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1. Introduction

1.1. Ascorbic acid — an overview

1.1.1. A brief history

During the Age of Discovery, which corresponds to years between 1500 and 1800,
sailors spent at least 3 months continuously at the sea. Due to lack of access to fruits
and vegetables for such long periods of time, more than 2 million sailors died of
nutritional diseases such as beriberi, pellagra and scurvy, caused by thiamine (Vitamin
B1), niacin (Vitamin B3) and ascorbic acid (Vitamin C) deficiency, respectively (1-3).
Among these diseases, scurvy was the most frequently encountered one that an English
sea captain Sir Richard Hawkins described as the ‘’plague of the sea’ (1). Although
captains and naval surgeons were highly convinced that citrus fruits could cure scurvy,

most physicians denied this theory for several years (4).

In 1907, two Norwegian physicians named Axel Holst and Theodor Frolich developed
an interest in investigating the factors that led to a ship-related dietary disease then
called “’shipboard beriberi’’ (5). In an attempt to accomplish this, they fed guinea pigs
with a diet based on various types of grains. Although their attempts to develop beriberi
failed; to their surprise, they observed the classical features of scurvy (5). Moreover,
symptoms of scurvy were resolved upon addition of ‘’anti-scorbutics’’ such as fresh
cabbage or lemon juice into their diet (5). This serendipitous discovery would open new
horizons in Vitamin C research together with long lasting controversies over who
deserved to be nominated for the Nobel Prize (6). In 1912, Casmir Funk, a Polish
biochemist proposed that scurvy, beriberi, pellagra and rickets were due to dietary
deficiencies of factors which he referred to as ‘vitamines’, a term that derived from
‘vita’: life and ‘amine’: nitrogen containing compound (7, 8). More than a decade later,
in 1927, a Hungarian physician named Albert Szent-Gyorgyi discovered and isolated a
substance called ’hexuronic acid’’ first from the plants at Cambridge University, then
from the adrenal gland at Mayo Clinic in Rochester, USA (9-11). Upon his return to
Hungary, he asked Joseph Svirbely, an American-born Hungarian post-doctoral fellow
in his lab at the University of Szeged, to test whether this crystalline compound

protected guinea pigs from scurvy (9, 12). Svirbely’s experiments demonstrated that
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hexuronic acid was indeed an antiscorbutic factor, today known as Vitamin C. Around
the same time, former mentor of Svirbely, Charles Glen King and William A. Waugh
from the University of Pittsburgh, were working on isolation and crystallization of
Vitamin C from the lemon juice. They have subsequently demonstrated that its daily
administration protected guinea pigs from scurvy (13, 14). This generated a bitter
dispute over priority, which would escalate in 1937 when Szent-Gyorgyi became the
recipient of the Nobel Prize in Physiology or Medicine, in part, for isolating Vitamin C
(9). Not long after, Szent-Gyorgyi succeeded to extract Vitamin C samples from paprika
peppers and sent them to Walter Norman Haworth, who was at the time a Professor of
Chemistry at the University of Birmingham. Haworth and his group determined the
chemical structure of Vitamin C and due to its anti-scorbutic properties, together with
Szent-Gyorgyi, they decided to rename it as L-ascorbic acid (15-20). Subsequently,
Vitamin C was synthesized independently by both Tadeus Reichstein in Switzerland
and Haworth’s group in England and from that point, it could be produced on a large
scale for medical use (16, 21). This work earned Haworth the Nobel Prize for Chemistry
the same year with Szent-Gyorgyi.

1.1.2. Chemistry and Biochemistry

Ascorbic acid (L-ascorbic acid, AscH,, Vitamin C) is a ketolactone with a chemical
formula of C¢HsO¢ and molecular mass of 176.12 g/mol. As a hexose sugar derivative,
it shares a structural similarity to glucose. It is a water soluble, weak organic acid and
has two pKa’s: pK1=4.2 and pK2=11.6 (22, 23). It is a strong reducing agent
(antioxidant) by virtue of two enolic hydrogen atoms that it entails (24). Ascorbate
monoanion (AscH ) is the most abundant form at physiological pH (22, 23). When
AscH™ donates a hydrogen atom (H") or electron (¢) it forms ascorbate dianion (Asc>)
or neutral ascorbyl radical (AscH"), respectively (25). AscH" has a pKa of -0.86, and for
this reason, it is present as an ascorbate radical (semidehydroascorbate, ascorbyl radical,
Asc™) at physiological conditions where pH is around 7.4 (25). Asc® can also be
transformed into Asc™ upon losing an e . Asc™ is a relatively unreactive free radical and
it can be converted back to AscH by utilization of certain enzymes such as
nicotinamide adenine dinucleotide phosphate (NADPH)-dependent thioredoxin
reductase or nicotinamide adenine dinucleotide (NADH) dependent-cytochrome b5

reductase. (26-30). Alternatively, two Asc™ molecules form a dimmer that undergoes a
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series of reactions, including a reversible disproportionation (31). This results in
generation of AscH and dehydroascorbic acid (DHA) (26, 27, 31) (Figure 1)
(Net reacion: 2Asc”+H" «— AscH +DHA). DHA can be irreversibly hydrolysed to
2,3-diketogulonic acid but can also be recycled back to AscH either directly by

glutathione (GSH) itself or, by GSH or NADPH dependent enzymes such as thioredoxin
reductase (26, 27, 32-35).

OH
H O
HO OH
AscH»
+H"’"-H+
OH OH Ascorbic Acid
H o - H o (AscH,)
L»
"0 OH HO o°*
AscH AscH®
+H* l’H* +H{|H
OH OH OH
Ho—(go .- H O _0 .~ H O _o
B E—
o) (o -0 o° o) o)
Asc?™ Asc DHA

Figure 1: Ascorbic acid oxidation and recycling. Adapted and modified from (23).

Although oxidation of ascorbic acid is a slow process, its anionic forms have variable
rates of oxidation (36). In general, rate of oxidation depends on the pH and the presence
of catalytic metals (37, 38). At physiological pH, AscH, and Asc>~ coexist with AscH,
but the total concentration of AscH, and Asc® is less than 0.2% (23). An increase in
pH, leads to an increase in the amount of Asc”, which is in turn accompanied by an
increased rate of oxidation resulting in generaton of Asc™ and superoxide (O;) (38).

Literature suggests that true autoxidation of AscH is indeed very slow and according to
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Williams and Yandell, Asc® is the only Vitamin C species, which would go through a

significant autoxidation (36, 38).
1.1.3. Absorption, Cellular Uptake and Excretion

Through evolution, humans lost their capacity to synthesize ascorbic acid de novo. This
is due to a mutation in L-gulono-y-lactone oxidase gene, which encodes L-gulono-y -
lactone oxidase enzyme that is required for the last step of ascorbic acid synthesis (39).
Hence, we are dependent on the dietary intake for obtaining adequate amounts of this
essential vitamin. Upon ingestion, ascorbic acid is absorbed through the brush border
cells of the small intestine. This takes place via two major mechanisms; such that
ascorbate is taken up via Na'-dependent Vitamin C transporters (SVCT) and its two-
electron-oxidized form DHA is taken up via facilitative glucose transporters (GLUT),

mainly GLUT1 and GLUT 3 (40-43).

Two isoforms of SVCT mediate the transport of ascorbate; SVCTI and SVCT?2.
SVCT1, commonly called the ’bulk transporter’’, resides largely in apical brush border
membranes of enterocytes and renal tubular cells, which are responsible for absorption
and re-absorption, respectively (42, 44, 45). SVCT2 has a broader distribution and can
be found in osteoblasts, platelets, cardiac, neural, neuroendocrine, exocrine and
endothelial tissues (42, 45, 46). SVCT2’s activity seems to be crucial for protection
against oxidative injury (47, 48). Unlike most tissues, epidermal cells express both
SVCT1 and SVCT2 while dermal cells express SVCT2 only (49). Bioavailability of
ascorbate is tightly controlled via regulation of SVCT expression. For example, when
its levels are elevated in the intestinal lumen, SVCT1 is downregulated in enterocytes
(50). Similarly, when intracellular ascorbate levels are reduced in lung epithelial cells,
SVCT2 expression is increased (51). In vitro and in vivo studies have shown that
hormones, paracrine factors, oxidative stress and intracellular signaling molecules also

play a role in regulation of expression of SVCT (47, 52-54).

Affinity of GLUT to DHA is relatively low when compared to SVCT’s affinity for
ascorbate (41, 55). Once DHA enters the cells, it is then immediately converted to
ascorbate (41). However, there are exceptions to this case; for instance oxidative stress
may hamper the accumulation of intracellular ascorbate from DHA (56). Presence of
glucose may influence DHA uptake, as they compete for the same GLUT transporters,
but this phenomenon varies between cell types (41, 56-60). Although through a

8
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different mechanism, Na' dependent ascorbate transport was also shown to be
modulated by glucose (55, 61). In addition to an endocrine regulated DHA transport,
modulatory effects of intracellular signaling molecules and oxidative stress on DHA
uptake have also been reported (53, 59, 62). However, it must be noted that SVCT and
GLUT transporters may respond differently to the same hormone or cytokine. An
intriguing example is the regulatory effects of transforming growth factor-f3 (TGF-f) on
osteoblastic cells (63). While an increased rate of Na'-ascorbate cotransport activity is

induced by TGF-f, no changes in DHA levels were observed in the same cells (63).

Amount of Vitamin C that is absorbed and excreted depends mainly on the intake,
bioavailability, metabolism and the route of administration. In a study by Levine et al., a
steep curve was observed between 30-100 mg daily doses whereas complete plasma
saturation was reached at 1000 mg (64). Likewise, urinary excretion was only observed
at and above 100 mg and, at a single dose of 500 mg or higher, although partially
absorbed, Vitamin C was substantially excreted (64). Nevertheless, Padayatty et al.
demonstrated that, one can achieve a higher Vitamin C concentration in plasma, by
delivering it intravenously rather than orally (65). In healthy adults, plasma
concentration of ascorbic acid is usually in the range of 15-90 pumol (65-68). On the
other hand, tissue concentrations vary depending on the tissue and cell type (68-72). For
instance, average ascorbic acid contents of adrenal and pituitary gland were reported as
30-40 mg/100g and 40-50 mg/100g, respectively, while that of skeletal muscle was
found to be only 3 mg/100g (69, 72).

Excretion of Vitamin C occurs via filtration and tubular reabsorption (73). However,
when Vitamin C is presented to the tubules at a rate that is above the maximal rate of
tubular reabsorption, excess Vitamin C is excreted in the urine (73). Pathologic
conditions may alter stored and excreted levels of ascorbic acid (67, 74, 75). Spellberg
and Keeton compared the levels of ascorbic acid excreted in healthy persons and cancer
patients (75). They found that after a 400 mg daily ascorbic acid administration, first
group excreted 56 to 80% of intake, whereas the latter excreted only 34 to 48% (75).
This may be due to metabolic differences in healthy and cancer tissues, which seem to
be reflected by lower plasma levels of ascorbic acid in cancer patients (67, 76, 77).
Klimant and collegues also propose that a high level of Vitamin C consumption in
certain pathological conditions is in part compensated by reduced rate of excretion by

the kidneys (67).
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As mentioned in the previous chapter, a fraction of DHA is irreversibly converted to
2,3-diketogulonic acid (27, 78). This metabolite can further be degraded into I-
erythrulose and oxalate (79). It has been shown that oxalate excretion increases with
high ascorbic acid intake (64). When further epidemiological evidence presented in the
literature is taken into consideration, high levels of ascorbic acid seem to constitute a
risk for oxalate nephropathy, especially when the renal function have been

compromised (80-82).
1.1.4. Functions

Ascorbic acid is involved in several fundamental physiological and biochemical
processes. Its major and probably the most important role lies in its property as an
antioxidant (83). AscH readily gives an electron to free radicals such as hydroxyl
radical (HO), O,", peroxyl radical, thiol radical, sulphur radicals and tocopheroxyl

radical at the expense of generating an Asc™ .
AscH + X' — Asc™ + XH

Aside from its antioxidant activities, it is required as a co-factor in synthesis of
norepinephrine, serotonin, tyrosine, homogentisic acid, carnitine, hydroxylysine and
hydroxyproline. Moreover, it amidates peptides for hormone activation, mediates nitric
oxide synthase and hypoxia-inducible transcription factor (HIF) activity, and assists iron

absorption in the small intestine (26, 44, 78).

Two amino acids, proline and lysine are among the key components of collagen
formation process. Proline needs to be hydroxylated to generate a more stable triple-
helical structure of collagen (84). On the other hand, hydroxylysine not only acts as a
precursor of the intra- and inter-molecular crosslinking process which gives collagen its
tensile strength, but also facilitates the glycosylation process by serving as an
attachment site for galactose and glucosylgalactose (85, 86). Hydroxylation of selective
proline residues occurs by collagen prolyl-4-hydroxylase and prolyl-3-hydroxylase
while lysine residues are hydroxylated by lysyl-hydroxylase (84). These three enzymes
and vy-butyrobetaine dioxygenase and trimethylhydroxylase which catalyze the
formation of L-carnitine, together with HIF prolyl-4- and asparaginyl- hydroxylases
which suppress HIF-1 activity, belong to the family of 2-oxoglutarate and Fe®'-

10
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dependent dioxygenases and require ascorbate either as a co-substrate or to recycle Fe®”
back to Fe*" (23, 78, 87-90). Likewise, norepinephrine is synthesized by a copper-
containing oxygenase, so called dopamine B-hydroxylase and it does require ascorbate

as a co-factor (91).

Hormones and hormone-releasing factors such as gastrin, oxytocin, vasopressin,
corticotropin, thyrotropin are initially synthesized as larger, inactive precursor
molecules. They need to go through series of post-transitional modifications, to be
converted to their active forms. The last step in this process is carboxyl-terminal a-
amidation, which utilizes peptidyl glycine a-hydroxylating monooxygenase, an enzyme

that is also dependent on O,, Cu" and ascorbate (92, 93).

Tetrahydrobiopterin, a folic acid derivative, is a co-factor of several enzymes, including
nitric oxide synthase, phenylalanine, tyrosine and tryptophan hydroxylase (94-97).
However, its plays a slightly different role for nitric oxide synthase in comparison with
other enzymes (97). Binding of tetrahydrobiopterin to nitric oxide synthase, enables
synthesis of nitric oxide (NO) (98). On the other hand, it gets rapidly oxidized to a
short-lived intermediate, quinoid dihydrobiopterin, which then rearranges to
dihydrobiopterin (98). As opposed to tetrahydrobiopterin, dihydrobiopterin inhibits NO
formation and instead leads to O, generation (98). Ascorbate as a reducing agent and
an antioxidant is able to maintain tetrahydrobiopterin in its reduced state (98, 99). In
case of tyrosine, ascorbate is required for its catabolism (100). On the other hand,
phenylalanine hydroxylase, an iron containing enzyme that catalyses the conversion of
L-phenylalanine to L-tyrosine, requires, O, and tetrahydrobiopterin as an electron
carrier (101). During this process, tetrahydrobiopterin gets oxidized and an NADPH
dependent enzyme so called dihydrobiopterin reductase recycles the oxidized form back
to tetrahydrobiopterin. Stone and Townsley suggested that presence of ascorbate could

also contribute to this recycling process (96).

Iron ingested from food presents in two forms; heme and nonheme iron. Heme, contains
iron in ferrous (Fe*") form, and it is derived from hemoglobin and myoglobin, found in
meat, poultry and fish. Nonheme iron, which exists in ferric (Fe’") state, is present in
plant-based foods such as fruits and vegetables. It is known that dissociation of ferric
compounds (eg. hydroxide, phosphates, complexes such as iron tannate) are much less

than those of ferrous ones (102, 103). One of the key roles of ascorbate in iron

11
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metabolism is that it promotes dietary nonheme iron absorption by reducing Fe’* to Fe**
together with duodenal cytochrome b reductase (103). An iron binding plasma
glycoprotein, called transferrin, facilitates transport of iron through the bloodstream.
Although to a lesser extent, non-transferrin bound iron (NTBI) can also occur in the
circulation (104). In order to bind transferrin, iron in ferrous form needs to be oxidized

to Fe’* by hephaestin (104).

