimental liver fibrosis. Hepatol Res, 2004. 28(4): p. 207-215.

Aruoma, O.1., et al., The antioxidant action of taurine, hypotaurine and their metabolic
precursors. Biochem J, 1988. 256(1): p. 251-5.

Harikumar, K.B. and B.B. Aggarwal, Resveratrol: a multitargeted agent for age-
associated chronic diseases. Cell Cycle, 2008. 7(8): p. 1020-35.

Baxter, R.A., Anti-aging properties of resveratrol: review and report of a potent new
antioxidant skin care formulation. J Cosmet Dermatol, 2008. 7(1): p. 2-7.

Olas, B., et al., Comparative anti-platelet and antioxidant properties of polyphenol-rich
extracts from: berries of Aronia melanocarpa, seeds of grape and bark of Yucca
schidigera in vitro. Platelets, 2008. 19(1): p. 70-7.

Simmonds, H.A., et al., Erythrocyte nucleotide stability and plasma hypoxanthine
concentrations: improved ATP stability with short-term storage at room temperature.
Clin Chim Acta, 1990. 192(2): p. 121-32.

Sharp, M.K. and S.F. Mohammad, Scaling of hemolysis in needles and catheters.
Ann Biomed Eng, 1998. 26(5): p. 788-97.

Arzoumanian, L., What Is Hemolysis?, in Becton Dickinson Tech talk. 2003.

Dean, B.M., D. Perrett, and M. Sensi, Changes in nucleotide concentrations in the
erythrocytes of man, rabbit and rat during short-term storage. Biochem Biophys Res
Commun, 1978. 80(1): p. 147-54.

Boyanton, B.L., Jr. and K.E. Blick, Stability studies of twenty-four analytes in human
plasma and serum. Clin Chem, 2002. 48(12): p. 2242-7.

Hagenfeldt, L. and A. Arvidsson, The distribution of amino acids between plasma and
erythrocytes. Clin Chim Acta, 1980. 100(2): p. 133-41.

Smith, R.C., J. Caldwell, and T.B. Patterson, 3-ribosyluric acid content of bovine
erythrocytes. J Carbohydrates Nucleosides Nucleotides, 1981. 8(3): p. 203-210.
Chepda, T., et al., Monitoring of ascorbate at a constant rate in cell culture: effect on
cell growth. In Vitro Cell Dev Biol Anim, 2001. 37(1): p. 26-30.

Smith, R.C. and P.A. Teer, 3-ribosyluric acid and nucleotide content of erythroid cells

in phenylhydrazine-induced anemia in cattle. Int J Biochem, 1981. 13(4): p. 509-12.

References -134 -



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Smith, R.C., J.L. Robinson, and L.R. Jones, Erythrocyte ribosyluric acid of dairy cattle
normal and deficient for uridine monophosphate synthase. J Dairy Sci, 1985. 68(10):
p. 2723-6.

Reedy, P.R. and R.C. Smith, Synthesis of 3-N-ribosyluric acid 5-monophosphate by
red cells of the bovine fetus. Comp Biochem Physiol B, 1983. 75(3): p. 495-8.
Massey, V. and C.M. Harris, Milk xanthine oxidoreductase: the first one hundred
years. Biochem Soc Trans, 1997. 25(3): p. 750-5.

Johnson, C.A. and O. Bergeim, The distribution of free amino acids between
erythrocytes and plasma in man. J Biol Chem, 1951. 188(2): p. 833-8.

McMenamy, R.H., et al., Studies of Unbound Amino Acid Distributions in Plasma,
Erythrocytes, Leukocytes and Urine of Normal Human Subjects. J Clin Invest, 1960.
39(11): p. 1675-87.

Rosenberg, R., J.D. Young, and J.C. Ellory, L-Tryptophan transport in human red
blood cells. Biochim Biophys Acta, 1980. 598(2): p. 375-84.

Rosenberg, R. and O.J. Rafaelsen, Transport of neutral amino acids across the
human red blood cell membrane. Prog Neuropsychopharmacol, 1979. 3(4): p. 377-
81.

Young, J.D., et al., Red-cell amino acid transport. Evidence for the presence of
system ASC in mature human red blood cells. Biochem J, 1983. 216(2): p. 349-57.
Lichter-Konecki, U., C.M. Hipke, and D.S. Konecki, Human phenylalanine
hydroxylase gene expression in kidney and other nonhepatic tissues. Mol Genet
Metab, 1999. 67(4): p. 308-16.

Fincham, D.A., et al., Heterogeneity of amino acid transport in horse erythrocytes: a
detailed kinetic analysis of inherited transport variation. J Physiol, 1987. 389: p. 385-
409.

Fincham, D.A., et al., Breed and species comparison of amino acid transport variation
in equine erythrocytes. Res Vet Sci, 1985. 38(3): p. 346-51.

Fincham, D.A., J.C. Ellory, and J.D. Young, Characterization of a novel variant of
amino acid transport system asc in erythrocytes from Przewalski's horse (Equus
przewalskii). Can J Physiol Pharmacol, 1992. 70(8): p. 1117-27.

Sastre, J., et al., Exhaustive physical exercise causes oxidation of glutathione status
in blood: prevention by antioxidant administration. Am J Physiol, 1992. 263(5 Pt 2): p.
R992-5.

Vollaard, N.B., J.P. Shearman, and C.E. Cooper, Exercise-induced oxidative
stress:myths, realities and physiological relevance. Sports Med, 2005. 35(12): p.
1045-62.

White, A., et al., Role of exercise and ascorbate on plasma antioxidant capacity in
thoroughbred race horses. Comp Biochem Physiol A Mol Integr Physiol, 2001.
128(1): p. 99-104.

Williams, C.A., et al., Antioxidant supplementation and subsequent oxidative stress of
horses during an 80-km endurance race. J Anim Sci, 2004. 82(2): p. 588-94.

References -135-



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Kinnunen, S., et al., Exercise-induced oxidative stress and muscle stress protein
responses in trotters. Eur J Appl Physiol, 2005. 93(4): p. 496-501.

Hellsten, Y., et al., Oxidation of urate in human skeletal muscle during exercise. Free
Radic Biol Med, 1997. 22(1-2): p. 169-74.

Hellsten, Y., et al., Allantoin formation and urate and glutathione exchange in human
muscle during submaximal exercise. Free Radic Biol Med, 2001. 31(11): p. 1313-22.
Meijer, E.P., et al., Exercise-induced oxidative stress in older adults as measured by
antipyrine oxidation. Metabolism, 2001. 50(12): p. 1484-8.

Meijer, E.P., et al., Exercise training and oxidative stress in the elderly as measured
by antipyrine hydroxylation products. Free Radic Res, 2001. 35(4): p. 435-43.

Aguilo, A., et al., Antioxidant response to oxidative stress induced by exhaustive
exercise. Physiol Behav, 2005. 84(1): p. 1-7.

Domigan, N.M., et al., Chlorination of tyrosyl residues in peptides by myeloperoxidase
and human neutrophils. J Biol Chem, 1995. 270(28): p. 16542-8.