Almost all cells acquire most of their iron from the serum iron-carrier protein
transferrin, but they are also capable of importing it in the form of NTBI (104). The
latter occurs through divalent metal transporter 1 (DMT1) and requires reduction of Fe®*
to Fe*" (105, 106). This reduction occurs via release of ascorbate from the cytoplasm
into the extracellular space (104-106). However, in case of transferrin dependent iron
uptake, ascorbate can facilitate the uptake via an intracellular reductive mechanism,
which follows a transferrin receptor dependent endocytosis of di-ferric transferrin
complexes (104, 107). Once this complex is located inside the endosome, the endosome
becomes acidified and enables release of Fe’* from transferrin. A subsequent
ferrireduction is followed by the release of iron, which then gets transported by DMT1
and/or Zip14 (104, 107). In addition to these properties, studies show that ascorbate is
likely to further modulate iron metabolism by increasing the expression of the gene for
the iron storage protein, ferritin, enhancing iron deposition, inhibiting lysosomal ferritin

degradation and reducing iron efflux (104, 107).

Concentration of ascorbic acid in skin is relatively high when compared to other tissues
(70, 108-110). In addition to dual expression of SVCT (SVCT1 and SVCT2) in the skin
epidermis, there is also a 2 to 5 fold difference between the ascorbic acid content of the
epidermis and dermis (49, 108-109). These findings suggest a high dependency on
ascorbic acid, especially in the epidermis. There is growing evidence showing that
ascorbic acid may play a role in differentiation of keratinocytes and formation of
stratum corneum barrier lipids (111-113). In an in vitro study, Pasonen-Seppanen and
collegues demonstrated that ascorbic acid improved stratum corneum structure,
increased keratohyalin granules and the intercellular lipid lamellae present in the
interstices of the stratum corneum (111). Extracellular matrix (ECM), which is an
important component of connective tissue, entails two groups of biomolecules;
glycosaminoglycans and fibrous proteins such as collagen, elastin, fibronectin and

laminin. In this context, ascorbic acid and its derivatives were shown to increase

12
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glycosaminoglycan synthesis, its deposition into the ECM and stimulate elastin (114,
115). Duarte et al. assessed the effect of ascorbic acid 2-phosphate, a more stable
derivative of ascorbic acid, on gene expression in primary dermal fibroblasts and found
an increase in expression of various genes that are involved in cell motility, matrix
remodeling during wound healing, deoxyribonucleic acid (DNA) replication and repair
(116). In agreement with these findings, several in vivo and clinical studies
demonstrated that ascorbic acid plays a key role in wound healing (117-119). Protein
and DNA damage induced by ultraviolet (UV) radiation is one of the leading causes of
photoaging and photocarcinogenesis. Although cutaneous damage caused by UV
radiation is a complex process, one of the proposed mechanisms of action for generation
of UV damage is a possible reaction between UV induced hydrogen peroxide (H,0,)
and metal ions that are already bound to DNA and, a subsequent generation of HO'
(120, 121). A second proposed pathway is the lipid peroxidation of membranes caused
by UV induced free radicals, which in turn may cause mutagenesis and cell death (121,
122). Ascorbic acid seems to ameliorate the damaging effects of UV both as a free
radical scavenger and as an inducer of DNA repair and regeneration genes (122-128).
Increased consumption of ascorbic acid in such cases is likely to be compensated by an
increased uptake by keratinocytes in an irradiation time and dose dependent manner
(129). However, according to the current literature, in the context of modulation of UV
induced skin damage, benefits of ascorbic acid alone is limited and satisfactory results

can be achieved only when it is combined with two or more antioxidants (130-132).

13
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1.2. Oxidative stress, antioxidants and prooxidants

1.2.1. Oxidative stress

A free radical is a reactive molecule that has an unpaired electron in its outer orbit. It
may derive from endogenous metabolic processes, enzymatic systems or from external
sources such as ionizing radiation, pathogens, drugs and chemicals. Free radicals tend to
steal an electron from a surrounding molecule, which leaves the other molecule as a free
radical with an unpaired electron. This may lead to a chain of reactions and result in
cellular damage. Free radicals can bind to DNA bases and modify nucleotides, or cause
DNA strand breaks via reacting with the 5-carbon sugar deoxyribose (121, 133). They
can also oxidize thiol groups in cysteine residues and cause formation of a disulfide
bond, which can alter the protein structure and function (134). Two hydrogen atoms
(H") that exist between the two double bonds of polyunsaturated fatty acids are highly
prone to being targets of free radicals. Lipid peroxidation that is initiated by a reaction
between one of these hydrogen atoms and an oxidizing agent such as HO" or iron-
oxygen complex (perferryl or ferryl ion), leads to a cascade of events, resulting in
formation of new radicals and a number of compounds such as; lipid alkyl radical, lipid
peroxyl radical, lipid hydroperoxide, malondialdehyde and 4-hydroxy-2-noneal, that can
in turn cause cellular damage (135, 136). Availablity of sufficient O, is crucial during
the propagation stage, as the newly generated lipid alkyl radical needs to react with O,
to form a lipid peroxyl radical, which will then steal a hydrogen atom to generate lipid
hydroperoxide and a new lipid alkyl radical to continue the process. Among other
enzymes, glutathione peroxidase seems to be the key enzyme that is shown to protect

cells from the lipid peroxidation process and their effects (137, 138).

Molecular oxygen (O,) has two unpaired electrons and therefore it is a biradical. It
readily accepts unpaired electrons and gives rise to a variety of partially reduced species
named as reactive oxygen species (ROS). These include O, , HO', peroxyl radical and
alkoxyl radical. The cellular damage caused by ROS is termed oxidative stress. One-
electron reduction of O, to O, can occur by various processes such as mitochondrial
electron transport by complex I and complex III, UVB induced type I photosensitizing
reactions with internal chromophores, by NADPH oxidase, which gets activated by
UVB exposure and found mainly in neutrophils, and by nitric oxide synthase as well as

xanthine oxidase activity (139-142). O, can react with another free radical, NO to form
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peroxynitrite, a highly reactive intermediate which can damage a wide range of
molecules in cells (143, 144). In an attempt to convert O," into less damaging species,
superoxide dismutase catalyzes the dismutation of two molecules of O,  into O, and
H,0,. Although H,0, is not a free radical, it is a potent oxidant and it does contribute to
generation of free radicals. This can occur via formation of hypochlorous acid (HOCI),
a precursor of free radicals, by an enzyme called myeloperoxidase, by Fenton and
Haber-Weiss reactions (Figure 2) or by various cyclical transition metal ion catalyzed
redox reactions which all gives rise to HO', the foremost reactive ROS (139, 145-147).
In an attempt to diminish potential harmful effects of H,O,, the heme-containing
enzyme catalase and glutathione peroxidase participate in decomposition of H,O, to
H,O (148). In addition to HO" generation from H,0,, H,O exposed to ionizing radiation
may also lead to formation of HO™ and GSH plays an important role in its elimination

(146).

20, +2H — H,0,+ 0,
Fe3+ + 02._ = F€2+ +0;

Fe*" + H,0, —» Fe’’ + HO- + OH~  Fenton Reaction

0,” +H,0, - O, +HO*+ OH Haber Weiss Reaction

Figure 2: Fenton and Haber Weiss reactions (149-151).

1.2.2. Antioxidants

Normal physiological processes such as aerobic respiration continuously generate free
radicals and oxidants and, when produced in moderate amounts, they play important
roles in the regulation of intracellular signal transduction pathways, host defense system
and immunity (152-157). Additionally, they are essential for a variety of catabolic and
anabolic processes to take place. However, each cell maintains a homeostasis between
prooxidant and antioxidant species and when there is an imbalance between the two,

pathological processes ensue (139, 152, 158, 159).

Halliwell and Gutteridge first defined antioxidants in 1995 as “’any substance that,
when present at low concentrations compared with those of an oxidizable substrate,

significantly delays or prevents oxidation of that substrate’” (160) but this definition
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was later simplified and re-defined as ‘’any substance that delays, prevents or removes
oxidative damage to a target molecule’’ (161, 162). Recently, Apak and collegues came
up with a slightly different and more detailed definition and defined antioxidants as
“’natural or synthetic substances that may prevent or delay oxidative cell damage caused
by physiological oxidants having distinctly positive reduction potentials, covering
ROS/reactive nitrogen species (RNS) and free radicals (i.e. unstable molecules or ions
having unpaired electrons)’’ (163). However, a property that was not emphasized in
these definitions is the ability of an antioxidant, which scavengers the radical, to
generate a new radical which is stable through intramolecular hydrogen bonding upon
further oxidation (152, 164). Moreover, substances which up-regulate antioxidant

defenses may also qualify as antioxidants.

Antioxidant system 1is classified into two major categories; enzymatic and non-
enzymatic antioxidants. Enzymatic antioxidants, such as superoxide dismutase, catalase
and glutathione peroxidase prevent formation of ROS or reduce ones that have already
been generated. For instance, glutathione peroxidase catalyses the reduction of H>O, by
two reduced glutathione (GSH) which leads to generation of oxidized glutathione
(glutathione disulfide, GSSG) and two H,O (165). Regeneration of GSH from GSSG
requires glutathione reductase as an enzyme and NADPH as an electron donor (165). In
fact, many enzymes of the antioxidant system depend on NADPH for proper function
and glucose-6-phosphate dehydrogenase acts as a major supplier for this intracellular
reductant (166, 167). Therefore, both GSH/GSSG as well as NAD(P)H/NAD(P)" ratios

are considered to be important indicators of redox status of cells (166, 168, 169).

Non-enzymatic antioxidants are also categorized into two groups; endogenous
antioxidants such as Vitamin A, Vitamin C and E, ubiquinol, carotenoids, urate, GSH,
flavonoids, NAD(P)H, and synthetic antioxidants, which include butylated
hydroxytoluene and butylated hydroxyanisole (152, 170).

a- and B-carotene, cryptoxanthin and lycopene, are the main carotenoids. Among these,
B-carotene has a major role in Vitamin A formation by virtue of an enzyme called B, -
carotene-15, 15" monooxygenase which catalyzes the centric cleavage of B-carotene to
yield all-trans-retinal (171). All-trans-retinal can then be reduced to all-trans-retinol
(Vitamin A) by retinol dehydrogenase (172, 173). Vitamin A and carotenoids’

antioxidant properties lie in their ability to quench singlet oxygen ('O,), neutralize thiyl
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radicals, and combine with peroxyl radicals to protect cells from lipid peroxidation
(173, 174). a-Tocopherol, the most dominant isoform of Vitamin E, exerts its main
antioxidant effect by donating phenolic hydrogen to the peroxyl radicals, which in turn
generate tocopheroxyl radicals (152, 175). This process protects cells from lipid
peroxidation and consecutively maintains membrane integrity. In order to provide
continuous supply and eliminate the newly generated radical, Vitamin E is recycled
from its tocopheroxyl radical either by enzymes such as NADH-cytochrome bs

reductase or by nonenzymatic pathways, which utilize compounds such as AscH and

ubiquinol (176-180).

Glutathione is a tripeptide (cysteine, glycine, and glutamic acid) with a redox-active
thiol group that generally exists in cells in its reduced state (GSH) (165). When GSH
donates a hydrogen atom to a free radical intermediate, it is converted into a glutathiyl
radical, which may react with a variety of species depending on the circumstances (181-
183). For instance, glutathiyl radical can enter an electron transfer reaction with AscH
to generate GS™ and Asc™ (183). Glutathione also contributes to the detoxification
process by conjugating with a plethora of reactive metabolites and reacting with
electrophiles that are generated as a result of metabolic processes (165). Additionally, it
facilitates recycling of Vitamins C and E from their oxidized forms and in turn increases

availability of antioxidants (169).

Phenols are aromatic compounds that contain an —OH group attached to a benzene ring.
Phenols, which have more than two aromatic —OH groups, are termed as polyphenols.
Almost all phenols exert a degree of antioxidant activity as scavengers of reactive
species such as peroxyl radical, HO" and HOCI. Some also serve as chelating agents by
binding transition metal ions, which further reduces oxidative stress (184, 185).
Polyphenols are further classified according to the number of phenol rings they
accommodate and the structures that bind these rings to one another. According to these
properties, they are divided into four major categories; Phenolic acids, flavonoids,
stilbenes, and lignans (186). Among these, more attention has been given to flavonoids.
Flavonoids consist of a fifteen-carbon skeleton that entails two benzene rings (A and B)
linked by three carbon atoms that usually form a third oxygenated heterocyclic ring (C)
(187). In majority of cases, B ring is attached to C ring in the 2-position but this may
differ among different types of flavonoids such as isoflavones and neoflavonoids. Those

in which B ring is linked in position 2 are further subclassified according to the
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structural features of the C ring and include flavonols, flavones, flavanones, flavanols,
flavanonols, catechins, anthocyanins (186). Flavonoids owe some of their antioxidant
properties to the phenolic hydroxyl groups attached to ring structures, which can serve
as reducing agents, hydrogen donors, O, scavengers and 'O, quenchers (188-190).
Furthermore, specific ones serve as chelators of iron and copper, inhibitors of oxidases
such as xhanthine oxidase and NADH oxidase and activators of detoxifying enzymes
such as glutathione S-transferase (190, 191). Some can also replace antioxidant activity

of a-tocopherol in the membrane, reduce a-tocopheryl radicals and regenerate o-

tocopherol (190, 192-194).

Coenzyme Q is an endogenously synthesized lipid soluble substance that participates in
the mitochondrial respiratory chain as an electron carrier (195). Ubiquinone and
ubiquinol are the predominant oxidized and reduced forms of Coenzyme Q, respectively
(196). Reduction of ubiquinone to ubiquinol occurs by a variety of oxidoreductases such
as Complex I, Complex II, electron transfer flavoprotein-ubiquinone oxidoreductase,
and non-proton pumping NADH dehydrogenases (in yeast) (196). In mammalian cells,
reoxidation of ubiquinol to ubiquinone occurs only by Complex III, whereas in case of
yeast, alternative oxidases also take part in the process (196). Ubiquinol is an effective
antioxidant. Studies show that it prevents lipid peroxidation, takes part it regeneration of
Vitamin E from the a-tocopheroxyl radical and halts oxidation of membrane proteins

(180, 195-199).
1.2.3. Prooxidant properties of antioxidants

There is already substantial evidence that antioxidants play a major role in metabolic
pathways and protect cells from the harmful effects of reactive species. However, some
of the antioxidants can also exhibit prooxidant effects (200, 201). Whether an
antioxidant behaves as a prooxidant seems to depend on multiple factors such as its
concentration, cellular redox state, availability of other antioxidants and, the presence
and amount of O,, catalytic metal ions and radicals. For instance, green tea polyphenol
(-)-epigallocatechin-3-gallate was shown to generate HO™ and O, and cause cleavage
of DNA in the presence of Cu>" (202). In a study by Palozza et al., p-carotene when
tested at high concentrations, increased generation of ROS in leukemia cells (203).
Moreover, retardation of cell cycle progression and proapoptotic activity highly

coincided with increased ROS levels (203). These effects were reversed when low
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concentrations were applied. The authors further assessed the variations in response to
B-carotene in differentiated and undifferentiated leukemia cells and found that increase
in ROS generation was observed at lower concentrations in undifferentiated cells when
compared to differentiated ones. Likewise, post-treatment levels of GSH were higher in
differentiated cells than those that are undifferentiated (203). Certain flavonoids, which
act as powerful antioxidants, when tested at high concentrations, were shown to
generate ROS, induce DNA strand breaks, oligonucleosomal fragmentation as well as
caspase-3 activation (201, 204-206). However, sometimes it is challenging to
distinguish an antioxidant dose range from a prooxidant dose range. For example, while
fisetin, a plant polyphenol from the flavonoid group, at 22 pmol/L could protect cells
from DNA strand breaks caused by H,O,, it could itself induce DNA strand breaks
when H,O; is absent (206). There is also some uncertainty about how flavonoids exert
their cytotoxic and DNA damaging effects. Watjen et al. (206) found no indication for
metal-catalysed oxidation, lipid peroxidation and ROS involvement whereas Sahu et al.
(207) demonstrated that in the presence of transition metal ions, ROS and mainly HO’
was responsible for lipid peroxidation and the DNA damage caused by quercetin.
Duthie and colleagues observed DNA strand breaks as well as a decrease in GSH levels,
however they found no evidence for oxidative DNA base damage (208). It might very
well be possible that nucleus was protected from ROS at the expense of intracellular
GSH (208). Agullo and co-workers argued that degree of quercetin cytotoxicity was
dependent on cellular proliferative activity, and this selective cytotoxicity could be
utilized to inhibit growth in tumor cells (209). The group observed a diminished lactate
release in dividing cells, which was likely to be caused by its inhibitory action on lactate
transporter (209, 210). Nevertheless, a dramatic reduction in levels of adenosine
triphosphate (ATP) was observed for both exponentially growing and stationary
growing human colonic carcinoma cells (209). DNA topoisomerases play a role in DNA
replication, transcription, and recombination by introducing transient breaks in the
DNA. These enzymes also act to regulate DNA supercoiling generated during
transcriptional elongation (211). Evidence suggests that some flavonoids such as
myricetin, quercetin and fisetin can inhibit topoisomerase II (212, 213). This may arrest
cell cycle and induce apoptosis via a p53 dependent or independent pathway (201, 213,
214). Selected flavonoids can also exhibit antimicrobial activity (215). One example is
quercetin, which was shown to demonstrate antibacterial activity by inhibiting gyrase

catalyzed DNA isomerization (216). Some studies also proposed that specific
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antioxidants exert their prooxidant effects through inhibition of cellular respiration.
Pavani et al. reported that nordihydroguaiaretic acid, a polyhydroxyphenolic
antioxidant, acts as an inhibitor of mitochondrial electron transport, by interrupting the
flow of electrons at the NADH-dehydrogenase-ubiquinone compartment of ascites
tumor cells (217). A consequential decrease in ATP synthesis led to decreased cell
viability and growth rates in the same cells (217). Several other phenols were also
shown to inhibit mitochondrial electron flow at different sites and/or uncouple redox
reactions from that of adenosine diphosphate (ADP) phosphorylation (218-221).
Capsinoids, which possess antioxidant properties mainly via forming complexes with
the reduced metals and donating H" to radical intermediates, can protect cells from iron-
mediated lipid peroxidation and copper-dependent oxidation of low-density lipoproteins
(222-224). Studies showed that some of its analogues may also exert selective
prooxidant effects via preferentially inhibiting NADH oxidase activity in the plasma
membrane of cancer cells. This inhibition was accompanied by an inhibition of growth
and, apoptosis (225, 226). Furthermore, when HL-60 human promyelocytic leukemia
cells were induced to differentiate, capsaicin’s effect on the plasma membrane NADH
oxidase activity was much less (225). Morre and colleagues further suggested that in
capsaicin resistant cases, selective inhibition of NADH oxidase activity and subsequent
inhibition of growth could be achieved with co-administration of mild oxidizing agents
such as H,O, and t-butyl hydroperoxide (226). These findings indicate that modification
of redox state may be considered as an alternative approach for cancer types that do not

respond to therapy.
1.2.3.4. Vitamin C as a prooxidant

Ascorbic acid, as an electron donor, gained most of its popularity through its antioxidant
effects (83). However it may also act as a prooxidant, at pharmacologic doses (P-Asc)
when specific conditions [eg. Kirsten rat sarcoma viral oncogene (KRAS) positivity] are
met (23, 227). Literature suggests that P-Asc can exert selective toxicity against some
tumor cells and infectious microorganisms (23, 227-229). Nevertheless, these effects
remain controversial for various reasons such as fundamental differences between in
vitro and in vivo conditions, lack of understanding of the exact mechanism of action and

scarce clinical data that supports its efficacy.

20



DOI:10.14753/SE.2019.2290

The most well accepted mechanism of action of P-Asc has been linked to its ability to
generate H,0, (228, 230, 231). It is already well known that AscH™ reduces Fe’" to Fe**
at the expense of producing an Asc™ (229). A subsequent reaction of Fe*" with O,
generates Fe’™ and O, (229). H,0; is then formed via dismutation of two molecules of
0,". A reaction between the newly generated H,O, and Fe”" leads to formation of HO'
and Fe’" (Fenton reaction) (Figure 1). AscH can further reduce Fe’" back to Fe*" for
the cycle to continue. Studies have demonstrated that levels of antioxidant enzymes
differ across tissues and among certain cancer cells versus normal ones (232, 233). Low
levels of catalase and glutathione peroxidase detected in a variety of cancer cells renders
them especially vulnerable to H>O,, and indirectly to P-Asc (233). According to Doskey
and colleagues, this vulnerability also varies among different tumor cell types because
not all cell types possess same degree of catalase activity (230). Nevertheless,
mechanisms for how H,O; elicited by P-Asc, induces toxicity to tumor cells are still
under investigation. Some studies suggest that poly (ADP-ribose) polymerase (PARP)
activation through H,O, induced DNA damage may lead to catabolization of NAD",
which could in turn deplete the substrate for NADH formation and hinder ATP
synthesis (234-236). In the process of disposing H,O, by an NADPH-dependent
glutathione reductase/peroxidase system, NADPH is utilized to reduce GSSG back to
GSH. In order to replenish NADPH that is consumed during this process, some of the
glucose that is used for glycolysis could be diverted to the pentose phosphate pathway
that in turn would result in reduction of ATP synthesis (234, 236). H,O, induced
inhibition of glycolysis by inactivation of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is assumed to further decrease NADH production and generation of ATP
(236, 237). Also, at the level of mitochondria, inhibition of ATP synthase by H,O,
exposure appears to interrupt ADP phosphorylation and in turn ATP production (237,
238). However, findings by Du et al. were not in full alignment with some of these
hypotheses (231). Although the group agrees that decreased cell viability caused by P-
Asc is via a H,O, mediated mechanism, they also indicate that PARP activation and
depletion of ATP may not be involved in P-Asc induced cytotoxicity. Their experiments
rather suggest that P-Asc’s effects are through a caspase-independent cell death

mechanism that is associated with autophagy (231).

“Warburg Effect’ first described by Otto Warburg refers to the phenomenon that, in

tumor and other proliferating cells, there is an increased rate of glucose uptake and,
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even in aerobic conditions, fermentation and subsequent production of lactate is
preferred over oxidative phosphorylation (239-243). This preference towards a less
efficient pathway for ATP synthesis was initially attributed to defective mitochondria
(241). On the other hand, some more recent studies disputed this hypothesis and
suggested that cancer cells heavily engage in both glycolysis and oxidative
phosphorylation in order to be able to generate sufficient levels of ATP and NADPH
but also to synthesize nucleotides and amino acids, which are all crucial for cell
proliferation (244, 245). Lately, it has been further elaborated that under certain
circumstances tumors can exert a metabolic plasticity to maintain growth and survival
(246). One example is melanocyte lineage-specification transcription factor (MITF)
upregulated proliferator-activated receptor-gamma coactivator-1alpha (PGCla) positive
melanomas, which are highly dependent on oxidative phosphorylation rather than
glycolysis (247). Contrarily, an activated BRAF mutation leads to suppression of
oxidative phosphorylation and induces a glycolytic phenotype (248). Moreover,
evidence suggests that tumor microenvironment is heterogeneous (249). For instance,
centers of solid tumors are generally poorly perfused lacking sufficient glucose and O,
supply. Therefore, metabolic activity may also vary within the tumor itself. On the other
hand, some authors argue that when tumor microenvironment is hypoxic, HIF-1 gets
activated which in turn induces enzymes involved in glycolysis, upregulate GLUT
transporters, reduce mitochondrial function to save O; and in turn reliance on glycolysis
becomes more pronounced (239). This process is further enhanced via a positive
feedback loop between glucose metabolites and HIF-1 (239, 250). Apart from hypoxia,
HIF-1 can also be activated by other factors such as activation of Ras oncogene or loss
of tumor suppressor von Hippel-Lindau (VHL) which all lead to a tendency of tumor
cells to shift energy production towards glycolysis, even under normoxic conditions
(239). Taken together, it seems that tumor cells tend to heavily depend on glycolysis
despite the presence of a functional mitochondria but when the circumstances change, a
metabolic switch is likely to occur. Consistent with this phenomenon, studies show that
majority of tumors significantly upregulate GLUT to meet the glucose demands for
increased glycolysis (251-253). Considering that specific GLUT channels are also
responsible for transporting DHA across cellular membranes, one would expect a higher
uptake of DHA by the tumor cells. Based on this assumption, Yun and collegues tested
the effect of P-Asc on KRAS and BRAF mutant colorectal cancer cells that are

associated with glycolytic phenotype. The group reported an increased DHA uptake
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associated with upregulation of GLUT-1 transporter and elevated levels of oxidative
stress caused by depletion of GSH during the conversion of DHA to its reduced form
(236). Their study further revealed that GAPDH activity and consequently glycolysis
were inhibited by ROS induced pentose posphate pathway activity as well as PARP
activation, which leads to diminished level of NAD', the substrate required for
GAPDH. These chain of events resulted in depletion of ATP, cellular energy crisis and
cell death (236). Spielholz et al. demonstrated that melanoma cell lines take up DHA at
a rate that is at least 10 times greater than normal melanocytes (254). Subsequently,
Corti and colleagues (255) documented that, in the presence of iron, gamma-
glutamyltranspeptidase, a plasma membrane enzyme that is often highly expressed in
human malignancies (256), could facilitate the oxidation of AscH to DHA and promote
its uptake through upregulated GLUT transporters in melanoma cells (254). Studies
have shown that genetic variations in SVCT-2 are associated with risk of certain cancers
such as lypmhoma, human papillomavirus type 16-associated head and neck cancer and
gastric cancer (257, 258). On the other hand, Lv and collegues investigated whether
level of expression of SVCT-2 would play a role in selective cytotoxicity of P-Asc in
cancer stem cells of hepatocellular carcinoma (259). The results suggested that SVCT-2
expression was inversely associated with P-Asc concentrations needed to decrease
hepatocellular carcinoma cells by 50%. Moreover, SVCT-2 expression was positively
correlated with intracellular P-Asc concentrations and response to P-Asc. Wang et al.’s
study further showed that P-Asc treatment of knockdown of SVCT-2 in
cholangiocarcinoma cells resulted in less DNA damage, ATP depletion and mammalian

target of rapamycin (mTOR) inhibition (260).

HIF-1 is a heterodimeric complex that plays an integral role in adaptive responses of the
tumor cells to changes in O, (261, 262). This involves not only a metabolic adaptation
via channeling cells to a glycolytic pathway, but also transcriptional activation of
various pro-angiogenic factors to increase O, delivery (262). There is growing body of
evidence, which suggests that AscH by virtue of its role as a cofactor for HIF
hydroxylases, may limit activation of HIF-1 (263). Two retrospective studies identified
an inverse association between ascorbate levels in human endometrial (264) and
colorectal tumor (265) tissues and the activation of HIF-1 pathway. Higher ascorbate
content in tumor tissue was also associated with longer post-surgical disease free period

(265). Another study demonstrated that in tumor-bearing Vitamin C dependent Gulo ™~
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mice, increase in ascorbate intake alleviated levels of HIF-1a expression (266). On the
other hand, in VHL-defective renal cancer cells, that already entail high levels of HIF-
la activity, a higher uptake of DHA was observed through the HIF-la upregulated
GLUT-1 transporters (267). Given that these cells already rely on glycolysis through
Warburg effect, P-Asc induced ROS generation and subsequent PARP activation led to
NAD" consumption and left very small amounts of NAD" for glycolysis to proceed
(267, 268). Consequently, significant reduction in cellular reserves of ATP promoted
cell death (267). Whether P-Asc can selectively control tumor cell growth via inhibition
of HIF-1 signaling or whether overexpression of HIF-1 serves, as an advantage for P-
Asc’s selective cytotoxicity towards tumor cells, seems to depend on the tumor type,
concentration of administered P-Asc, amount of O, available in the tumor
microenvironment and the factors that influence the activation of HIF-1 (267). For
instance, HIF-1a in VHL-defective renal cancer cells are constitutively stabilized and
hypoxia or HIF prolyl hydroxylase activity has little influence on their activation (267,
269). In such cases, inhibition of HIF via prolyl hydroxylase may not play a significant
role in P-Asc’s anti-tumor activity. Vascular endothelial cell growth factor (VEGF) is a
downstream gene product of HIF-la and has been the focus of various targeted
therapies (261, 270). Since HIF-1 activation could be potentially suppressed by P-Asc
treatment, a possible concomitant decrease in VEGF was also investigated (264).
Human endometrial tumor samples revealed a strong inverse correlation between level
of VEGF protein and ascorbate content (264). In a separate in vitro and in vivo study,
P-Asc treated sarcoma 180 cancer cells had lower levels of VEGF and other two
angiogenesis related proteins, but the authors did not elaborate on the mechanism of
action (271). Wilkes and collegues noted that P-Asc treatment did reduce VEGF
secretion which correlated with a decrease in HIF-1a expression but these effects were
through a H,O, mediated pathway rather than a O, or prolyl hydroxylase-dependent
inhibition of HIF-1a (272).

Iron plays a critical role for proliferation and metabolism of cancer cells and infectious
microorganisms such as bacteria and fungi (273, 274). These rapidly dividing cells are
highly dependent on presence of iron to carry out various cellular processes such as
DNA synthesis, cell cycle regulation and oxidative phosphorylation (274, 275). In order
to meet the increased iron demands, many type of cancer cells upregulate proteins that

are involved in its uptake. Transferrin receptor 1 (TfR1) is one of these proteins that
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became the target of antibody-mediated chemotherapeutic agents (276). Iron chelators
such as desferrioxamine and 3-aminopyridine-2-carboxaldehyde thiosemicarbazone are
also being considered as potential anti-cancer agents (277). On the other hand, iron’s
ability to gain and lose electrons also enables it to participate in Haber-Weiss reaction,
which leads to generation of free radicals. Therefore, in cells, which are rich in iron, a
complementary strategy for anti-infective or anti-cancer therapy is to focus on agents
that foster free radical generation. Cysteine, GSH and AscH can slowly release iron
from the iron storage protein ferritin (278). However, P-Asc by triggering an
uncontrolled release of iron can generate a surplus, which in presence of O,, would lead
to production of 02", HO" and H,0, (229, 279, 280). ROS generated by P-Asc, can
further increase the labile iron pool in part via H,O, mediated disruption of iron-sulfur
cluster proteins (280). This labile iron pool redox cycling can contribute to the P-Asc

induced selective cytotoxicity.

Schoenfeld and collegues reported that P-Asc treatment exerted preferential killing
against of glioblastoma and advanced-stage-non-small-cell lung cancer cells in vitro and
in vivo (280). In their study, GLUT mediated DHA uptake did not play a role in P-
Asc’s selective cytotoxicity but they argued that the effect was rather dependent on the
increased redox-active labile iron present in cancer cells (280). Vilcheze et al. assessed
the efficacy of P-Asc in treatment of Mycobacterium tuberculosis and their results also
demonstrated that presence of high iron concentration played a critical role in its
bactericidal effects (229). Kang et al. took a different view and proposed that P-Asc
mediated death of melanoma cells were caused by P-Asc induced downregulation of

TR, which resulted in diminished iron uptake and subsequent apoptosis (281).

P-Asc has been the subject of various studies, which assessed its antibacterial,
antifungal and antiviral properties (229, 282). Its inhibitory effects on the growth of
various microorganisms such as Staphylococcus aureus, Helicobacter pylori,
Mycobacterium tuberculosis, Bacillus cereus, and Candida have already been
demonstrated (229, 283-287). However, studies, which elucidate its mode of action are
limited and, the specific conditions required for P-Asc to exert its anti-microbial effects
seem to vary depending on the infectious agent. For instance, while P-Asc can inhibit
Helicobacter pylori in microaerophilic conditions, similar concentrations of P-Asc were
shown to increase survival under aerophilic conditions (286). On the contrary, P-Asc’s

effect on Mycobacterium tuberculosis was abolished when the environment lacked O,
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(229). Earlier studies suggested that the bactericidal effect of P-Asc was due to lowering
of the pH (288, 289). In 1950, Slade and Knox challenged this hypothesis when they
found a bacteriostatic effect for group A hemolytic streptococcus at near neutral pH
(290). According to Ehrismann, while P-Asc stimulated growth in anaerobes, its effect
was inhibitory in case of aerobes (288). In the process of exploring the role of O, in
bactericidal effects of P-Asc, Lwoff and Morel found that inhibition of Proteus vulgaris
was halted by the presence of reducing agents and substances that catalyzed degradation
of H,O5 (291). In 1954, Myrvik and Volk’s short-term growth experiments on Escheria
coli (E. coli), was an attempt to reveal the chemical group that is responsible for the
antibacterial properties of P-Asc. They reported that while enediol group of P-Asc had
no antibacterial effect on E. coli, oxidized enediol (diketone) could exert immediate and
strong antibacterial effects (284). Peloux and collegues proposed that P-Asc had little or
no anti-viral activity in the absence of metal ions (282). Polio virus was completely
inactivated when P-Asc was combined with 5 pM Cu®" whereas, in the presence of

ethylenediaminetetra-acetic acid (EDTA), P-Asc had no effect (282).