Soupart, P., Amino Acid Pools, J.T. Holden, Editor. 1962, Elsevier/North-Holland,
Amsterdam. p. 220-262.

Peake, J., J.C. Quindry, and C.E. Broeder, Are neutrophils really involved in exercise-
induced oxidative stress? Med Sci Sports Exerc, 2004. 36(1): p. 175-6.

Peake, J. and K. Suzuki, Neutrophil activation, antioxidant supplements and exercise-
induced oxidative stress. Exerc Immunol Rev, 2004. 10: p. 129-41.

Robson, P.J., P.J. Bouic, and K.H. Myburgh, Antioxidant supplementation enhances
neutrophil oxidative burst in trained runners following prolonged exercise. Int J Sport
Nutr Exerc Metab, 2003. 13(3): p. 369-81.

Miyazaki, H., et al., Strenuous endurance training in humans reduces oxidative stress
following exhausting exercise. Eur J Appl Physiol, 2001. 84(1-2): p. 1-6.

Marlin, D.J., et al., Changes in circulatory antioxidant status in horses during
prolonged exercise. J Nutr, 2002. 132(6 Suppl 2): p. 1622S-7S.

Ninfali, P. and G. Aluigi, Variability of oxygen radical absorbance capacity (ORAC) in
different animal species. Free Radic Res, 1998. 29(5): p. 399-408.

Harrison, R., Structure and function of xanthine oxidoreductase: where are we now?
Free Radic Biol Med, 2002. 33(6): p. 774-97.

Parks, D.A. and D.N. Granger, Xanthine oxidase: biochemistry, distribution and
physiology. Acta Physiol Scand Suppl, 1986. 548: p. 87-99.

Harley, E.H., Uric acid - metabolism and pathophysiology. Continuing Medical
Education, 1983. 1: p. 99-103.

Watanabe, S., et al., Uric acid, hominoid evolution, and the pathogenesis of salt-
sensitivity. Hypertension, 2002. 40(3): p. 355-60.

Roch-Ramel, F. and G. Peters, Uric acid, Handbook of Experimental Pharmacology,
W.N. Kelley and I.M. Weiner, Editors. 1978, Springer, New York. p. 211-255.

Becker, B.F., Towards the physiological function of uric acid. Free Radic Biol Med,
1993. 14(6): p. 615-31.

References -136 -



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Lassen, U.V., Kinetics of uric acid transport in human erythrocytes. Biochim Biophys
Acta, 1961. 53: p. 557-69.

Galtieri, A., et al.,, Band-3 protein function in human erythrocytes: effect of
oxygenation-deoxygenation. Biochim Biophys Acta, 2002. 1564(1): p. 214-8.
Bontemps, F., G. Van den Berghe, and H.G. Hers, Pathways of adenine nucleotide
catabolism in erythrocytes. J Clin Invest, 1986. 77(3): p. 824-30.

Pennel, R.B., in The Red Blood Cell, C. Bishop and D. Surgenor, Editors. 1964,
Academic Press: New York. p. 29-62.

Castejon, F., et al., Uric acid responses to endurance racing and relationships with
performance, plasma biochemistry and metabolic alterations. Equine Vet J Suppl,
2006(36): p. 70-3.

Gutteridge, S., S.J. Tanner, and R.C. Bray, Comparison of the molybdenum centres
of native and desulpho xanthine oxidase. The nature of the cyanide-labile sulphur
atom and the nature of the proton-accepting group. Biochem J, 1978. 175(3): p. 887-
97.

Godber, B.L., et al., Molecular characterization of human xanthine oxidoreductase:
the enzyme is grossly deficient in molybdenum and substantially deficient in iron-
Sulphur centres. Biochem J, 2005. 388(Pt 2): p. 501-8.

Ikegami, T. and T. Nishino, The presence of desulfo xanthine dehydrogenase in
purified and crude enzyme preparations from rat liver. Arch Biochem Biophys, 1986.
247(2): p. 254-60.

Bayliak, M., H. Semchyshyn, and V. Lushchak, Effect of hydrogen peroxide on
antioxidant enzyme activities in Saccharomyces cerevisiae is strain-specific.
Biochemistry (Mosc), 2006. 71(9): p. 1013-20.

Christen, S., E. Peterhans, and R. Stocker, Antioxidant activities of some tryptophan
metabolites: possible implication for inflammatory diseases. Proc Natl Acad Sci U S
A, 1990. 87(7): p. 2506-10.

Christen, S., et al., Marked elevation in cortical urate and xanthine oxidoreductase
activity in experimental bacterial meningitis. Brain Res, 2001. 900(2): p. 244-51.
Sarnesto, A., N. Linder, and K.O. Raivio, Organ distribution and molecular forms of
human xanthine dehydrogenase/xanthine oxidase protein. Lab Invest, 1996. 74(1): p.
48-56.

Godber, B.L., et al., A new route to peroxynitrite: a role for xanthine oxidoreductase.
FEBS Lett, 2000. 475(2): p. 93-6.

Chambers, D.E., et al., Xanthine oxidase as a source of free radical damage in
myocardial ischemia. J Mol Cell Cardiol, 1985. 17(2): p. 145-52.

McCord, J.M., Oxygen-derived free radicals in postischemic tissue injury. N Engl J
Med, 1985. 312(3): p. 159-63.

McCord, J.M., R.S. Roy, and S.W. Schaffer, Free radicals and myocardial ischemia.
The role of xanthine oxidase. Adv Myocardiol, 1985. 5: p. 183-9.

Granger, D.N., M.E. Hollwarth, and D.A. Parks, Ischemia-reperfusion injury: role of
oxygen-derived free radicals. Acta Physiol Scand Suppl, 1986. 548: p. 47-63.

References -137 -



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Gutteridge, J.M. and B. Halliwell, Reoxygenation injury and antioxidant protection: a
tale of two paradoxes. Arch Biochem Biophys, 1990. 283(2): p. 223-6.

Kooij, A., A re-evaluation of the tissue distribution and physiology of xanthine
oxidoreductase. Histochem J, 1994. 26(12): p. 889-915.

Hooper, D.C., et al., Uric acid, a peroxynitrite scavenger, inhibits CNS inflammation,
blood-CNS barrier permeability changes, and tissue damage in a mouse model of
multiple sclerosis. Faseb J, 2000. 14(5): p. 691-8.

Kean, R.B., et al.,, The peroxynitrite scavenger uric acid prevents inflammatory cell
invasion into the central nervous system in experimental allergic encephalomyelitis
through maintenance of blood-central nervous system barrier integrity. J Immunol,
2000. 165(11): p. 6511-8.

Harrison, R., Human xanthine oxidoreductase: in search of a function. Biochem Soc
Trans, 1997. 25(3): p. 786-91.

Pomposiello, P.J. and B. Demple, Global adjustment of microbial physiology during
free radical stress. Adv Microb Physiol, 2002. 46: p. 319-41.