Interestingly, presence of various microorganisms such as Acinetobacter baumanii and
Candida albicans (C. albicans) induce human neutrophils to uptake DHA rapidly and
recycle it to AscH , such that AscH concentrations of activated neutrophils in vitro
could increase up to 30 fold above the concentrations present in resting neutrophils
(292, 293). Whether accumulation of AscH in such high amounts is an attempt of the
phagoctytotic cells’ to enhance ROS generation or the cells want to take the advantage
of its antioxidant properties while undergoing an oxidative burst is still an enigma (294-

297).

Literature on P-Asc’s antifungal effects on C. albicans is contradicting. P-Asc was
shown in vitro to reduce virulence of C. albicans cells by lowering proteinase secretion
(285). The same study also demonstrated that P-Asc could arrest cell growth and,
induce concentration dependent cytotoxicity, which was potentiated when the cells were
treated with H,O, (285). In a separate study by the same group, P-Asc induced
oxidative stress related enzyme activities in C. albicans were examined and reduced
levels of GSH, decreased enzyme activity of catalase, glutathione reductase, glutathione
peroxidase and glutathione S-transferase were reported (298). These effects are similar
to those observed upon continuous exposure of yeast cells to H,O,, where cells

accumulated GSSG but the total amounts of GSH and GSSG were substantially
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diminished, indicating inhibition of GSH synthesis (299). Surprisingly, some
antioxidant effects were also demonstrated, such that with increasing concentrations of
P-Asc, superoxide dismutase activity was increased and lipid peroxidation decreased
(298). On the other hand, locally applied P-Asc in human subjects showed no antifungal
activity against vaginal candidiasis or other antifungal infections (300). Only when P-
Asc was applied upon a successful treatment of fungal infection, it was able to prevent
reinfection (300). Brajtburg and collegues suggested that P-Asc potentiates the lethal
action of amphotericin B on C. albicans and Cryptococcus neoformans cells (301).
Although in case of amphotericin B, P-Asc had such enhancing effects, P-Asc
antagonized the effects of fluconazole both in vitro and in systemic murine candidiasis
model (302). This inhibition was attributed to P-Asc’s reducing property which could
diminish the oxidative effect of fluconazole induced ROS (302). Moreover, neither
intragastrically nor intraperitoneally administered P-Asc had any effect on the survival
of mice with systemic candidiasis (302). When Van Hauwenhuyse and colleagues
further investigated the antagonistic effect of P-Asc on fluconazole, they found that only
in the presence of Upc2 (a transcriptional regulator of Ergl1 gene, which encodes an
enzyme that is the target of azole antifungal drugs and is involved in ergosterol
biosynthesis (303, 304)) P-Asc could exert its antagonistic effects (305). Their analysis
also revealed that, P-Asc could restore the ergosterol levels and reverse elongated cell
growth caused by inhibition or depletion of heat shock protein (Hsp90), and this activity
was Upc2 dependent (305). Nevertheless, it is worth to mention that in normal cells, P-

Asc lowered ergosterol levels and did not initiate elongated growth (305, 306).

In the 1970s, Ewan Cameron and colleagues conducted the initial clinical trials to test
the effect of P-Asc on improving the survival of patients with terminal cancer (307-
309). Although their results were promising, subsequent double-blinded randomized
studies in the Mayo Clinic demonstrated that orally administered P-Asc had no effect on
patient survival (310, 311). It was later recognized that the route of administration might
account for some of the discrepancy observed in, in vivo studies. Data suggested that
intravenously administered P-Asc produced much higher plasma concentrations than the
orally administered P-Asc due to the tightly controlled absorption process (64, 65, 312,
313). For instance, when 10 g of P-Asc was delivered via infusion, it was possible to
achieve plasma concentrations up to 5 mM, whereas predicted peak plasma

concentration for P-Asc given at the maximum tolerable oral dose, 3 g every 4 hours, is
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not more than 220 uM (65, 312, 313). It is also of importance to note that although
several in vitro studies showed P-Asc to be highly effective as a single agent to
selectively induce cell death in tumor cells and various microorganisms, many in vivo
studies could achieve similar effects only when P-Asc was used as an adjuvant therapy
and sometimes even as an adjuvant it indeed antagonized the effects of the
chemotherapeutic agents due to drug-drug interactions (229, 285, 300, 302, 314-318).
This discrepancy is presumably due to the inability of the in vitro conditions to
precisely mimic the tissue environment with hypoxia and relevant metabolic changes.
Moreover, tumor tissues are heterogenic and display distinct intra- and inter-tumoral
variations in morphological and physiological features, such as diverse gene expression
patterns, motility and metabolic profiles (319). The same heterogeneity and relevant
cell-to-cell variation is also present in infections (320). A systemic review by Fritz and
colleagues concluded that literature still lacks data from a well designed, controlled
study with a large sample size, which suggests that P-Asc can be effectively used as a
stand-alone cancer treatment (314). Nevertheless, results of current studies, mainly ones
where P-Asc was used as an adjuvant therapy seem to be promising (314, 321, 322). An
equally important finding of the authors from existing preliminary evidence is that P-

Asc is generally well tolerated and has a good safety profile (314).
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1.3. Candida albicans

C. albicans is a eukaryotic organism. As the member of a commensal microbiota, C.
albicans can be isolated from the oral cavity, vaginal mucosa and gastrointestinal and
urogenital tracts of most healthy individuals. However, as an opportunistic pathogen it
is also the most common cause of fungal infections (323-327). Although majority of
infections are confined superficially to the mucosa, skin and nails, treatment can still be
challenging (328-330). Moreover, in immunocompromised patients, invasive
candidiasis (eg. candidemia or deep-seated infections) generally caused by direct
inoculation to a sterile site, dissemination through blood, or less frequently as a result of

ascending pyelonephritis, can lead to significant morbidity and mortality (325, 331).
1.3.1. Physiological, morphological and metabolic profile

One of the distinct features of C. albicans is its ability to grow in a number of different
morphological forms such as yeast, pseudohyphae and true hyphae (332, 333).
Unicellular yeast cells (blastospore, blastoconidium) generally have a round or oval
shape and they divide through budding. Pseudohyphae and hyphae are the two
filamentous forms that occur in response to alterations in the environmental conditions
such as changes in temperature, pH or nutritional sources (333, 334). Hypha originates
from a single elongated yeast cell termed as germ tube, which grows by apical extension
and differentiates into tubular structures that are separated by septa (333, 334).
Pseudohyphae are intermediate between the yeast and hyphae forms. In case of
pseudohypha, daughter bud elongates but does not separate from the mother cell (333,
334). One of the distinct features that distinguish pseudohyphae from hyphae is the
presence of constrictions at the septal junctions. In hyphae such constrictions do not

exist and walls lie in parallel throughout the entire structure (333, 334).

Most microorganisms including yeasts grow in three main phases; lag phase,
exponential (log) phase and stationary phase. Duration of each phase depends on
various conditions such as temperature, pH, O, level and availability of nutrients (335).
Lag phase is the adaptation and preparation phase (335, 336). During this period, cells
are metabolically active (337-339). They start to upregulate relevant genes and
synthesize the enzymes needed for cell division (335). At this stage number of cells

remains relatively constant (335). Once they enter the exponential growth phase, their
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number increases rapidly and the cells reach their peak metabolic activity (335). In
general, this continues until they exhaust the available nutrients and accumulate
metabolic end products (340-342). In stationary phase, there is a dramatic decrease in
overall growth rate and cells try to maintain their viability by going through a variety of
biochemical and morphological changes (335, 341-343). For instance, Uppuluri and
Chaffin demonstrated that during stationary phase (which they defined as cells cultured
for a minimum for 5 days), C. albicans showed increased expression of genes that are
involved in processes such as cell wall biosynthesis, adherence, DNA repair and stress
resistance (341). While majority of the genes involved in glycolysis pathway, and
glucose transport were highly expressed in the exponential phase, such high expression
was not observed in the cells that were in the stationary phase (341). However, the exact
timeline regarding when yeast cells including C. albicans enter stationary phase and
whether it is indeed considered as a distinct phase of growth still varies from one study
to another (298, 341, 343-349). These variations may also account for some of the

contradicting results regarding the biochemical changes that occur in stationary phase.

C. albicans can efficiently adapt to a wide range of environmental conditions, by a rapid
metabolic switch, which is usually accompanied by a phenotypic switch (341, 343, 349,
350). This turns metabolism of C. albicans into a highly complicated process. C.
albicans contains both conventional and alternative respiratory pathways and their level
of expression alternate depending on the growth conditions (351, 352). In mammals,
NADH-ubiquinone oxidoreductase (Complex I), cytochrome bc; (Complex III) and
cytochrome oxidase (Complex IV) are the proton translocating oxoreductases in the
respiratory chain (353). On the other hand, besides Complex I, C. albicans also contains
other forms of NADH-oxidoreductases (351, 352, 354). They catalyze rotenone
(inhibitor of Complex I) insensitive oxidation of matrix NADH or enable direct use of
cytoplasmic NADH (351, 352). In addition, C. albicans can also express an alternative
cyanide (inhibitor of Complex IV) and antimycin A (inhibitor of Complex III)
insensitive oxidase, which is reduced directly by the electrons of the ubiquinol pool
(351, 352, 355-357). Both oxidative stress and, respiratory chain inhibitors acting
downstream from coenzyme Q was shown to induce anternative oxidase, which
suggests that it supposedly protects fungi from oxidative damage (351, 358, 359). It
may also be possible that alternative oxidase enables ATP synthesis to continue when

the conventional pathway is inhibited (352).
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C. albicans grows best under aerobic conditions, but studies suggested that it can also
exhibit a limited degree of anaerobic growth (360, 361). This is important for C.
albicans infections and especially biofilms that colonize tissues, foreign bodies,
prosthetic devices and tissues in regions with insufficient amounts of O, like for
example gastrointestinal tract and wounds covered with dressings. Studies regarding the
respiratory activity of C. albicans in relation to its growth and morphology are still
contradicting (345, 356, 362). Aoki and Ito-Kuwa’s observed that cells increased their
O, uptake during lag phase and initial stage of log phase (337). Ogasawara et al.
reported that C. albicans cells in lag phase do not use O; and instead they generate ATP
via fermentative metabolism whereas cells in exponential phase do use O, and utilize
oxidative phosphorylation (339). They have further suggested that the cells employed
glycolysis pathway to generate energy required for proliferation only in anaerobic
conditions (339). On the other hand, Uppuluri and Chaffin’s study indicated that C.
albicans prefers aerobic respiration during exponential growth but they have also
demonstrated that expression of genes involved in glycolysis pathway and glucose
transport were increased during the same period (341). Land et al. documented that
hyphal growth is associated with suppression of mitochondrial activity, diminished O,
consumption and reduced activity of tricarboxylic acid (TCA) cycle enzymes (362).
Majority of mature ‘hard to treat’ biofilms contain 95% hyphae and interiors of biofilms
in general have very limited access to O, (363, 364). The commonly encountered
difficulty in treating biofilms may be in part explained by the study conducted by
Dumitru et al. in which the authors showed that anaerobically grown cells exhibited
minimum fourfold more resistance to antifungals like miconazole, fluconazole,

amphotericin B and terbinafine compared to the aerobically grown ones (360).

As mentioned above, C. albicans inhabits in diverse niches from the oral cavity and
urogenital tract to the bloodstream and internal organs and only few of these niches are
rich in glucose, the preferred carbon source for C. albicans (365-367). However, most
tissues have sufficient supply of alternative carbon sources, such as lactate, fatty acids,
and amino acids. C. albicans possesses the ability to assimilate these less favorable
alternative carbon sources when the environment lacks glucose or possibly even for
some time after glucose becomes available (368). At the same time, according to
Rodaki and colleagues, C. albicans is highly sensitive to glucose, such that upon

exposure to glucose at concentrations as low as 0.01%, glycolytic genes were shown to
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be up-regulated, and gluconeogenic, glyoxylate cycle, TCA cycle and fatty acid B-
oxidation genes were shown to be down-regulated (369). Conversely, when glucose is
depleted, expression of genes that are involved in B-oxidation were shown to be
elevated (341). Nevertheless, Uppuluri and Chaffin also showed that even at high
glucose levels, C. albicans never completely shuts down its respiratory metabolism and
indeed mitochondrial respiration is the preferred pathway in all growth phases (341).
Glucose also plays a crucial role in response of C. albicans to oxidative stress. For
example, it significantly increases the resistance of C. albicans to high doses of H,O,
(>10 mM) (369). This phenomenon may justify the increased risk of Candida infections
observed in diabetic patients or enhanced colonization and invasion in tissues that are
rich in glucose (370, 371). Similarly, it may also explain the increased resistance of

glucose treated cells to an azole antifungal drug, miconazole (369).

Lastly, C. albicans cells’ response to new environmental conditions differs depending
on various factors such as the growth phase, presence or absence of certain quorum
sensing molecules and/or the amount of time spent in the previous growth conditions
(345). For instance, when cells were grown overnight at 37°C to stationary phase and
then diluted into fresh culture medium under the same conditions, this change in the
growth environment triggered a transient but substantial induction of hyphae formation
(345). However it must be noted that, in the described experimental setting, while the
cells grown to exponential phase had no capacity to form hyphae, the number of hyphae
generated 3 h after the dilution increased as the cells approached to stationary phase
(345). Moreover, H,O, sensitivity of C. albicans was shown to be growth phase
dependent, such that incubation of cells with H,O, for 60 min in fresh minimal media
resulted in a dramatic reduction in viability of early exponential phase yeast cells
whereas stationary phase cells were highly resistant to H,O, exposure (15% survival in
early exponential phase cells vs 112% survival in stationary phase cells) (349).
Furthermore, when early-exponential-phase cells were resuspended in fresh medium or
conditioned medium (supernatant obtained from the overnight stationary phase culture)
for 90 min and then exposed to H,O, in minimal fresh media, percentage of cells that
survived in pretreated conditioned medium were significantly higher than those
pretreated in fresh media (101% vs 11% respectively) (349). Authors of this study
suggested that farnesol, a quorum-sensing molecule excreted into the medium was

partly responsible for the oxidative resistance generated by the conditioned medium,
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and the conditioned medium induced transcription of antioxidant-encoding genes might

have played a role in protection of cells against oxidative stress (349).

As discussed in earlier chapters, when organisms perform aerobic respiration, ROS is
generated and various antioxidation mechanisms are employed for protection against
possible oxidative damage. For fungal pathogens, interaction with the phagocytic cells
in particular, causes them to encounter extreme levels of oxidative stress (372). In order
to thrive in such environments, fungi utilize various enzymatic and non-enzymatic
mechanisms that include catalase, superoxide dismutase and GSH (299, 372). Although,
some studies suggest that ascorbic acid in yeast cells is absent (373-375), several studies
also show that they can synthesize D-erythroascorbic acid, a five-carbon analogue,
which possesses chemical properties, very similar to those of ascorbic acid (376, 377).
Studies confirming D-erythroascorbic acid’s role as an antioxidant do exist, but whether
it has a significant role in protecting cells from stress is still under debate (376, 378,
379). Of note is that, when Branduardi and colleagues constructed recombinant
Saccharomyces cerevisiae (S. cerevisiae) cells, producing endogenous L-ascorbic acid,
they observed increased resistance to oxidative stress (373). Likeweise, S. cerevisiae
cells exposed to L-ascorbic acid at 10 mM exhibited higher tolerance against heath

shock and lower levels of ROS accumulation (380).
1.3.2. Treatment

There are five main classes of antifungal agents; polyenes, azoles, allylamines,
nucleoside analogues and echinocandins. Azoles such as ketoconazole, fluconazole and
itraconazole inhibit the enzyme 14a-lanosterol demethylase and consequently block
biosynthesis of ergosterol - the sterol component of the cell membrane (381).
Amphotericin B, which belongs to the group of polyenes binds irreversibly to
ergosterol, forms pores that cause leakage of intracellular ions and lead to subsequent
cell death (382). The allylamine terbinafine exerts its antifungal effects by inhibiting
squalene epoxidase (383). Flucytosine is a nucleoside analog and impairs fungal DNA
and ribonucleic acid (RNA) synthesis (384). Echinocandins are a relatively new class of
antifungal agents and they inhibit beta-1,3-glucan-synthase, an essential component of
the fungal cell wall (385). Studies suggest that under specific conditions some of these
antifungals may also induce generation of ROS (381, 386). Despite the availability of

numerous antifungal agents with broad and narrow activity spectra; emerging antifungal
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resistance, detected and anticipated side effects and host toxicity, partly due to extensive
similarities between fungal and human cells, require and pinpoint the development of

new therapeutic strategies (387-391).
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1.4. Basal Cell Carcinoma

Basal cell carcinoma (BCC) is a keratinocyte-derived neoplasm of the skin (392). It is
the most common type of cancer among Caucasians and its incidence is on the rise
(393-395). There is considerable phenotypic diversity among patients in terms of
number of lesions they develop, anatomic locations of these lesions and the patterns of
presentation. For example, BCC usually occurs on sun exposed body sites such as the
head and trunk but lesions on non-sun exposed areas like the axilla, nipple and genital
area have also been reported (396-398). Genetic and environmental factors both play a
role on predisposition to BCC. The most significant risk factor is believed to be
exposure to solar UVB radiation, which ranges from 280 to 315 nm (399). UVB induces
formation of strand breaks and formation of covalent bonds between adjacent
pyrimidine bases that leads to generation of cyclodipyrimidine dimers (T/T) and (6-4)
pyrimidine-pyrimidone photoadducts in the DNA (121, 399-401). When left unrepaired
these photoproducts can cause mutations, which can in turn result in abnormal cell
growth. Especially, the mutations that activate the Hedgehog signaling pathway genes,
such as patched (PTCH), Sonic hedgehog (Shh) and Smoothened (Smo) play an
important role in development of BCC lesions (399, 402-406). Other important risk
factors include, UV exposure, drug induced immunosuppression, arsenic exposure, fair

skin color and advanced age (407-415).

BCC generally presents as a slow growing, translucent or pearly, papule or nodule with
telangiectasias and a central ulceration. It has various subtypes, based on clinical
presentation, growth pattern and histology (416-419). Clinical subtypes include nodular,
ulcerative, superficial, pigmented and morpheiform BCC and fibroepithelioma of
Pinkus (416, 417). A separate classification system identifies histological subtypes,
which include but are not limited to nodular, micronodular, superficial, infiltrating,
morpheiform and fibroepithelial BCC (417, 420). Growth pattern assists identification
of aggressive and high-risk subtypes with potential tumor recurrence and based on
growth pattern BCC is further classified as nodular, superficial, infiltrating,
morpheiform, micronodular and basosquamous (417, 421). Among these, nodular and
superficial are considered as less aggressive and low risk subtypes. However, it must be
noted that to date there is no universally agreed classification and variations exist in

definition and terminology (418, 421, 422).
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BCC occurs sporadically, with some exceptions such as basal-cell nevus syndrome
(BCNS, Gorlin syndrome, nevoid basal-cell carcinoma syndrome) - a rare autosomal
dominant disorder in which patients inherit a germline mutation in the tumor suppressor
gene PTCH (423, 424). Most common features of BCNS include multiple lesions of
BCC, palmar and plantar pits, central nervous system abnormalities such as calcification
of falx cerebri, skeletal defects and benign odontogenic keratocysts of the jaw (423).
However, multiple lesions of BCC are not unique to BCNS. For example, in case of
hereditary nonsyndromic multiple BCC, skin lesions exist without any associated
anomalies (425). Although rare, some cases of multiple BCC also exist without any

associated anomalies and any family history (426-428).

Common methods used in the treatment of BCC include surgical excision, cryosurgery,
electrodessication and curettage, radiotherapy, photodynamic therapy, 5-fluorouracil,
imiquimod and mohs surgery (429-431). Although most lesions are indolent and
respond well to local treatments, some can occasionally progress to an advanced state
where they may no longer be suitable for local therapy (431, 432). Moreover, for
patients who have multiple BCC, traditional treatment modalities may be impractical,
contraindicated, not effective and sometimes grossly disfiguring (428, 430, 433).
Vismodegib (Erivedge; Roche) and sonidegib (Odomzo; Novartis), the two small
molecule antagonists that target the Hedgehog signaling pathway by binding to and
inhibiting Smo, are considered as the therapeutic options for such cases (430, 434, 435).
Nevertheless, while using these medications, patients might experience adverse events,
which sometimes lead to noncompliance and discontinuation of therapy (435, 436).
Moreover, there are cases where patients do not completely or even partially respond or
resistance develops (428, 437, 438). Therefore, the development of new BCC therapies

is an active field of investigation.

It has been postulated that activation of Hedgehog signaling pathway is associated with
altered energy metabolism (439, 440). In 2012, Chen and colleagues explored the role
of Hedgehog signaling pathway in induction of a metabolic switch to glycolysis, which
could in turn result in lactate accumulation, and inhibition of adipogenesis, in quiescent
hepatic stellate cells that transform into myofibroblasts (439). Their findings
demonstrated that Hedgehog signaling was indeed necessary for increased expression of
genes that regulate glycolysis and, Smo upregulated HIF-1a expression was involved in

this process (439). Recently, Seleit et al. demonstrated for the first time that nodular
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type BCC lesions in humans showed higher HIF-la expression percentage when
compared to the normal dermis (441). Teperino and colleagues further illustrated that
activation of Smo could initiate a Warburg-like metabolic reprogramming by
modulating proteins such as adenosine monophosphate (AMP)-activated protein kinase,
pyruvate kinase M1/M2 and pyruvate dehydrogenase a-1, some of which also play a
role in stimulation of GLUT-4 dependent glucose uptake (440). On the other hand,
literature regarding GLUT expression in BCC is contradicting. Abdo et al. detected
GLUT-1 expression in 62.5% of nodular and adenoid type BCC cases (n=16), and the
expression was more likely to be localized at the center of the malignant basaloid nests
(442). This type of localization may be associated with presence of hypoxia which is
more common in areas that are not in close proximity to blood vessels (443). However,
when the same authors investigated the GLUT-1 expression in cutaneous squamous cell
carcinoma (SCC), they found that GLUT-1 was expressed in all SCC lesions (n=16) and
this expression was related to differentiation status, such that high percentage of GLUT-
1 expression was usually associated with poorly differentiated SCC (442). In a
subsequent study performed with 20 nodulo-ulcerative type BCC lesions, GLUT-1
expression was found to be downregulated in comparison to normal skin (441). When
histological subtypes were analyzed in terms of localization, in a nodular type BCC
lesion, GLUT-1 expression was mainly confined to the center of the lesion, whereas in a
keratotic type BCC lesion, GLUT-1 was expressed mostly around the areas of keratotic
differentiation (441). On the other hand, Baer et al. found no GLUT-1 expression in any
of the BCC lesions, and the expression was also absent in areas with focal squamous
metaplasia and keratinization (444). Intriguingly, same study also showed that almost
all cases of SCC had moderate to intense levels of GLUT-1 expression (444). In
addition, in case of invasive SCC, GLUT-1 expression was more prominent in
infiltrative and/or less differentiated regions (444). Positron emission tomography
(PET) is a commonly used modality in oncology and it detects the tumor cell uptake of
the radiolabeled form of glucose so called 2-deoxy-2-[18F]fluoro-D-glucose (FDG).
This modality relies on the higher rate of glycolysis commonly observed in the tumor
tissue which results in a higher uptake of FDG (445). A positive correlation between
FDG uptake and GLUT-1 expression have already been demonstrated in various types
of lung cancers (446). Therefore, PET imaging of BCC lesions may further elucidate the
GLUT-1 expression in BCC cells. For example, a case series of 6 patients with 4

nodular and 2 invasive BCC lesions demonstrated that 3 of the 4 nodular lesions were
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PET-positive while all invasive lesions were found to be PET-negative (447). The
authors argued that although negative results could be due to the differences in tumor
metabolism among histological subtypes, various factors such as small tumor size or
low blood flow could have also affected the sensitivity (447). On the other hand, Ali
and colleagues were able to successfully image a small BCC lesion, which
demonstrated focal nodulocystic growth and partly basosquamous differentiation (448).
Therefore, they suggested that rather than lesion size, it was probably GLUT-1
expression or other factors involved in variations in PET images of BCC (448). A third
case report by Beer and Waibel also documented the detection of a large recurrent BCC
by a PET scan (449). Likewise, an intense FDG uptake was observed in a primary BCC
lesion with nodular and infiltrative patterns and this was accompanied by
hypermetabolic lymph nodes, suggestive of metastatic BCC (450). Thacker and
colleagues utilized PET to assess the treatment response of advanced and metastatic
BCC to vismodegib by monitoring the changes in metabolic activity (451). Authors
concluded that metabolic activity decreased in all lesions following therapy although the
degree of reduction varied among lesions. As demonstrated by Evans et al. in 2006, O,
levels in human skin are not uniformly distributed, such that while dermis is well
oxygenated, epidermis is mildly hypoxic and the regions where sebaceous glands and
hair follicles are located are in part severely hypoxic (452). Consistent with these
findings, high levels of HIF-la were detected particularly in the basal layer of the
epidermis of human skin (453-456). Considering that in both healthy skin and certain
types of skin cancers, regions of hypoxia and HIF-1o expression generally coincides
with regions of GLUT-1 expression, HIF-1o. and GLUT-1 in BCC lesions are expected
to be disproportionally expressed both intratumorally and among different subtypes
(443, 453, 457). As BCC lesions are mostly indolent and GLUT 1 expression was

(4

shown to be much higher in “’stem-like’” basal cells in comparison to differentiated
keratinocytes, one may also expect variations in expressions among invasive and non-

invasive subtypes (457).

Tumor angiogenesis, which is generally associated with microvessel density and VEGF
expression, is considered as an important step in acquisition of an aggressive phenotype
and metastasis (458-464). Stabiano et al. demonstrated that angiogenic rates were much
higher in infiltrating and metastasizing BCC lesions than those in non-aggressive

subtypes (463). Consistent with these findings, Loggini and colleagues showed that
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mean vascular density was higher in sclerosing subtype — an aggressive form of BCC,
than in the nodular and superficial subtypes which are considered to be indolent forms
of BCC (461). Likewise, a separate group revealed that both VEGF expression and
mean vascular density were higher in morpheaform and, nodular lesions with a deep
dermal involvement, than those in superficial BCC lesions (459). However, the
expression of VEGF, peritumoral and intratumoral blood vessel areas and their counts,
and the mean vascular density in BCC do not seem to be as high as those in SCC (460,
461, 463, 465, 466). Moreover, some studies did not even find any VEGF expression or
increase in capillaries, in certain BCC lesions (461, 467, 468). This may be attributed to

variations in growth pattern and metabolism in different BCC subtypes (461).
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1.5. Two-Photon Excitation Fluorescence Microscopy

Fluorophore is a molecule that can fluoresce by absorbing energy of a particular
wavelength light (photon) and subsequently emitting light of a longer wavelength than
what was initially absorbed (469, 470). When the electron in the ground state absorbs
energy from an incoming photon, it may rise to a higher energy state, so called the
“’excited state’’. While the electron goes back to its ground state, several processes
occur with varying probabilities, but generally the energy that was initially absorbed is
partly dissipated as heat and mainly emitted in the form of fluorescence radiation (469).
One-photon fluorescence process utilizes only a single photon that is usually in the UV
or blue/green spectral range, to excite a fluorophore from the electronic ground state to
an excited state (471, 472). On the other hand, in two-photon excitation fluorescence
microscopy (TPEFM), the molecule is excited by the simultaneous absorption of two-
photons, which are usually in the red or near infrared spectral range (473, 474). Hence,
each of these photons carries almost half the energy that is needed to excite the
molecule via a one-photon process. As the likelihood of simultaneous absorption of 2
photons is extremely low, a high photon flux needs to be delivered to the sample. This
is commonly achieved by tightly focused, high repetition rate (100 MHz), ultrafast
(femtosecond or picosecond pulse widths) lasers, such as titanium—sapphire or
neodymium-doped yttrium lithium fluoride (Nd:YLF) lasers (473, 474). Consequently,
the fluorophore excitation and thus the emission gets restricted to the area near the focal
plane where the photon density is highest (474). Unlike UV or blue-green light,
excitation wavelengths used in TPEFM scatter less and the molecules that are
abundantly found in tissues and cells generally do not absorb these wavelengths. These
properties enable deep tissue penetration, minimize photobleaching and phototodamage
and, reduce signal loss by eliminating the need for a pinhole aperture (473, 474). Of
note, the pinhole aperture is commonly employed in single photon microscopes in order
to reject the out-of-focus fluorescence that is indistinguishable from the scattered light
emitted from the excited fluorophore. These advantages turn TPEFM into a suitable tool
for real time lable free imaging of deep tissues and live cells to assess cellular and

subcellular events.
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1.5.1. Monitoring intracellular redox status by conventional confocal and

two-photon excitation fluorescence microscopy

One of the applications of TPEFM is label free monitoring of cellular metabolic activity
and redox status in living cells, by evaluating intracellular levels of the endogenous
fluorophore, NAD(P)H (475-478). While NADH is mainly generated by glycolysis and
TCA cycle and consumed by electron transport chain, anaerobic glycolysis or
fermentation; its phosphorylated analogue NADPH is involved in anabolic reactions
such as lipid, amino acid and nucleotide biosynthesis (479). NADPH also has an
important role in detoxification and antioxidant defense, for example it is required for
reduction of GSSG and subsequent generation of GSH (169, 479-481). Both NADH and
NADPH absorb light and emit fluorescence at 340+30 nm and 460+50 nm, respectively,
but their oxidized forms NAD" and NADP"' are not fluorescent (482-484). While
NAD(P)H has a relatively low quantum yield (ratio of emitted photons to the number
absorbed) and the fluorescence signal acquired by conventional one photon imaging is
usually weak, TPEFM can provide the energy that is required for its transition from
ground state to the excited state (168, 485, 486). TPEFM can also reduce the potential
photodamage and photobleaching that generally stems from its excitation peak, which

falls in the UV range.

In most cells, NAD" levels are much higher than those of NADP', however the
difference in intracellular concentrations of NADH and NADPH is generally less (166,
168, 487). One reason is that NADH/NAD" ratio is usually kept low due to NAD"’s role
as an electron acceptor in catabolic pathways (166, 168, 488). Moreover, in case of
hypoxia or oncogenic metabolic transformations where Warburg effect is proposed to
take place, in order to keep gycolysis active, cells may restore the NAD" pool through
regeneration of NAD" from NADH by the enzyme lactate dehydrogenase, which
facilitates the conversion of pyruvate to lactate (168, 240, 489). On the other hand, in
anabolic pathways and antioxidant defense, the primary role of NADPH is as an
electron donor and hence the NADPH/NADP" ratio needs to be kept at relatively high
levels (166, 168, 490). In most cells, NADPH is produced and maintained at such high
levels mainly through the actions of the two enzymes of the pentose phosphate pathway;
glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase (491).
Nevertheless, there is an intriguing interplay between NAD(H) and NADP(H) that is
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particularly pronounced in response to new conditions such as aeration, oxidative stress
and UV irradiation. Multiple enzymes have been shown to take part in this interplay and
they directly or indirectly regulate the balance between the two (479, 487, 492-494). For
example, nicotinamide nucleotide transhydrogenase (NNT), can catalyze the reduction
of NADP" at the expense of NADH oxidation and H' reentry to the mitochondrial
matrix (487). NADH kinase is another enzyme, which is shown to transfer a phosphate
group from ATP to NADH to generate NADPH (495). Recently Singh and colleagues
also demonstrated that under conditions of oxidative stress, Pseudomonas fluorescens
utilized the enzyme NAD kinase to orchestrate the production of NADP" at the expense
of NAD" (494). A concomitant increase in NADP" in turn promoted the production of
NADPH, and enhanced the cell’s antioxidant activity. In addition, reduction of the
available NAD" pool diminished synthesis of NADH, hence limited the potential
generation of ROS from its downstream metabolism mediated by complexes I, III, and
IV during electron transport chain (494, 496). In a separate study, when ROS generation
was induced by menadione, a concomitant decrease of NAD(P)H autofluorescence was
recorded (497). Likewise, when C. albicans cells were treated with garlic extract,
containing endogenous dialliyl disulphide, increased level of ROS was observed (498).
This increase was paralleled by a decreased mitochondrial membrane potential, GSH
and attenuated cytoplasmic and mitochondrial NAD(P)H signals detected by TPEFM
(498). Taken together, at each pixel of an image, the change in the intensity of
NAD(P)H fluorescence might provide insights into the changes in the
NAD(P)H/NAD(P) " ratio and reflect the balance of oxidation and reduction reactions at
that region (168). However, it must also be noted that some groups consider the cellular
level of NADH to be greater than NADPH and interprete the change in NAD(P)H
signal as an alteration of NADH only (484, 499-503). This leads to inconsistencies
regarding the interpretation of the signals collected from NADH and NADPH.