Radak, Z., et al., Superoxide dismutase derivative reduces oxidative damage in
skeletal muscle of rats during exhaustive exercise. J Appl Physiol, 1995. 79(1): p.
129-35.

Hinchcliff, K.W., et al., Oxidant stress in sled dogs subjected to repetitive endurance
exercise. Am J Vet Res, 2000. 61(5): p. 512-7.

Leeuwenburgh, C. and J.W. Heinecke, Oxidative stress and antioxidants in exercise.
Curr Med Chem, 2001. 8(7): p. 829-38.

Chiaradia, E., et al., Physical exercise, oxidative stress and muscle damage in
racehorses. Comp Biochem Physiol B Biochem Mol Biol, 1998. 119(4): p. 833-6.
Rasanen, L.A., et al., Accumulation of uric acid in plasma after repeated bouts of
exercise in the horse. Comp Biochem Physiol B Biochem Mol Biol, 1996. 114(2): p.
139-44.

Ono, K., et al., The changes of antioxidative enzyme activities in equine erythrocytes
following exercise. Nippon Juigaku Zasshi, 1990. 52(4): p. 759-65.

de Moffarts, B., et al., Effect of exercise on blood oxidant/antioxidant markers in
standardbred horses: comparison between treadmill and race track tests. Equine Vet
J Suppl, 2006(36): p. 254-7.

Sutton, J.R., et al., Purine metabolism during strenuous muscular exercise in man.
Metabolism, 1980. 29(3): p. 254-60.

Harkness, R.A., R.J. Simmonds, and S.B. Coade, Effect of hypoxia and exercise on
nucleotide metabolism in man. Adv Exp Med Biol, 1984. 165 Pt B: p. 437-42.

Sahin, E., et al., Marked changes in erythrocyte antioxidants and lipid peroxidation
levels of rats exposed to acute, repeated and chronic restraint stress. Pharmazie,
2004. 59(12): p. 961-4.

Ueta, E., et al., The effect of cigarette smoke exposure and ascorbic acid intake on
gene expression of antioxidant enzymes and other related enzymes in the livers and

lungs of Shionogi rats with osteogenic disorders. Toxicol Sci, 2003. 73(2): p. 339-47.

References -138 -



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Rahman, |., et al., Systemic oxidative stress in asthma, COPD, and smokers. Am J
Respir Crit Care Med, 1996. 154(4 Pt 1): p. 1055-60.

Toth, K.M., et al., Erythrocytes from cigarette smokers contain more glutathione and
catalase and protect endothelial cells from hydrogen peroxide better than do
erythrocytes from nonsmokers. Am Rev Respir Dis, 1986. 134(2): p. 281-4.

Ozguner, F., A. Koyu, and G. Cesur, Active smoking causes oxidative stress and
decreases blood melatonin levels. Toxicol Ind Health, 2005. 21(1-2): p. 21-6.

Siems, W.G., et al., Uric acid and glutathione levels during short-term whole body
cold exposure. Free Radic Biol Med, 1994. 16(3): p. 299-305.

Sun, J.Z., et al., Evidence for an essential role of reactive oxygen species in the
genesis of late preconditioning against myocardial stunning in conscious pigs. J Clin
Invest, 1996. 97(2): p. 562-76.

Ohno, H., et al., Physical training and fasting erythrocyte activities of free radical
scavenging enzyme systems in sedentary men. Eur J Appl Physiol Occup Physiol,
1988. 57(2): p. 173-6.

Sen, C.K. and O. Hanninen, [Glutathione homeostasis: the cardinal physiological
defense against oxygen toxicity induced by physical exercise]. Fiziol Zh Im | M
Sechenova, 1995. 81(11): p. 143-50.

Powers, S.K., L.L. Ji, and C. Leeuwenburgh, Exercise training-induced alterations in
skeletal muscle antioxidant capacity: a brief review. Med Sci Sports Exerc, 1999.
31(7): p. 987-97.

Yamamoto, T., et al., Relation between voluntary physical activity and
oxidant/antioxidant status in rats. Comp Biochem Physiol C Toxicol Pharmacol, 2003.
135(2): p. 163-8.

Alessio, H.M., et al., Exercise improves biomarkers of health and stress in animals
fed ad libitum. Physiol Behav, 2005. 84(1): p. 65-72.

Powers, S.K., et al., Influence of exercise and fiber type on antioxidant enzyme
activity in rat skeletal muscle. Am J Physiol, 1994. 266(2 Pt 2): p. R375-80.

Avellini, L., E. Chiaradia, and A. Gaiti, Effect of exercise training, selenium and
vitamin E on some free radical scavengers in horses (Equus caballus). Comp
Biochem Physiol B Biochem Mol Biol, 1999. 123(2): p. 147-54.

Sen, C.K. and L. Packer, Thiol homeostasis and supplements in physical exercise.
Am J Clin Nutr, 2000. 72(2 Suppl): p. 653S-69S.

Ficicilar, H., et al., The effects of short-term training on platelet functions and total
antioxidant capacity in rats. Physiol Res, 2006. 55(2): p. 151-6.

Kirschvink, N., et al., Investigation of blood oxidant/antioxidant markers in healthy
competition horses of different breeds. Equine Vet J Suppl, 2006(36): p. 239-44.
Kinnunen, S., et al., Effects of prolonged exercise on oxidative sress and antioxidant
defense in endurance horse. Journal of Sports Science and Medicine, 2005. 4: p.
415-421.

References -139 -



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.

185.

186.

187.

188.

189.

190.

Kaynar, H., et al.,, Glutathione peroxidase, glutathione-S-transferase, catalase,
xanthine oxidase, Cu-Zn superoxide dismutase activities, total glutathione, nitric
oxide, and malondialdehyde levels in erythrocytes of patients with small cell and non-
small cell lung cancer. Cancer Lett, 2005. 227(2): p. 133-9.

Tavazzi, B., et al., Energy metabolism and lipid peroxidation of human erythrocytes
as a function of increased oxidative stress. Eur J Biochem, 2000. 267(3): p. 684-9.
Tavazzi, B., et al., Oxidative stress induces impairment of human erythrocyte energy
metabolism through the oxygen radical-mediated direct activation of AMP-deaminase.
J Biol Chem, 2001. 276(51): p. 48083-92.

Moosmann, B. and C. Behl, Cytoprotective antioxidant function of tyrosine and
tryptophan residues in transmembrane proteins. Eur J Biochem, 2000. 267(18): p.
5687-92.

Rosenberg, R., A kinetic analysis of L-tryptophan transport in human red blood cells.
Biochim Biophys Acta, 1981. 649(2): p. 262-8.

Grimmett, A. and M.N. Sillence, Calmatives for the excitable horse: a review of L-
tryptophan. Vet J, 2005. 170(1): p. 24-32.

Noble, G.K., et al., Effects of a commercial dose of L-tryptophan on plasma
tryptophan concentrations and behaviour in horses. Equine Vet J, 2008. 40(1): p. 51-
6.

Micheli, V., et al., HPLC determination of oxidized and reduced pyridine coenzymes
in human erythrocytes. Clin Chim Acta, 1993. 220(1): p. 1-17.