In general, flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) serve
as cofactors for enzymes that participate in oxidation-reduction reactions (504). For
instance, during the electron transport chain, similar to NADH, reduced form of FAD
(FADH,) transfers its hydrogen atoms to O, to drive the synthesis of ATP. Research has
demonstrated that endogenous fluorescence signal intensity of FAD can provide further
input to better understand the metabolic redox state of the mitochondria (475-477, 484,
505, 506). As only FAD and NAD(P)H are sufficiently fluorescent, and as their redox
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states are generally in equilibrium within the mitochondria, signals from these two tend
to respond oppositely to changes in mitochondrial metabolic activity and redox state
(475, 476, 507). For instance, in breast cancer cells treated with rotenone, an inhibitor of
Complex I, a reduced cellular redox state was confirmed by an increased NADH
fluorescence, decreased FAD fluorescence and a decreased FAD/NADH ratio (506). On
the other hand, Armstrong et al. demonstrated that upon exposure to various
concentrations of H,O,, a concentration dependent decrease in NADH and an increase
in FAD autofluorescence occurred in vitro (508). Kuznetsov and colleagues’ study
further revealed that doxorubicin treatment of breast cancer cells induced ROS and,
resulted in a rapid increase in flavoprotein signal, which was accompanied by a
remarkable decrease in NADH autofluorescence in the mitochondria (476). These

findins paralleled with reduced membrane potential (476).

Current imaging techniques that utilize TPEFM for imaging of FAD, also have their
drawbacks such as difficulty in completely separating the overlapping NAD(P)H and
flavoprotein signals, and low quantum efficiency in detecting flavoprotein
autofluorescence (475). Therefore, some studies prefer quasi-simultaneous imaging of
flavoproteins by conventional confocal microscopy and, NAD(P)H by TPEFM, over
simultaneous imaging of the two via TPEFM (507). Moreover, discrepancies related to
alterations in redox potential caused by variations in tumor microenvironment, patient’s
age, substrate availability, tissue processing, imaging parameters and set ups or methods
used for quantitative analysis of redox ratios do also exist (501, 509-511). Taken
together, detection and monitoring of NAD(P)H and FAD autofluorescence via
conventional confocal and TPEFM imaging may have potential future implications for
mechanistic studies, diagnostics as well as for monitoring treatment response (501).
However, further studies are needed for standardization purposes and further

improvement of these techniques.
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1.6. Second Harmonic Generation Microscopy

Second harmonic generation microscopy (SHG) is based on two photons interacting
simultaneously with a target molecule to emit a new photon with twice the energy,
however unlike TPEFM, in which two photons are simultaneously absorbed to produce
a single photon of fluorescent emission, SHG specifically involves scattering of photons
and the target molecule is non-centrosymmetric (501, 512-514). In biological tissue,
structures such as type I and II collagen fibers, microtubules and myosin can produce
SHG signals endogenously without the addition of exogenous probes (515-517).
Because SHG is a coherent process, the amount, direction, and polarization of emission
is not only dependent on the concentration of the scatterers, but it also depends on their
spacing, order and orientation (501). This property enables imaging of various fine

details of the tissue structure that is not visible by other modalities.

Literature suggests that the cross talk between tumor and tumor stroma has a strong
influence on behavior of cancer cells (518-521). Along these lines, many of the in vivo
studies utilizing SHG aim to elucidate the role of peritumoral collagen in detection of
tumor genesis and prediction of tumor progression (522-525). For instance, Conklin et
al. demonstrated that perpendicular alignment of straightened collagen fibers to the
tumor boundary was suggestive of decreased survival in human breast cancer (526).
However, it must also be noted that collagen alterations differ according to the tumor
type, stage and grade (525, 527). A study on ovarian cancer found an association
between malignant tissue and dense and highly ordered collagen fibers (528) and when
Chen and colleagues compared normal vs cancerous gastric tissues, they observed
diminished collagen area in the latter group (529). Moreover, according to Drifka et al.
increased collagen width, length, straightness and alignment, especially around

malignant ducts, were stromal characteristics of pancreatic ductal adenocarcinoma

(530).

In case of skin cancer, studies are yet limited. Lin et al. detected lower SHG signals
obtained from collagen in BCC stroma than those obtained from collagen in normal
reticular dermis (531). Two other groups described that in BCC, basaloid nests are
tightly surrounded by parallel fibers (532, 533) but in healthy skin straight fibers are

oriented along different directions (533). Recently, Kiss and colleagues further
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demonstrated that in comparison to healthy skin samples, BCC lesions exert increased

collagen fiber length and alignment but similar collagen width and straightness (534).

One major concern in evaluation of tumor stroma by SHG is the stability of collagen
features under various tissue-processing procedures (eg. frozen samples in embedding
medium, frozen samples that have not been embedded, and formalin-fixed paraffin-
embedded tissue). Various reports suggest that collagen features and fluorescence
properties are stable and well maintained in all these conditions (525, 526, 535).
Nevertheless, further work is still needed to clarify any possible effect of tissue

processing procedures.
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2. Objectives

Literature regarding P-Asc’s prooxidant effects on tumor cells and infectious agents is
still controversial and, rather scarce for the latter. This controversy stems from various
reasons including but not limited to, differences between in vitro and in vivo conditions,
tissue heterogeneity and AscH ’s tendency to interfere with reagents used in chemical
assays. Moreover, its exact mechanism of action is yet to be further explored. In an

attempt to clarify some of these problems, we aimed:

1/a.  To define specific metabolic and environmental conditions under which P-Asc

exerts cytotoxic effects on C. albicans cells

1/b.  To investigate production of HO" formation and, indirectly the involvement of

Fenton reaction in prooxidant effects of P-Asc on C. albicans cells

1/e.  To utilize lable free single live cell fluorescence imaging techniques to monitor

intracellular redox status of P-Asc treated cells and real time treatment response

1/d.  To investigate morphologic and organ specific alterations at the single cell level

by utilization of lable free optical imaging tools

2. To exploit lable free single live cell fluorescence imaging techniques to assess
fine changes of tissue pathology during intravenous P-Asc (IVA) therapy that
may not be apparent in standard hematoxylin and eosin stained histology

sections.

46



DOI:10.14753/SE.2019.2290

3. Materials and methods
3.1. In vitro studies on Candida albicans

3.1.1. Materials

All chemicals used for the experiments were purchased from Sigma-Aldrich (MO,
USA) unless otherwise stated. L-ascorbic acid was dissolved in phosphate-buffered
saline (PBS) (free of Ca®"/Mg”"), PBS with D-(+)-glucose (20 g/1), YPD medium (yeast
extract 10 g/l; peptone 20 g/l; dextrose 20 g/l, [BD-DifcoTM, NJ, USA]) or YPG
medium (yeast extract 10 g/l; peptone 20 g/l [ForMedium Ltd., Norfolk, UK]; glycerol
38 g/1). Stock solutions of P-Asc were prepared on the same day of experiment and pH
was adjusted to = 7 with NaHCOs (Fisher Scientific, PA, USA). The final concentration
of P-Asc was 90 mM in all experiments. Final concentrations of 2,2"-bipyridyl dissolved
in dimethylacetamide and 2-[6-(4'-hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic
acid [(3'-(p-Hydroxyphenyl)-fluorescein, HPF; Molecular Probes, OR, USA)] were 500
UM and 5 pM, respectively.

3.1.2. Cell culture

The C. albicans strain CEC 749 was used in this study (536). C. albicans was grown at
30°C on YPD agar and subcultured in liquid YPD medium in a rotary shaker incubator
at rpm 120 (New Brunswick Scientific, NJ, USA), at 30°C. Log phase cultures obtained
by reculturing stationary overnight cultures were used for all experiments except as
follows: In one set of experiments, stationary cultures grown overnight or 4 days and a
stationary culture grown for 4 days and then refreshed for 4 h were used. The reason for
selecting two different time points for stationary phase cultures was because in some
studies, C. albicans culture grown overnight or for 48 h was considered to be in
stationary phase, while other studies reported the stationary phase to start much later,
for example, between 3 and 8 days (298, 341, 343-349). All broth cultures were
centrifuged at 3200 rpm for 10 min (centrifuge 5417 C; Eppendorf, Hamburg,
Germany) and resuspended in PBS. The concentrations were then adjusted by
measuring optical density (OD 570 of 0.65) to give an approximate cell density of 10’
colony forming units (CFU)/ml. In one experiment, YPG medium and in another PBS

with glucose, was used as described above.
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3.1.3. Experimental design

The experiments were performed in 35 x 10 mm diameter Petri dishes (BD Falcon NJ,
USA) containing approximately 3 x 10’ cells in 3 ml growth media, PBS with glucose
or PBS. To examine the effects of different media and glucose on P-Asc sensitivity,
cells were compared in different growth media; YPD or YPG, or in PBS with glucose.
YPD or YPG was used both for initial growth and also for P-Asc treatment. Cells were
agitated/shaken at 157 rpm at 37°C. At each time point two aliquots (10 pl each) were
withdrawn. One was plated on YPD or YPG agar, the second was added to 90 ul PBS,
then four additional tenfold dilutions were carried out in a 96 well plate. Subsequently,
10 pl was transferred from each well on agar plates via drop plate method. Plates were
incubated between 24 and 48 h in an incubator at 30°C and cell viability was assessed
by colony counting. In the next experiment cells were treated with P-Asc in PBS with
agitation at 157 rpm (4 and 37°C); kept at 25 and 37°C under static condition
(maintained unshaken for the duration of the experiment), or only in PBS with agitation

at 157 rpm (4 and 37°C). Samples were withdrawn at different time points.

To determine whether the effect of P-Asc is dependent on the presence of iron, washed
cells were resuspended in PBS solution with P-Asc, and 2,2'-bipyridyl, an iron chelator
that predominantly binds Fe*" (537), was added at a final concentration of 500 pM.
Subsequently, cells were incubated at 37°C with agitation at 157 rpm, and samples

withdrawn at different time points.

3.1.4. Microscopy

3.1.4.1. Detection of hydroxyl radical generation

HPF fluorescent probe was added to washed cells and kept in a rotary shaker incubator
with or without P-Asc in YPD or PBS or kept under static condition at 25°C with P-Asc
in PBS. Subsequently, cells were spun down (3200 rpm, 3 min), supernatant was
removed and they were resuspended in PBS. Images were acquired using a 35 mm 4-
chamber glass-bottom petri dish (In Vitro Scientific, CA, USA).

HPF fluorescence images were captured by Olympus FV1000-MPE system with 40X
NAO.8 water immersion lens. Fluorescence response of HPF was detected with single-

photon excitation at 488 nm using multiline argon laser and the fluorescence emission
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were collected with laser scanning spectral detector at bandwidth 500-545 nm.

Brightfield images were acquired simultaneously.

3.1.4.2. Assessment of intracellular redox status

Intracellular redox status was measured by autofluorescence imaging of NAD(P)H and
FAD, using an Olympus FV1000-MPE confocal microscope system with 40X NAO.8
water immersion lens. The FAD autofluorescence was imaged with single-photon
excitation at 488 nm using multiline argon laser and the autofluorescence was collected
with laser scanning spectral detector at bandwidth 500-600 nm. The autofluorescence
of NAD(P)H was measured with two-photon excitation at 710 nm using MaiTai Deep
See Ti:Sapphire laser (femtosecond) (Spectra-Physics, MaiTai HP DS-OL). The
autofluorescence from two-photon excitation was collected with external two-channel
photo-multiplier detector for NAD(P)H (band-pass filter 420460 nm). Brightfield

images were acquired simultaneously.

3.1.4.3. Transmission electron microscopy

C. albicans cells were spun down (3200 rpm, 3 min) immediately after treatment,
supernatant was removed, cells were fixed in 2.5% glutaraldehyde and 2%
paraformaldehyde, and stored overnight at 4°C. After spinning down (1200 rpm, 10
min) and decanting the fixative, 0.1 M sodium cacodylate buffer (pH 7.2) was added to
the pellets. Following fixation, hot agar was added to each pellet. The solidified cell
pellets were then processed routinely for transmission electron microscopy (TEM). The
cell pellets were postfixed in 2% OsO4 in sodium cacodylate, dehydrated in graded
alcohol, embedded in Epont812 (Tousimis, MD, USA). Ultrathin sections were cut on a
Reichert-Jung Ultracut E microtome (Vienna, Austria), collected on uncoated 200 mesh
copper grids, stained with uranyl acetate and lead citrate, and examined on a Philips

CM-10TEM (Eindhoven, The Netherlands) at 80 kV.

3.1.4.4. Statistics

Experiments were repeated at least three times. Data points are means and error bars are
standard deviations. Means were compared for significance (p < 0.05) by one-way

ANOVA and Bonferroni post hoc test.
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3.2. Ex-vivo studies on basal cell carcinoma
3.2.1. Treatment protocol

We have investigated skin biopsies taken from a 47 year old female patient who
participated in a pilot study investigating the efficiency of long-term IVA therapy on
locally advanced basal cell carcinoma. This work was conducted at the Department of
Dermatology, Venereology and Dermatooncology of the Faculty of Medicine,
Semmelweis University Budapest, Hungary, in accordance with the ethical standards as
dictated by the Declaration of Helsinki and informed consent was obtained.
Compounding of the intravenous vitamin C solution and its off-label use were approved
by the Regional Committee of National Science and Research Ethics (TUKEB 80/2010)
and the National Institute for Quality and Organizational Development in Healthcare
and Medicines (39.798/56/09). Further details regarding patient selection criteria,
demographic and clinical data can be found in (538). The infusion solutions were
prepared from concentrated ascorbic acid solutions. Each 50 ml vial contained 25 g
ascorbic acid (500 mg/ml) and pH was adjusted to 5,5-7 with sodium bicarbonate and
edetate disodium, as described before (315). Solutions were diluted in 1000 ml Ringer’s
lactate infusion and administered for the duration of 3 hours by a Port-A-Cath device. In
general IVA dosage was 1.8 g/kg body weight and it was administered for a total of 173

sessions.
3.2.2. Specimen collection and histopathology

Skin biopsy samples were taken from two different micronodular lesions after a two-
week drug free interval, and subsequent two weeks of intensive (10 sessions) [VA
therapy. Hematoxylin and eosin staining was performed on sections from 10%

formalin-fixed and paraffin embedded skin biopsies.
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3.2.3. Assessment of tumor collagen environment by second harmonic

generation and two-photon excitation fluorescence microscopy

TPEFM and SHG images of deparaffinized tissue samples were acquired by a custom
modified Axio Examiner LSM 7 MP laser scanning two-photon microscope (Carl Zeiss
AG, Germany) using a 20X water immersion objective (W-Plan — APOCHROMAT
20x/1,0 DIC (UV) VIS-IR, Carl Zeiss AG, Germany). We employed a femtosecond
pulse Ti-sapphire laser (FemtoRose 100TUN NoTouch, R & D Ultrafast Lasers Ltd,
Hungary) tuned for a 800 nm excitation wavelength and a 395-415 nm band-pass
emission filter to separate SHG signal from the TPEFM signal, which was collected at
565-610 nm and intracellularly attributed to mainly FAD (539, 540). The size of each
field of view corresponded to 0.42 x 0,42 mm, from which mosaic images of larger
areas up to 6,72 x 6,72 mm were constructed by ImageJ software (NIH, USA). The
imaging setup is further described in Ref. (534, 541). From the tumor nests and their
associated peritumoral stroma, five field of views were selected for quantitative
analysis. Alterations in collagen morphology (fiber length and width) were assessed by
CT-FIRE (v1.3) (LOCI, USA), a curvelet transform-fiber tracking algorithm in the
selected field of views (542).
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4. Results