Artman, M. and G. Frankl, Nicotinamide adenine dinucleotide and nicotinamide
adenine dinucleotide phosphate splitting enzyme(s) of sheep and rabbit erythrocytes:
their effect on the growth of Haemophilus. Can J Microbiol, 1982. 28(6): p. 696-702.
Beutler, E., Red cell metabolism. A. Defects not causing hemolytic disease. B.
Environmental modification. Biochimie, 1972. 54(5): p. 759-64.

Lehninger, A.L., Biochemistry. second ed. 1975: Worth Publishers, Inc.

Misra, H.P. and |. Fridovich, The generation of superoxide radical during the
autoxidation of hemoglobin. J Biol Chem, 1972. 247(21): p. 6960-2.

Carrell, R.W., R. Krishnamoorthy, and C.C. Winterbourn, Hemoglobin autoxidation:
the risk of the red cell and the contribution of copper. Prog Clin Biol Res, 1978. 21: p.
687-99.

Levonen, A.L., et al., Mechanisms of cell signaling by nitric oxide and peroxynitrite:
from mitochondria to MAP kinases. Antioxid Redox Signal, 2001. 3(2): p. 215-29.
Cakir, Y. and S.W. Ballinger, Reactive species-mediated regulation of cell signaling
and the cell cycle: the role of MAPK. Antioxid Redox Signal, 2005. 7(5-6): p. 726-40.
Harrison, R., Physiological roles of xanthine oxidoreductase. Drug Metab Rev, 2004.
36(2): p. 363-75.

Godber, B.L., et al.,, Reduction of nitrite to nitric oxide catalyzed by xanthine
oxidoreductase. J Biol Chem, 2000. 275(11): p. 7757-63.

Segal, A.W., How neutrophils kill microbes. Annu Rev Immunol, 2005. 23: p. 197-223.

References - 140 -



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Halliwell, B. and M. Whiteman, Measuring reactive species and oxidative damage in
vivo and in cell culture: how should you do it and what do the results mean? Br J
Pharmacol, 2004. 142(2): p. 231-55.

Lynch, R.E. and I. Fridovich, Permeation of the erythrocyte stroma by superoxide
radical. J Biol Chem, 1978. 253(13): p. 4697-9.

Halliwell, B., Free radicals and antioxidants: a personal view. Nutr Rev, 1994. 52(8 Pt
1): p. 253-65.

Gieseg, S., S. Duggan, and J.M. Gebicki, Peroxidation of proteins before lipids in
U937 cells exposed to peroxyl radicals. Biochem J, 2000. 350 Pt 1: p. 215-8.

Dean, R.T., et al., Biochemistry and pathology of radical-mediated protein oxidation.
Biochem J, 1997. 324 ( Pt 1): p. 1-18.

Van Dyke, K., et al., Ultrasensitive peroxynitrite-based luminescence with L-012 as a
screening system for antioxidative/antinitrating  substances, e.g. Tylenol
(acetaminophen), 4-OH tempol, quercetin and carboxy-PTIO. Luminescence, 2007.
22: p. 267-274.

Jacob, J.S., et al., Human phagocytes employ the myeloperoxidase-hydrogen
peroxide system to synthesize dityrosine, trityrosine, pulcherosine, and isodityrosine
by a tyrosyl radical-dependent pathway. J Biol Chem, 1996. 271(33): p. 19950-6.
Sies, H., Oxidative stress: from basic research to clinical application. Am J Med,
1991. 91(3C): p. 31S-38S.

Schrader, M. and H.D. Fahimi, Peroxisomes and oxidative stress. Biochim Biophys
Acta, 2006. 1763(12): p. 1755-66.

Brigelius-Flohe, R., Tissue-specific functions of individual glutathione peroxidases.
Free Radic Biol Med, 1999. 27(9-10): p. 951-65.

Reid, T.J., 3rd, et al., Structure and heme environment of beef liver catalase at 2.5 A
resolution. Proc Natl Acad Sci U S A, 1981. 78(8): p. 4767-71.

Kirkman, H.N., et al., Mechanisms of protection of catalase by NADPH. Kinetics and
stoichiometry. J Biol Chem, 1999. 274(20): p. 13908-14.

Jacob, H.S., S.H. Ingbar, and J.H. Jandl, Oxidative Hemolysis and Erythrocyte
Metabolism in Hereditary Acatalasia. J Clin Invest, 1965. 44: p. 1187-99.

Ho, Y.S., et al.,, Mice lacking catalase develop normally but show differential
sensitivity to oxidant tissue injury. J Biol Chem, 2004. 279(31): p. 32804-12.

Gaetani, G.F., et al., Predominant role of catalase in the disposal of hydrogen
peroxide within human erythrocytes. Blood, 1996. 87(4): p. 1595-9.

Agar, N.S., et al., Erythrocyte catalase. A somatic oxidant defense? J Clin Invest,
1986. 77(1): p. 319-21.

Crystal, R.G., |Introduction: Oxidants and Antioxidants: Pathophysiologicic
Determinants and Therapeutic Agents (symposium). Am J Med, 1991. 91(Suppl 3C):
p. 2S.

Johnson, R.M., et al., Red cells from glutathione peroxidase-1-deficient mice have

nearly normal defenses against exogenous peroxides. Blood, 2000. 96(5): p. 1985-8.

References -141 -



209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Gaetani, G.F., et al., Exposure of erythrocytes to methylene blue shows the active
role of catalase in removing hydrogen peroxide. Br J Haematol, 2002. 119(3): p. 833-
8.

Winterbourn, C.C., Free-radical production and oxidative reactions of hemoglobin.
Environ Health Perspect, 1985. 64: p. 321-30.

Winterbourn, C.C., Oxidative reactions of hemoglobin. Methods Enzymol, 1990. 186:
p. 265-72.

Schafer, F.Q. and G.R. Buettner, Redox environment of the cell as viewed through
the redox state of the glutathione disulfide/glutathione couple. Free Radic Biol Med,
2001. 30(11): p. 1191-212.

Veech, R.L., L.V. Eggleston, and H.A. Krebs, The redox state of free nicotinamide-
adenine dinucleotide phosphate in the cytoplasm of rat liver. Biochem J, 1969.
115(4): p. 609-19.

Yoshida, A., Hemolytic anemia and G6PD deficiency. Science, 1973. 179(73): p. 532-
7.

Grimes, A.J., Human red cell metabolism. 1980, Oxford: Blackwell Scientific
Publications.

Hsieh, H.S. and E.R. Jaffe, Electrophoretic and functional variants of NADH-
methemoglobin reductase in hereditary methemoglobinemia. J Clin Invest, 1971.
50(1): p. 196-202.

Siems, W.G., O. Sommerburg, and T. Grune, Erythrocyte free radical and energy
metabolism. Clin Nephrol, 2000. 53(1 Suppl): p. S9-17.

Halliwell, B. and J.M. Gutteridge, The antioxidants of human extracellular fluids. Arch
Biochem Biophys, 1990. 280(1): p. 1-8.

Aitken, R.J. and M.A. Baker, Oxidative stress, sperm survival and fertility control. Mol
Cell Endocrinol, 2006. 250(1-2): p. 66-9.

O, W.S,, H. Chen, and P.H. Chow, Male genital tract antioxidant enzymes--their
ability to preserve sperm DNA integrity. Mol Cell Endocrinol, 2006. 250(1-2): p. 80-3.
Spector, A., Oxidative stress-induced cataract: mechanism of action. Faseb J, 1995.
9(12): p. 1173-82.

Svardal, A.M., M.A. Mansoor, and P.M. Ueland, Determination of reduced, oxidized,
and protein-bound glutathione in human plasma with precolumn derivatization with
monobromobimane and liquid chromatography. Anal Biochem, 1990. 184(2): p. 338-
46.

May, J.M., Z.C. Qu, and C.E. Cobb, Human erythrocyte recycling of ascorbic acid:
relative contributions from the ascorbate free radical and dehydroascorbic acid. J Biol
Chem, 2004. 279(15): p. 14975-82.

Vissers, M.C. and C.C. Winterbourn, Oxidation of intracellular glutathione after
exposure of human red blood cells to hypochlorous acid. Biochem J, 1995. 307 ( Pt
1): p. 57-62.

References -142 -



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Villa, L.M., et al., Peroxynitrite induces both vasodilatation and impaired vascular
relaxation in the isolated perfused rat heart. Proc Natl Acad Sci U S A, 1994. 91(26):
p. 12383-7.

Chatterjee, 1.B., Evolution and the biosynthesis of ascorbic acid. Science, 1973.
182(118): p. 1271-2.

Buehler, P.W. and A.l. Alayash, Redox biology of blood revisited: the role of red blood
cells in maintaining circulatory reductive capacity. Antioxid Redox Signal, 2005. 7(11-
12): p. 1755-60.

Mehlhorn, R.J., Ascorbate- and dehydroascorbic acid-mediated reduction of free
radicals in the human erythrocyte. J Biol Chem, 1991. 266(5): p. 2724-31.

Nagler, R.M., et al., Characterization of the differentiated antioxidant profile of human
saliva. Free Radic Biol Med, 2002. 32(3): p. 268-77.

van der Vliet, A., et al, Determination of Ilow-molecular-mass antioxidant
concentrations in human respiratory tract lining fluids. Am J Physiol, 1999. 276(2 Pt
1): p. L289-96.

Davies, K.J., et al., Uric acid-iron ion complexes. A new aspect of the antioxidant
functions of uric acid. Biochem J, 1986. 235(3): p. 747-54.

Samet, J.M., et al., Effect of antioxidant supplementation on ozone-induced Ilung
injury in human subjects. Am J Respir Crit Care Med, 2001. 164(5): p. 819-25.
Skinner, K.A., et al., Nitrosation of uric acid by peroxynitrite. Formation of a
vasoactive nitric oxide donor. J Biol Chem, 1998. 273(38): p. 24491-7.

Santos, C.X., E.I. Anjos, and O. Augusto, Uric acid oxidation by peroxynitrite: multiple
reactions, free radical formation, and amplification of lipid oxidation. Arch Biochem
Biophys, 1999. 372(2): p. 285-94.

Kaur, H. and B. Halliwell, Action of biologically-relevant oxidizing species upon uric
acid. Identification of uric acid oxidation products. Chem Biol Interact, 1990. 73(2-3):
p. 235-47.

Sevanian, A., K.J. Davies, and P. Hochstein, Serum urate as an antioxidant for
ascorbic acid. Am J Clin Nutr, 1991. 54(6 Suppl): p. 1129S-1134S.

Meadows, J. and R.C. Smith, Uric acid protects erythrocytes from ozone-induced
changes. Environ Res, 1987. 43(2): p. 410-6.

Meadows, J., R.C. Smith, and J. Reeves, Uric acid protects membranes and linolenic
acid from ozone-induced oxidation. Biochem Biophys Res Commun, 1986. 137(1): p.
536-41.

Kelly, F.J., et al., Antioxidant kinetics in lung lavage fluid following exposure of
humans to nitrogen dioxide. Am J Respir Crit Care Med, 1996. 154(6 Pt 1): p. 1700-5.
Kelly, F.J., M. Cotgrove, and |.S. Mudway, Respiratory tract lining fluid antioxidants:
the first line of defence against gaseous pollutants. Cent Eur J Public Health, 1996. 4

Suppl: p. 11-4.

References -143 -



241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Cross, C.E., et al., Combating oxidative stress at respiratory tract biosurfaces:
challenges yet to be resolved, a commentary on "Vitamin supplementation does not
protect against symptoms in ozone-responsive subjects”. Free Radic Biol Med, 2006.
40(10): p. 1693-7.

Waring, W.S., et al., Uric acid reduces exercise-induced oxidative stress in healthy
adults. Clin Sci (Lond), 2003. 105(4): p. 425-30.

Aruoma, O.l. and B. Halliwell, Inactivation of alpha 1-antiproteinase by hydroxyl
radicals. The effect of uric acid. FEBS Lett, 1989. 244(1): p. 76-80.

Grootveld, M. and B. Halliwell, Measurement of allantoin and uric acid in human body
fluids. A potential index of free-radical reactions in vivo? Biochem J, 1987. 243(3): p.
803-8.

Hasegawa, T. and M. Kuroda, [A new role of uric acid as an antioxidant in human
plasma]. Rinsho Byori, 1989. 37(9): p. 1020-7.

Kand'ar, R., P. Zakova, and V. Muzakova, Monitoring of antioxidant properties of uric
acid in humans for a consideration measuring of levels of allantoin in plasma by liquid
chromatography. Clin Chim Acta, 2006. 365(1-2): p. 249-56.

Prior, R.L., X. Wu, and K. Schaich, Standardized methods for the determination of
antioxidant capacity and phenolics in foods and dietary supplements. J Agric Food
Chem, 2005. 53(10): p. 4290-302.

Pellegrini, N., et al., Total antioxidant capacity of plant foods, beverages and oils
consumed in Italy assessed by three different in vitro assays. J Nutr, 2003. 133(9): p.
2812-9.

Prior, R.L. and G. Cao, In vivo total antioxidant capacity: comparison of different
analytical methods. Free Radic Biol Med, 1999. 27(11-12): p. 1173-81.

Bartosz, G., Total antioxidant capacity. Adv Clin Chem, 2003. 37: p. 219-92.

Cao, G., H.M. Alessio, and R.G. Cutler, Oxygen-radical absorbance capacity assay
for antioxidants. Free Radic Biol Med, 1993. 14(3): p. 303-11.

Prior, R.L., et al., Assays for hydrophilic and lipophilic antioxidant capacity (oxygen
radical absorbance capacity (ORAC(FL))) of plasma and other biological and food
samples. J Agric Food Chem, 2003. 51(11): p. 3273-9.