4.1. In vitro studies on Candida albicans

4.1.1. Ascorbate sensitivity of Candida albicans
4.1.1.1. Effect of different media and carbon source

We compared the time-dependent killing of P-Asc when the cells were shaken at 37°C,
suspended either in growth medium YPD or in PBS. Moreover to test whether the
antifungal activity of P-Asc against C. albicans is altered in different growth media, we
compared media containing fermentable carbon source dextrose (YPD) or a
nonfermentable carbon source glycerol (YPG) (543). Figure 3 shows that treatment with
P-Asc in PBS at 37°C by shaking almost eradicated the cells (>5 logs killing) after 90
min, while in growth media there was no killing, but rather modest proliferation (up to
fivefold). Growth media containing fermentable or nonfermentable carbon sources
made no difference with no fungicidal activity observed in either case. To further
investigate whether presence of glucose in PBS would have an effect on P-Asc
sensitivity, we compared cells exposed to P-Asc in PBS with those in PBS-glucose at
37°C with agitation. Almost two logs of inhibition of killing was observed with added
glucose at 60 and 90 min (Figure 3).
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Figure 3: Time-dependent killing of C. albicans with 90 mM P-Asc shaken in phosphate-
buffered saline (PBS), yeast-peptone-dextrose (YPD) medium, yeast-peptone-glycerol (YPG)
medium or PBS with 20 g/L glucose at 37°C. Controls included shaking in PBS or YPD without
P-Asc. * p <0.05, *** p < 0.001. Na ascorb: buffered L-ascorbic acid.
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4.1.1.2. Effect of oxygenation and temperature

We compared cells that were treated with P-Asc, in PBS with agitation at 4°C and 37°C
with those, in PBS under static condition at 25 and 37°C. Control cells were agitated in
PBS without P-Asc at 4 and 37°C. Figure 4 shows that all three conditions, completely
abrogated the killing with P-Asc in PBS with agitation at 37°C. It is of interest to note
that, cells exposed to P-Asc under static conditions formed colonies at a much later time
when compared with nonexposed cells (data not shown). These findings show the
importance of both temperature and sufficient oxygenation levels, implying possible

relevance of active respiration in P-Asc sensitivity.
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Figure 4: Time-dependent killing of C. albicans with 90 mM P-Asc shaken in phosphate-
buffered saline (PBS) at 37°C or 4°C, and not shaken at 37°C or 25°C. Controls included
shaking in PBS alone at 37°C or 4°C. Na ascorb: buffered L-ascorbic acid.
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4.1.1.3. Involvement of free iron

As the literature suggests that iron-catalyzed Fenton reaction is involved in the toxicity
of P-Asc to tumor cells and infectious microorganisms (229, 316, 544,), we tested the
effect of a cell-permeable iron chelator 2,2'-bipyridyl, at a final concentration of 500
uM, on the P-Asc killing of C. albicans in PBS with agitation. There was substantial
inhibition (>2 logs) of fungicidal activity at time-points between 30 and 90 min (Figure

5).

10 '
- Na ascorb PBS

53— Na ascorb bipyridyl PBS

c
5 0.1
©
e
& 0.01
©
2
2 0.001
-
v
0.0001

10° T T

0 20 40 60 80 100

Time (minutes)

Figure 5: Time-dependent killing of C. albicans shaken in phosphate-buffered saline (PBS) at
37°C with 90 mM P-Asc with or without addition of the iron chelator 2,2-bipyridyl (500 uM).
** p<0.01; ***p <0.001. Na ascorb: buffered L-ascorbic acid.
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4.1.1.4. Effect of growth history

We compared the susceptibility of cells coming from early (1 day) and late (4 days)
stationary phase inoculum, and in the latter case, from refreshed and not refreshed
cultures, to those coming from log phase, by treating them with P-Asc in PBS with
agitation at 37°C. Early stationary phase cells (1 day) were the most sensitive, being
killed 2-3 logs more than log phase cells (Figure 6). Late stationary phase cells (4 days)
were most resistant, and 4 h refreshing provided more killing only during the first 60

min of the treatment but not later.
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Figure 6: Time-dependent killing of C. albicans taken from cultures at different growth phases
shaken in phosphate-buffered saline (PBS) at 37°C containing 90 mM P-Asc. Na ascorb:

buffered L-ascorbic acid.
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4.1.2. Imaging studies on C. albicans

4.1.2.1 Detection of hydroxyl radical generation by conventional confocal

microscopy

The literature suggests that HO formation could explain the toxicity of P-Asc (229).
Thus, we used a highly sensitive and specific fluorescence probe HPF for imaging of
intracellular HO™ generation (545). Figure 7A and B showed no HO' production (green
fluorescence) when cells were shaken at 37°C either in YPD alone or with P-Asc in
YPD. Minimal green fluorescence was observed when C. albicans was shaken in PBS
without ascorbate at 37°C (Figure 7C). More pronounced (but still modest) green
fluorescence was detected, when the cells were treated with P-Asc in PBS at 25°C
without shaking (Figure 7D). However, upon 20 min treatment with P-Asc in PBS at
37°C with agitation there was an intense green fluorescence visible in every cell

indicating a marked increase in HO'.

A

Figure 7: Representative confocal images of HO" generation in Candida albicans after 20 min
treatment with P-Asc in phosphate-buffered saline (PBS) with or without shaking at 37 and
25°C, respectively. Cells were stained with 3'-(p-hydroxyphenyl)-fluorescein and images were
acquired at 40X-zm-6, scale bar = 5 um. Cells incubated in: (A) yeast-peptone-dextrose (YPD)
with agitation at 37°C; (B) P-Asc-YPD with agitation at 37°C; (C) PBS with agitation at 37°C;
(D) P-Asc-PBS under static condition at 25°C; (E) P-Asc-PBS with agitation at 37°C.
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4.1.2.2. Imaging of intracellular changes in redox state by combination of

conventional confocal and two-photon excitation fluorescence microscopy

Intracellular redox state can be observed by detecting the blue (420-460 nm)
autofluorescence from NAD(P)H, using TPEFM and the green autofluorescence (500—
600 nm) from FAD when excited by single photon (540, 546). In general, healthy cells
without oxidative stress have high NAD(P)H fluorescence and low FAD fluorescence,
whereas cells that have been subjected to oxidative stress have lower NAD(P)H and

higher FAD fluorescence (476, 498, 508).

Figure 8A and B shows that cells agitated in YPD for 30 min without P-Asc had
significant amounts of NAD(P)H fluorescence and, no visible FAD fluorescence,
respectively. Cells in PBS agitated for 30 min without P-Asc, had slightly reduced
NAD(P)H (Figure 8C) and slightly increased FAD fluorescence (Figure 8D). Cells
treated with P-Asc at 25°C for 30 min in PBS under static condition showed a
prominent reduction in NAD(P)H fluorescence (Figure 8E) and a small amount of FAD
fluorescence appeared (Figure 8F). Cells stirred in PBS with P-Asc for 20 min also
showed a prominent loss of NAD(P)H fluorescence (Figure 8G), while a substantial
amount of FAD fluorescence (Figure 8H) was visible. We consider that a slight
component of NAD(P)H fluorescence may correspond to FAD fluorescence due to the
minor overlap in their two-photon excitation emission wavelengths (475). Thus the
NADH signal observed in 20 min is likely to be due to the increased autofluorescence

of FAD (540).
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Figure 8: Representative two-photon excitation fluorescence and conventional confocal
microscopy images of intracellular cell redox changes in C. albicans cells after incubation in
different culture conditions and treatments. Simultaneous imaging of autofluorescence of
NAD(P)H (A, C, E & G)and FAD (B, D, F & H). All images were acquired in phosphate-
buffered saline (PBS) at 40X. Scale bar = 5 pM. Cells incubated in: (A-B) yeast-peptone-
dextrose with agitation at 37°C for 30 min; (C-D) PBS with agitation at 37°C for 30 min; (E—

F) P-Asc-PBS under static condition, at 25°C for 30 min; (G-H) P-Asc-PBS with agitation at
37°C for 20 min.
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4.1.2.3. Tracking of morphological alterations at the cellular and subcellular level

by brightfield and transmission electron microscopy

Fungal vacuoles, resembling mammalian lysosomes are the most acidic compartment of
the cell with roles such as protein degradation, ionic transport, metabolite and metal ion
storage as well as detoxification (547). Alterations in vacuolar morphology have been
reported in response to stress ranging from ionic and acute osmotic shock to long-term
nutrient deprivation (547). TEM images of C. albicans treated with P-Asc in PBS for 30
min in a rotary shaker incubator revealed vacuole overgrowth, nuclear condensation as
well as loss of organelle identity (Figure 9C-D). Consistent with these findings, bright
field microscopy images showed a similar pattern resembling a peripheral ring with a
central hole (Figure 9H). Same morphology was also observed in bright field images of

P-Asc treated cells in PBS at 25°C under static condition (Figure 9G).

A

Figure 9: Transmission electron microscopy (TEM) and brightfield microscopy images of C.

albicans cells in different incubation and treatment conditions. (A-D) TEM images of C.
albicans cells following 30 min incubation at 37°C in: (A) yeast-peptone-dextrose (YPD) with
agitation; (B) phosphate-buffered saline (PBS) with agitation; (C-D) PBS with P-Asc with
agitation. (A—C) were imaged at 9800X direct magnification, (D) was imaged at 3800X. Scale
bar = 500 nm. (E-H) Brightfield microscopy images of C. albicans cells following 30 min
incubation in: (E) YPD with agitation at 37°C (F) PBS with agitation at 37°C; (G) PBS with P-
Asc under static condition at 25°C; (H) PBS with P-Asc with agitation at 37°C. Scale bar 5 pM.
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4.2. Ex-vivo studies on basal cell carcinoma

4.2.1. Label free imaging of tumor collagen environment to assess

ascorbate’s effect on basal cell carcinoma

Studies suggest that interactions between tumor cells and extracellular matrix can
promote cancer progression, and in turn, alterations in peritumoral collagen fibers may
reveal prognosis or treatment response (519, 521). We evaluated the fine changes of
collagen in peritumoral stroma of two micronodular lesions, which showed a stable and
partial response at the end of IVA therapy. In Figure 10c, hematoxylin and eason
stained tissue reveal typical histologic features of BCC under brightfield microscopy.
These features such as peripheral palisading cells (yellow) and nests of basaloid cells
(yellow), are clearly revealed by images acquired by TPEFM (Figure 10a-b). Moreover,
parallelly aligned collagen fibers (magenta) surrounding the tumor nests could be
identified by SHG (Figure 10a-b). Of note, TPEFM was utilized only to visualize tissue
architecture, rather than quantification of tissue characteristics or biochemical

alterations in intracellular milieu.

CT-FIRE software is an image processing algorithm that can extract individual collagen
fibers from acquired SHG images, to quantitatively assess fiber properties such as
length and width (542). Application of CT-FIRE to SHG images of peritumoral stroma
revealed that upon intense IVA treatment, thinner and shorter collagen fibers were

identified (Figure 10 d).
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Figure 10: (a-b) Two-photon emission fluorescence and second harmonic generation
microscopy (TPEFM and SHG, respectively) images from the same micronodular basal cell
carcinoma lesion. a: after a two-week drug free interval, b: after two weeks of intensive (10
sessions) intravenous high dose ascorbic acid (IVA) therapy. TPEFM signal of FAD is
displayed in yellow, while SHG signal of collagen fibers is shown in magenta color. (c)
hematoxylin and eosin stained section corresponding to the TPEFM-SHG image shown in panel
a. (d) evaluation of mean length and width of collagen fibers from the SHG images before and
after the abovementioned intensive IVA therapy period assessed by CT-FIRE (LOCI, USA)

algorithm.
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5. Discussion

P-Asc’s selective anticancer and antimicrobioal effect, alone or as an adjuvant, has been
described in various in vitro and in vivo studies (23, 229, 318, 548). However, these
findings are not without controversy. The controversy in part stems from the route of
administration (oral vs intravenous) (309, 311, 549) and the discrepancy between in
vitro and in vivo studies (229, 317, 318, 550-552). Moreover, P-Asc, due to its reducing
properties interferes with several conventional assays that rely on oxidation/reduction
processes (553-556). P-Asc’s exact mechanism of action is yet to be elucidated. To
date, most commonly suggested mechanism for prooxidant effects of P-Asc has been
attributed to the formation of Fe*™ and Asc™ by reduction of Fe’ with AscH™
(Fe*™+AscH — Fe*™+ Asc™). Reaction of O, with Fe*" leads to generation of Fe’* and
0, (23, 229, 557). A subsequent dismutation of O,  results in formation of H,O,
which in turn undergoes a Fenton reaction with Fe*" to produce HO" and Fe’*. P-Asc as
a reductant, can recycle Fe’" back to Fe*', thus drive the Fenton reaction (23, 229). A
second commonly proposed view is that high levels of DHA, the oxidized form of
AscH , enter the cells via GLUT channels and, intracellular reduction of DHA to AscH
leads to depletion of GSH and NADPH and in turn generate oxidative stress (27, 236).
Verrax et al. demonstrated that preincubation of tumor cells with deferoxamine
mesylate, a cell-permeable metal chelator had a protective effect against P-Asc toxicity
and in contrast, two cell-impermeable iron chelators failed to protect, verifying the
importance of intracellular metals in P-Asc toxicity (558). Our studies revealed that
presence of a cell permeable iron chelator 2,2'-bipyridyl hindered killing, which imply
the involvement of Fenton reaction in antifungal effect of P-Asc on C. albicans (Figure
5). Notable amounts of HO" detected by conventional confocal microscopy in P-Asc

treated cells in PBS (Figure 7E) further confirmed this hypothesis.

Several studies suggest that respiration as well as availability of molecular O, plays a
significant role in efficacy of antifungal and antibacterial agents (360, 559, 560).
Lobritz and colleagues also described that by accelerating basal rate of respiration,
efficacy of bactericidal drugs can be enhanced (560). As discussed by Fenchel and
Finlay, because deaeration of liquid media occurs during autoclave sterilization process
(561) and the diffusion coefficient for O, into water is extremely low in a static culture,

cells below ~1 mm grow anaerobically (561, 562). In addition, static yeast cells tend to
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sediment rapidly, and in turn uniform oxygenation cannot be maintained. For these
reasons, agitation/shaking is necessary both for augmenting O, diffusion into liquid
media and its equal distribution to cells (561). High level of HO" generation and
fungicidal activity observed in cells treated with P-Asc in PBS with agitation (aeration)
(Figure 7E, Figure 4), and the lack of it under static condition (Figure 4) may be
attributed to this requirement for oxygenation. Moreover, inhibition of killing observed
in cells treated with P-Asc in PBS with shaking at 4°C (Figure 4) is likely to be due to

the low metabolic activity, thus lower rate of respiration.

When cells are exposed to different levels of stress, while some may be killed, or
damaged, others may show no noticeable phenotypic change (563, 564). In
microbiology, dormancy often refers to a state in which cells are not able to form a
colony when plated on an agar medium, but at the same time they are not dead such that
when conditions are suitable they can return, by resuscitation, to a state of colony-
forming (564). Along these lines, it is notable that C. albicans cells exposed to P-Asc in
PBS under static condition (Figure 4) may have gone towards a state of early apoptosis
considering that there was no loss of viability by CFU determinations, but only a delay
in colony formation (data not shown) (565). Oxidative damage, shown by slight
generation of HO™ (Figure 7D), attenuated signal of NAD(P)H (Figure 8E) and
morphological changes observed by a peripheral ring with a central hole in bright field
microscopy (Figure 9G), was probably repaired by the still active antioxidant defense

system of these cells.