Giulivi, C., R.E. Pacifici, and K.J. Davies, Exposure of hydrophobic moieties promotes
the selective degradation of hydrogen peroxide-modified hemoglobin by the
multicatalytic proteinase complex, proteasome. Arch Biochem Biophys, 1994. 311(2):
p. 329-41.

Giulivi, C. and K.J. Davies, Mechanism of the formation and proteolytic release of
H202-induced dityrosine and tyrosine oxidation products in hemoglobin and red
blood cells. J Biol Chem, 2001. 276(26): p. 24129-36.

Giulivi, C., N.J. Traaseth, and K.J. Davies, Tyrosine oxidation products: analysis and
biological relevance. Amino Acids, 2003. 25(3-4): p. 227-32.

Wright, A., et al., Singlet oxygen-mediated protein oxidation: evidence for the
formation of reactive side chain peroxides on tyrosine residues. Photochem
Photobiol, 2002. 76(1): p. 35-46.

References -144 -



257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Pfeiffer, S., K. Schmidt, and B. Mayer, Dityrosine formation outcompetes tyrosine
nitration at low steady-state concentrations of peroxynitrite. Implications for tyrosine
modification by nitric oxide/superoxide in vivo. J Biol Chem, 2000. 275(9): p. 6346-52.
Morgan, P.E., R.T. Dean, and M.J. Davies, Protective mechanisms against peptide
and protein peroxides generated by singlet oxygen. Free Radic Biol Med, 2004.
36(4): p. 484-96.

Sturgeon, B.E., et al., The fate of the oxidizing tyrosyl radical in the presence of
glutathione and ascorbate. Implications for the radical sink hypothesis. J Biol Chem,
1998. 273(46): p. 30116-21.

Arduini, A., et al., Reduction of sperm whale ferrylmyoglobin by endogenous reducing
agents: potential reducible loci of ferrylmyoglobin. Free Radic Biol Med, 1992. 13(4):
p. 449-54.

McArthur, K.M. and M.J. Davies, Detection and reactions of the globin radical in
haemoglobin. Biochim Biophys Acta, 1993. 1202(2): p. 173-81.

Catalano, C.E., Y.S. Choe, and P.R. Ortiz de Montellano, Reactions of the protein
radical in peroxide-treated myoglobin. Formation of a heme-protein cross-link. J Biol
Chem, 1989. 264(18): p. 10534-41.

Galaris, D., E. Cadenas, and P. Hochstein, Glutathione-dependent reduction of
peroxides during ferryl- and met-myoglobin interconversion: a potential protective
mechanism in muscle. Free Radic Biol Med, 1989. 6(5): p. 473-8.

Galaris, D. and P. Korantzopoulos, On the molecular mechanism of metmyoglobin-
catalyzed reduction of hydrogen peroxide by ascorbate. Free Radic Biol Med, 1997.
22(4): p. 657-67.

Amado, R., R. Aeschbach, and H. Neukom, Dityrosine: in vitro production and
characterization. Methods Enzymol, 1984. 107: p. 377-88.

Cai, Y.Z., et al.,, Structure-radical scavenging activity relationships of phenolic
compounds from traditional Chinese medicinal plants. Life Sci, 2006. 78(25): p. 2872-
88.

Ford, W.C., Regulation of sperm function by reactive oxygen species. Hum Reprod
Update, 2004. 10(5): p. 387-99.

Lewis, S.E., et al., Comparison of individual antioxidants of sperm and seminal
plasma in fertile and infertile men. Fertil Steril, 1997. 67(1): p. 142-7.

Guerin, P., J. Guillaud, and Y. Menezo, Hypotaurine in spermatozoa and genital
secretions and its production by oviduct epithelial cells in vitro. Hum Reprod, 1995.
10(4): p. 866-72.

Sirtori, L.R., et al., Oxidative stress in patients with phenylketonuria. Biochim Biophys
Acta, 2005. 1740(1): p. 68-73.

Dubinina, E.E., et al., Oxidative modification of proteins: oxidation of tryptophan and
production of dityrosine in purified proteins using Fenton's system. Biochemistry
(Mosc), 2002. 67(3): p. 343-50.

Davies, M.J., Reactive species formed on proteins exposed to singlet oxygen.
Photochem Photobiol Sci, 2004. 3(1): p. 17-25.

References -145 -



273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

Cadenas, E., M.G. Simic, and H. Sies, Antioxidant activity of 5-hydroxytryptophan, 5-
hydroxyindole, and DOPA against microsomal lipid peroxidation and its dependence
on vitamin E. Free Radic Res Commun, 1989. 6(1): p. 11-7.

Wood, A.M. and R.J. Truscott, UV filters in human lenses: tryptophan catabolism. Exp
Eye Res, 1993. 56(3): p. 317-25.

Truscott, R.J., et al., A new UV-filter compound in human lenses. FEBS Lett, 1994.
348(2): p. 173-6.

Mizdrak, J., et al., Tryptophan-derived ultraviolet filter compounds covalently bound to
lens proteins are photosensitizers of oxidative damage. Free Radic Biol Med, 2008.
44(6): p. 1108-19.

Balasubramanian, D., Photodynamics of cataract: an update on endogenous
chromophores and antioxidants. Photochem Photobiol, 2005. 81(3): p. 498-501.
Spector, A. and W.H. Garner, Hydrogen peroxide and human cataract. Exp Eye Res,
1981. 33(6): p. 673-81.

Hains, P.G. and R.J. Truscott, Post-translational modifications in the nuclear region of
young, aged, and cataract human lenses. J Proteome Res, 2007. 6(10): p. 3935-43.
Davies, M.J. and R.J. Truscott, Photo-oxidation of proteins and its role in
cataractogenesis. J Photochem Photobiol B, 2001. 63(1-3): p. 114-25.

Carlin, J.M., et al., Interferons and indoleamine 2,3-dioxygenase: role in antimicrobial
and antitumor effects. Experientia, 1989. 45(6): p. 535-41.

Ou, B., M. Hampsch-Woodill, and R.L. Prior, Development and validation of an
improved oxygen radical absorbance capacity assay using fluorescein as the
fluorescent probe. J Agric Food Chem, 2001. 49(10): p. 4619-26.

Blackhurst, D.M., K.H. Wolmarans, and A.D. Marais, Wine Dilates the Brachial Artery
but does not Increase Flow-mediated Dilatation over Two Hours. S. Afr. J. Enol. Vitic,
2007. 28(1): p. 11-16.

Huang, D., B. Ou, and R.L. Prior, The chemistry behind antioxidant capacity assays.
J Agric Food Chem, 2005. 53(6): p. 1841-56.

Grisham, M.B., M.M. Jefferson, and E.L. Thomas, Role of monochloramine in the
oxidation of erythrocyte hemoglobin by stimulated neutrophils. J Biol Chem, 1984.
259(11): p. 6757-65.

Kim, J. and J.-M. Kim, Notes: Fluorescence Quenching of A Partially Conjugated
Polymer by Hemoglobin. Macromolecular Research, 2007. 15(1): p. 1-3.

Giulivi, C., P. Hochstein, and K.J. Davies, Hydrogen peroxide production by red blood
cells. Free Radic Biol Med, 1994. 16(1): p. 123-9.

Rifkind, J.M., et al., Redox reactions of hemoglobin. Antioxid Redox Signal, 2004.
6(3): p. 657-66.

Johnson, R.M., et al., Hemoglobin autoxidation and regulation of endogenous H202
levels in erythrocytes. Free Radic Biol Med, 2005. 39(11): p. 1407-17.

Dunne, J., et al., Ascorbate removes key precursors to oxidative damage by cell-free
haemoglobin in vitro and in vivo. Biochem J, 2006. 399(3): p. 513-24.

References - 146 -



291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

Dotsch, J., et al., Reduction of NO-induced methemoglobinemia requires extremely
high doses of ascorbic acid in vitro. Intensive Care Med, 1998. 24(6): p. 612-5.

Faivre, B., et al., Hemoglobin autooxidation/oxidation mechanisms and
methemoglobin prevention or reduction processes in the bloodstream. Literature
review and outline of autooxidation reaction. Artif Cells Blood Substit Immobil
Biotechnol, 1998. 26(1): p. 17-26.

Nagababu, E. and J.M. Ritkind, Reaction of hydrogen peroxide with ferrylhemoglobin:
superoxide production and heme degradation. Biochemistry, 2000. 39(40): p. 12503-
11.

Nagababu, E. and J.M. Rifkind, Formation of fluorescent heme degradation products
during the oxidation of hemoglobin by hydrogen peroxide. Biochem Biophys Res
Commun, 1998. 247(3): p. 592-6.

Nagababu, E., F.J. Chrest, and J.M. Rifkind, The origin of red cell fluorescence
caused by hydrogen peroxide treatment. Free Radic Biol Med, 2000. 29(7): p. 659-
63.

Giulivi, C. and E. Cadenas, Heme protein radicals: formation, fate, and biological
consequences. Free Radic Biol Med, 1998. 24(2): p. 269-79.

Svistunenko, D.A., Reaction of haem containing proteins and enzymes with
hydroperoxides: the radical view. Biochim Biophys Acta, 2005. 1707(1): p. 127-55.
Ramirez, D.C., Y.R. Chen, and R.P. Mason, Immunochemical detection of
hemoglobin-derived radicals formed by reaction with hydrogen peroxide: involvement
of a protein-tyrosyl radical. Free Radic Biol Med, 2003. 34(7): p. 830-9.

Gunther, M.R., B.E. Sturgeon, and R.P. Mason, A long-lived tyrosyl radical from the
reaction between horse metmyoglobin and hydrogen peroxide. Free Radic Biol Med,
2000. 28(5): p. 709-19.

Vollaard, N.B., et al., A new sensitive assay reveals that hemoglobin is oxidatively
modified in vivo. Free Radic Biol Med, 2005. 39(9): p. 1216-28.

Alayash, A.l.,, R.P. Patel, and R.E. Cashon, Redox reactions of hemoglobin and
myoglobin: biological and toxicological implications. Antioxid Redox Signal, 2001.
3(2): p. 313-27.

Rogers, M.S., et al., Pro-oxidant effects of cross-linked haemoglobins explored using
liposome and cytochrome c oxidase vesicle model membranes. Biochem J, 1995.
310 ( Pt 3): p. 827-33.

Everse, J. and N. Hsia, The toxicities of native and modified hemoglobins. Free Radic
Biol Med, 1997. 22(6): p. 1075-99.

Yamamoto, Y., et al.,, Detection and characterization of lipid hydroperoxides at
picomole levels by high-performance liquid chromatography. Anal Biochem, 1987.
160(1): p. 7-13.

Winterbourn, C.C. and A. Stern, Human red cells scavenge extracellular hydrogen
peroxide and inhibit formation of hypochlorous acid and hydroxyl radical. J Clin
Invest, 1987. 80(5): p. 1486-91.

References - 147 -



306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

Scott, M.D., et al., Erythrocyte defense against hydrogen peroxide: preeminent
importance of catalase. J Lab Clin Med, 1991. 118(1): p. 7-16.

Stagsted, J. and J.F. Young, Large differences in erythrocyte stability between
species reflect different antioxidative defense mechanisms. Free Radic Res, 2002.
36(7): p. 779-89.

Minetti, M. and W. Malorni, Redox control of red blood cell biology: the red blood cell
as a target and source of prooxidant species. Antioxid Redox Signal, 2006. 8(7-8): p.
1165-9.

Arosa, F.A., C.F. Pereira, and A.M. Fonseca, Red blood cells as modulators of T cell
growth and survival. Curr Pharm Des, 2004. 10(2): p. 191-201.

Toth, K.M., et al., Intact human erythrocytes prevent hydrogen peroxide-mediated
damage to isolated perfused rat lungs and cultured bovine pulmonary artery
endothelial cells. J Clin Invest, 1984. 74(1): p. 292-5.

Porto, B., et al., Human red blood cells have an enhancing effect on the relative
expansion of CD8+ T lymphocytes in vitro. Cell Prolif, 2001. 34(6): p. 359-67.
Fonseca, A.M., et al., Red blood cells inhibit activation-induced cell death and
oxidative stress in human peripheral blood T lymphocytes. Blood, 2001. 97(10): p.
3152-60.

Matsuoka, |., et al., Impact of erythrocytes on mouse embryonal development in vitro.
FEBS Lett, 1995. 371(3): p. 297-9.

Jennings, M.L., Structure and function of the red blood cell anion transport protein.
Annu Rev Biophys Biophys Chem, 1989. 18: p. 397-430.

Denicola, A., J.M. Souza, and R. Radi, Diffusion of peroxynitrite across erythrocyte
membranes. Proc Natl Acad Sci U S A, 1998. 95(7): p. 3566-71.

Romero, N., et al., Diffusion of peroxynitrite in the presence of carbon dioxide. Arch
Biochem Biophys, 1999. 368(1): p. 23-30.

Beckman, J.S. and W.H. Koppenol, Nitric oxide, superoxide, and peroxynitrite: the
good, the bad, and ugly. Am J Physiol, 1996. 271(5 Pt 1): p. C1424-37.

Huang, Z., et al., Nitric oxide binding to oxygenated hemoglobin under physiological
conditions. Biochim Biophys Acta, 2001. 1568(3): p. 252-60.

Winterbourn, C.C., et al., The estimation of red cell superoxide dismutase activity. J
Lab Clin Med, 1975. 85(2): p. 337-41.

Giulivii C. and K.J. Davies, A novel antioxidant role for hemoglobin. The
comproportionation of ferrylhemoglobin with oxyhemoglobin. J Biol Chem, 1990.
265(32): p. 19453-60.

Cooper, C.E., et al., Peroxidase activity of hemoglobin towards ascorbate and urate:
a synergistic protective strategy against toxicity of Hemoglobin-Based Oxygen
Carriers (HBOC). Biochim Biophys Acta, 2008. 1784(10): p. 1415-20.

Reeder, B.J., et al., Tyrosine residues as redox cofactors in human hemoglobin:
implications for engineering nontoxic blood substitutes. J Biol Chem, 2008. 283(45):
p. 30780-7.

References - 148 -



323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

Reeder, B.J., et al., Tyrosine as a redox-active center in electron transfer to ferryl
heme in globins. Free Radic Biol Med, 2008. 44(3): p. 274-83.

Sizer, I.W., Oxidation of proteins by tyrosinase and peroxidase. Adv Enzymol Relat
Subj Biochem, 1953. 14: p. 129-61.

Atoji, T., et al., Hemoglobin vesicles containing methemoglobin and L-tyrosine to
suppress methemoglobin formation in vitro and in vivo. Bioconjug Chem, 2006. 17(5):
p. 1241-5.

Jiang, Z.Y., A.C. Woollard, and S.P. Wolff, Hydrogen peroxide production during
experimental protein glycation. FEBS Lett, 1990. 268(1): p. 69-71.

Jiang, Z.Y., A.C. Woollard, and S.P. Wolff, Lipid hydroperoxide measurement by
oxidation of Fe2+ in the presence of xylenol orange. Comparison with the TBA assay
and an iodometric method. Lipids, 1991. 26(10): p. 853-6.

Nourooz-Zadeh, J., J. Tajaddini-Sarmadi, and S.P. Wolff, Measurement of plasma
hydroperoxide concentrations by the ferrous oxidation-xylenol orange assay in
conjunction with triphenylphosphine. Anal Biochem, 1994. 220(2): p. 403-9.

Long, L.H., P.J. Evans, and B. Halliwell, Hydrogen peroxide in human urine:
implications for antioxidant defense and redox regulation. Biochem Biophys Res
Commun, 1999. 262(3): p. 605-9.

Long, L.H. and B. Halliwell, Coffee drinking increases levels of urinary hydrogen
peroxide detected in healthy human volunteers. Free Radic Res, 2000. 32(5): p. 463-
7.

Perez-Perez, E.M., et al., Antioxidant capacity of crude extracts from clones of
banana and plane species. J Med Food, 2006. 9(4): p. 517-23.

Blackhurst, D.M. 2008.

Rhee, S.G., H.Z. Chae, and K. Kim, Peroxiredoxins: a historical overview and
speculative preview of novel mechanisms and emerging concepts in cell signaling.
Free Radic Biol Med, 2005. 38(12): p. 1543-52.

Rhee, S.G., et al.,, Controlled elimination of intracellular H(2)O(2): regulation of
peroxiredoxin, catalase, and glutathione peroxidase via post-translational
modification. Antioxid Redox Signal, 2005. 7(5-6): p. 619-26.

Kim, H., et al., Role of peroxiredoxins in regulating intracellular hydrogen peroxide
and hydrogen peroxide-induced apoptosis in thyroid cells. J Biol Chem, 2000.
275(24): p. 18266-70.

Lee, T.H., et al., Peroxiredoxin Il is essential for sustaining life span of erythrocytes in
mice. Blood, 2003. 101(12): p. 5033-8.

Paglia, D.E. and R.E. Miller, Erythrocytes of the Black Rhinoceros Diceros
bicornis:susceptibility to oxidant-induced haemolysis., in Int Zoo Yb. 1993. p. 20-27.
Maral, J., K. Puget, and A.M. Michelson, Comparative study of superoxide dismutase,
catalase and glutathione peroxidase levels in erythrocytes of different animals.
Biochem Biophys Res Commun, 1977. 77(4): p. 1525-35.

References - 149 -



339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

Godin, D.V. and M.E. Garnett, Species-related variations in tissue antioxidant status--
I. Differences in antioxidant enzyme profiles. Comp Biochem Physiol B, 1992. 103(3):
p. 737-42.

Avellini, L., et al., Defence mechanisms against free radical-induced damage in
sheep, cattle and dog erythrocytes. Comp Biochem Physiol B, 1993. 106(2): p. 391-4.
Suzuki, T., N.S. Agar, and M. Suzuki, Red cell metabolism: a comparative study of
some mammalian species. Comp Biochem Physiol B, 1984. 79(4): p. 515-20.

Kurata, M., M. Suzuki, and N.S. Agar, Antioxidant systems and erythrocyte life-span
in mammals. Comp Biochem Physiol B, 1993. 106(3): p. 477-87.

Hill, A.S., et al., Antioxidant prevention of Heinz body formation and oxidative injury in
cats. Am J Vet Res, 2001. 62(3): p. 370-4.

Parkinson, A.L., et al., Comparative erythrocyte metabolism in marsupials and
monotremes. Comp Biochem Physiol C Pharmacol Toxicol Endocrinol, 1995. 110(3):
p. 261-5.

Ellory, J.C., et al., Transport of amino acids for glutathione biosynthesis in human and
dog red cells. Biomed Biochim Acta, 1983. 42(11-12): p. S48-52.

Fincham, D.A., J.S. Willis, and J.D. Young, Red cell amino acid transport. Evidence
for the presence of system Gly in guinea pig reticulocytes. Biochim Biophys Acta,
1984. 777(1): p. 147-50.

Vadgama, J.V. and H.N. Christensen, A new Na+-independent transport system for
dipolar amino acids apparently corresponding to systems persisting after erythrocyte
maturation in some mammalian genotypes. Ann N'Y Acad Sci, 1985. 456: p. 454-6.
Dyke, J.C. and D.A. Fincham, Characterization of amino-acid transport in pig
erythrocytes. Biochem Soc Trans, 1993. 21(2): p. 307-9.

Miller, R.E. and W.J. Boever, Fatal hemolytic anemia in the black rhinoceros: case
report and a survey. J Am Vet Med Assoc, 1982. 181(11): p. 1228-31.

Paglia, D.E., et al., Role of excessive maternal iron in the pathogenesis of congenital
leukoencephalomalacia in captive black rhinoceroses (Diceros bicornis). Am J Vet
Res, 2001. 62(3): p. 343-9.

Paglia, D.E., On the significance of hemosiderosis in captive rhinoceros: a
convergent hypothesis on the role of chronic iron overload in multiple disorders of
black rhinoceros. A research report (unpublished work).

Selvaraj, P., et al., Hydrogen peroxide producing potential of alveolar macrophages &
blood monocytes in pulmonary tuberculosis. Indian J Med Res, 1988. 88: p. 124-9.
Wiid, I., et al., Total antioxidant levels are low during active TB and rise with anti-
tuberculosis therapy. IUBMB Life, 2004. 56(2): p. 101-6.

Michel, A.L., et al., Molecular epidemiology of Mycobacterium bovis isolates from
free-ranging wildlife in South African game reserves. Vet Microbiol, 2009. 133(4): p.
335-43.

Praetorius, E. and H. Poulsen, Enzymatic determination of uric acid; with detailed
directions. Scand J Clin Lab Invest, 1953. 5(3): p. 273-80.

References -150 -