When glucose as a carbon source was added into PBS in the absence of nitrogen, P-Asc
killing was partially inhibited (Figure 3). As previously mentioned, presence of glucose
increases resistance to oxidative stress (369). For instance, transient exposure to glucose
was shown to protect cells from H,O, and also from miconazole, an azole antifungal
drug (369). Apart from upregulation of genes involved in stress response, a metabolic
shift to the glycolytic pathway and reduced activity of electron transport chain, may also
be involved in this process (369, 566). In addition, generation of sufficient levels of
NADPH through pentose phosphate pathway may restore cellular antioxidant capacity
eg. by facilitating regeneration of GSH. Yeast cells presumably uptake P-Asc through
glucose (hexose) transporters (567-569). An alternative explanation could be the
diminished uptake and in turn diminished P-Asc concentration in cells due to saturation

of hexose channels by the presence of glucose.
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To date, C. albicans stress responses have been mainly studied on cells cultured in rich
glucose-containing media, but such environments are significantly different from host
microenvironments, which are mostly glucose-limited, heterogenous and complex
(366). For instance, while glucose levels in blood and vaginal secretions are around
0,8% and 0,5%, respectively, glucose content in one of the commonly used nutritious
media, YPD is 2% (365-367). In an attempt to understand variations in, in vitro and in
vivo activity of P-Asc, sensitivity of C. albicans cells to P-Asc was tested in different
media containing fermentable carbon source dextrose (YPD), nonfermentable carbon
source glycerol (YPG) (543) and PBS, under aeration (shaking). No reduction in
number of CFU was observed when the cells were treated in either nutrient rich growth
media (Figure 3). Inhibition of killing observed in YPD media is partially due to
presence of glucose, because the same amount of glucose introduced in PBS, hindered
cytotoxic effects of P-Asc. Moreover, peptone, present in both YPD and YPG, is a
source of carbon, nitrogen, vitamins and minerals and as known, the initial two are the
major sources for biosynthetic processes and energy. Therefore, depleted cellular
metabolic products and enzymes caused by prooxidant effects of P-Asc may be
compensated by the abundant supply of substrates present in the nutrient rich growth
media. Nevertheless, YPD and YPG are considered as complex mediums with
undefined compositions, therefore unknown interactions may have also taken place
between the media components and P-Asc that in turn increase its consumption and/or

reduce its activity.

Literature suggests that, growth history plays an important role in fungi cells’ response
to new conditions such as starvation or oxidative stress (345, 570). In general, cells in
stationary phase are more tolerant to stress conditions than those in the logarithmic-
growth phase (341). Although exact timing of entry into stationary phase is not clearly
defined (298, 341, 343-349), several distinct features such as drug resistance, DNA
repair, cell wall biosynthesis, virulence gene expression, and gluconeogenesis have been
attributed to the stationary phase (341). Whilst some studies consider a C. albicans
culture grown overnight or for 48 h to be in stationary phase (348, 349, 571, 572),
others report this phase to start at a much later time, e.g. between 3 and 8 days (341,
347, 573-575). Based on these reports, we investigated whether cells exposed to P-Asc
in PBS with aeration (agitation) demonstrated growth history and phase dependent

sensitivity and, we defined 1 day cultures as early stationary phase and 4 day cultures as
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late stationary phase. The cells were more sensitive to P-Asc when they were in early
stationary phase or in a log phase inoculum than, those that come from a late stationary-
phase inoculum (Figure 6). These findings are in agreement with Uppuluri and
Chaffin’s study in which the group reported higher expression of oxidative stress

resistance genes at 3 days and beyond (341).

Intracellular autofluorescence is usually dominated by NAD(P)H and FAD, both of
which are indicators of intracellular redox state and metabolic activity (476, 540, 546,
576). Elevations in FAD autofluorescence were shown to be correlated with markers of
apoptosis and oxidative stress (476, 508, 577, 578). Conversely, remarkable reduction
in NAD(P)H and GSH signals were observed when cells encountered high levels of
ROS (498, 508). Our results demonstrated that, cells exposed to P-Asc in PBS for 30
min under static condition resulted in almost total depletion of NAD(P)H together with
a slight increase in FAD autofluorescence intensity (Figure 8E-F), whereas same
treatment for 20 min by shaking, led to a similar attenuation in NAD(P)H signal but this
time together with a rapid strong increase in FAD autofluorescence (Figure 8G-H).
Increased oxidative stress, denoted by increased HO® is most likely responsible for the
shift in overall cellular redox state of C. albicans (Figure 7D-E). In addition to ROS,
generated by Fenton reaction, recycling Asc” and DHA to AscH may also consume
significant amounts of NAD(P)H and GSH (23, 231, 229, 236). This would in turn
result in depletion of cellular antioxidant capacity, enhalt ATP production, and lead to a

cellular energy crisis (231).

Fungal vacuoles are acidic organelles with detoxification function and, degradative and
storage capacities like mammalian lysosomes (547, 579). They are considered as the
major storage compartment for amino acids, phosphate, and many metal ions (547,
580). Vacuoles also have a significant role in responding to various stresses such as
nutrient deprivation, ionic and osmotic stress. For instance, they regulate iron
homeostasis by altering expression of iron transporters in response to new conditions
such as oxidative stress and iron deprivation (547, 581-583). In response to stress,
changes in vacuole morphology are observed. Whilst actively metabolizing log phase
cells have 2-3 medium sized vacuoles, during stationary phase or with glucose
deprivation these vacuoles merge and form a single large vacuole (547). In this study,
we compared morphological modifications in C. albicans by brightfield microscopy and

TEM to elucidate the effect of P-Asc on intracellular organells. When cells were
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exposed to P-Asc in PBS (with or without agitation), the most prominent feature was a
deflated ball like morphology observed in majority of the cells (Figure 9G-H). These
cells exhibited a large central depression with a peripheral ring. To further investigate
and confirm this observation, we compared cells incubated in nutritious growth media,
PBS and PBS with P-Asc (all with agitation) by TEM (Figure 9A,B,C,D). In cells
treated with P-Asc in PBS, small electron dense vacuoles were replaced with a large
electron lucent vacuole and this morphological change was also accompanied by loss of

organelle structure (Figure C-D).

Studies suggest that modifications in collagen structure and orientation in tumor stroma
can provide insights into tumor development, progression and/or metastasis (501, 526,
539). Sapudom and colleagues showed that breast cancer invasiveness increased with
increasing collagen fiber thickness (521). Likewise, Drifka et al. described increased
collagen width around malignant ducts of pancreatic ductal adenocarcinoma (530). On
the other hand, a recent study by Kiss et al. have demonstrated that tumor stroma of
BCC lesions had reduced SHG signal intensity and fiber angle, higher allignment of
collagen fibers, increased collagen fiber length but similar collagen width and
straightness (534). When majority of these findings are taken into account, reduced
peritumoral collagen fiber length and width after intense IVA therapy (Figure 10d) is
suggestive of response to therapy, which can be monitored by SHG. Nevertheless, small
sample size used in this study warrants further studies with larger sample size and

validation.
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6. Conclusion

In order to address seemingly contradicting results from various studies investigating
prooxidant effects of P-Asc and understand the conditions in which P-Asc shows
antifungal activity against C. albicans, we have conducted our studies in different
experimental settings and employed various optical imaging tools to assess its effects.
According to our results, it is evident that some of the conflicting findings are due to the
variations in cell metabolism and environment in vitro and in vivo conditions. P-Asc’s
efficacy as a prooxidant depends on oxygenation, temperature, access to nutrition,
presence of iron and cell growth history. Therefore, inter- and intra-host heterogeneity
in infections and, inter- and intra-tumor heterogeneity in cancer cells as well as their
types should be taken into account while considering P-Asc as a prooxidant. Moreover,
in the light of these findings, therapeutic response may be augmented by addition of
vasoactive agents or hyperoxic gas mixtures. In an attempt to further elucidate
mechanistic insights into P-Asc’s prooxidant effects, we employed various optical
imaging modalities, some of which can potentially serve as real time monitoring tools
for treatment response. To the best of our knowledge, we demonstrated for the first time
that intracellular HO" generation by P-Asc is an active participant in oxidative damage
to cells. Consistent with this finding, simultaneous label-free live cell imaging with
TPEFM and conventional confocal microscopy revealed a marked reduction in
NAD(P)H and elevation in FAD" levels, respectively, the latter mainly in dying cells.
Concomitantly, a vacuolar enlargement was captured by TEM, and coincided with the

deflated ball appearance seen in brightfield microscopy.

Ex-vivo imaging studies were performed with TPEFM and SHG using limited number
of skin biopsy samples taken from basal cell carcinoma lesions. Results indicated that
IVA therapy alters tumor collagen environment. These novel label free optical imaging
tools may enable real time in vivo evaluation of treatment response and eliminate

biopsy as well as routine staining processes.
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7. Summary

The discovery of hexanuric acid, later renamed as L-ascorbic acid, by the 1937 Nobel
Prize laureate Albert Szent-Gydrgyi was a milestone in the expanding and
multidisciplinary field of antioxidants. The second turning point in the history of
ascorbic acid began in 1970s, when first reports appeared describing its potential effects
against common cold and cancer. Since then, pharmacologic use of ascorbic acid as a
prooxidant (P-Asc), especially at high doses became the subject of a long-standing
controversy. Some of this controversy stems from experimental methodology,
fundamental differences between in vitro and in vivo conditions and tissue
heterogeneity, which in part results from environmental distinctions. Literature
regarding antifungal effects of P-Asc against Candida albicans is sparse and
inconclusive. In addition, its exact mechanism of action is not yet fully elucidated. In an
attempt to gain mechanistic insights, understand the conditions in which P-Asc exerts its
prooxidant effects and, circumvent some of the limitations arising from the
experimental methodology, we investigated the effect of P-Asc under different
experimental conditions and exploited various optical imaging tools. Our results
demonstrated that, growth history of cells, their access to nutrition, oxygenation,
temperature, presence of transition metal ions are all important factors that need to be
taken into consideration. On the other hand, intracellular hydroxyl radical generation
seems to play an important role in oxidative stress generated by P-Asc. In parallel with
this finding, simultaneous label-free live cell imaging with two-photon emission
fluorescence microscopy (TPEFM) and conventional confocal microscopy revealed a
marked reduction in NAD(P)H and elevation in FAD levels, respectively, the latter

mainly in dying cells.

Combining TPEFM with second harmonic generation microscopy and an advanced
image analysis technique enabled us to assess fine changes of tissue pathology during
intravenous P-Asc (IVA) therapy of basal cell carcinoma (BCC), which were not
apparent in standard hematoxylin and eosin stained histology sections. The results of
our ex-vivo study with limited skin biopsies taken from BCC lesions revealed that IVA
therapy alters tumor collagen environment. These morphological alterations could be
exploited to monitor real time label free in vivo evaluation of treatment response

without any need for biopsies.
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8. Osszefoglalas

Az 1937-ben Nobel-dijat nyert Szent-Gyorgyi Albert altal felfedezett henaxuronsav,
késobbi nevén L-aszkorbinsav mérfoldkd volt az antioxidansok egyre jobban fejlédo és
kés6bb multidiszciplinarissa vald teriiletén. Az aszkorbinsav torténetében bekovetkezd
masodik fordulépont az 1970-es évekre tehetd, ekkor jelentek meg eldszor a megfazas
¢s a daganatok elleni potencidlis hatasarol sz6lo publikaciok. A nagy ddzisban adott
aszkorbinsav mint prooxiddns hatéanyag (P-Asc) gyoégyszerként vald hasznalata
ugyanakkor régota tartd ellentmondas targya. Az ellentmondéasok részben a kisérletes
modszertanok  eltéréseibdl, az in vitro ¢és in vivo koriilmények alapvetd
kiilonbozdségébdl és a szoveti heterogenitasbol erednek, melyek részben a kornyezeti
kiilonbségek eredményei. Az irodalmi adatok a P-Asc Candida albicans elleni
antifungdlis hatdsardl szegényesek ¢és nem meggy6zéek. Emellett a pontos
hatdsmechanizmus sem volt ezidaig teljesen tisztazott. A P-Asc prooxidans hatasanak és
hatasmechanizmusdnak jobb megértéséhez, azért hogy kizarjuk a kisérletes
modszertanbdl adodo kiilonbségeket, eltérd kisérletes koriilmények kozott kiillonbozo
optikai képalkotd eszkdzok hasznélatdval végeztiink vizsgéalatokat. Eredményeink azt
mutattak, hogy a sejtek ndvekedésének iiteme, a tapanyagokhoz valé hozzaférése, az
oxigenizacio, a hémérséklet, valamint az atmeneti fémek ionjainak jelenléte mind
jelentds faktorok, melyeket mind fontos figyelembe venni.

Masrészrol az intracellularis hidroxilgyok-termelddésnek is fontos szerepe lehet a P-Asc
altal generalt oxidativ stresszben. Ezzel az eredménnyel egybevégott a festékjelolés-
mentes sejtes képalkotas kétfoton fluoreszcencia mikroszképiaval (TPEFM) illetve
konvencionalis konfokalis mikroszkopiaval végezett vizsgalatanak eredménye, jelentds
csOkkenést mutattak a NAD(P)H, valamint emelkedést a FAD szintek, utobbi foként a

pusztuld sejtekben volt megfigyelhetd.

A TPEFM masodharmonikus keltéses mikroszképia és a fejlett képfeldolgozo
moddszerek kombinacidja lehetdvé tették a szoveti patologia finom valtozasainak
elemzését bazalsejtes carcinoma (BCC) intravénds P-Asc (IVA) terapidja mellett,
melyek hagyomanyos hematoxilin-eozin festéssel nem tehetdk lathatova. Az ex-vivo
tanulmany limitalt szamt, BCC 1€ziokbdl szarmazo bérbiopszids mintdinak eredménye

azt mutatatja, hogy az IVA kezelés befolyasolja a tumor kollagén kornyezetét. Ezen
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morfoldgiai valtozasok felhasznalhatok a terapias valasz real-time festékjelolés-mentes

in vivo monitorozasara, igy a kontroll bérbiopszias mintavétel sziikségtelenné valhat.

71



DOI:10.14753/SE.2019.2290

9. References

10.

11.

12.

13.

14.

Carpenter KJ. The History of Scurvy and Vitamin C. Cambridge University
Press, Cambridge, 1988: 29-102.

Drymon MM. Disguised As the Devil: How Lyme Disease Created Witches and
Changed History. Wythe Avenue Press, New York, 2008: 114.

Lamb J. Scurvy: The Disease of Discovery. Princeton University Press,
Princeton, NJ, 2016: 6.

Bartholomew M. (2002) James Lind's Treatise of the Scurvy (1753). Postgrad
Med J, 78: 695-696.

Holst A, Frolich T. (1907) Experimental Studies Relating to "Ship-beri-beri"
and Scurvy. J Hyg (Lond), 7: 634-671.

Asdal K. (2014) Contesting the Animal Model: Axel Holst and the Controversy
over Scurvy and Beriberi. Soc Hist Med, 27: 577-593.

Funk C. (1912) The etiology of the deficiency diseases. Beri-beri, polyneuritis in
birds, epidemic dropsy, scurvy, experimental scurvy in animals, infantile scurvy,
ship beri-beri, pellagra. J State Med (London), 20: 341-368.

Piro A, Tagarelli G, Lagonia P, Tagarelli A, Quattrone A. (2010) Casimir Funk:
his discovery of the vitamins and their deficiency disorders. Ann Nutr Metab,
57: 85-88.

Svirbely JL, Szent-Gyorgyi A. (1932) The chemical nature of vitamin C.
Biochem J, 26: 865-870.

Svirbely JL, Szent-Gyorgyi A. (1933) The chemical nature of vitamin C.
Biochem J, 27: 279-285.

Szent-Gyorgyi A. (1928) Observations on the function of peroxidase systems
and the chemistry of the adrenal cortex: Description of a new carbohydrate
derivative. Biochem J, 22: 1387-14009.

Svirbely JL, Szent-Gyorgyi A. (1932) Hexuronic Acid as the Antiscorbutic
Factor. Nature, 129: 576.

King CG, Waugh WA. (1932) The Chemical Nature of Vitamin C. Science, 75:
357-358.

Waugh WA, King CG. (1932) The isolation and identification of vitamin C. J.
Biol. Chem., 97: 325-331.

72



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

DOI:10.14753/SE.2019.2290

Haworth WN, Hirst EL. (1933) Synthesis of ascorbic acid. J] Soc Chem Ind, 52:
645-647.

Hirst EL. (1951) Walter Norman Haworth 1883-1950. Adv Carbohydr Chem, 6:
1-9.

Juhasz-Nagy S. (2002) [Albert Szent-Gyorgyi--biography of a free genius]. Orv
Hetil, 143: 611-614.

Kenez J. (1973) [Eventful life of a scientist. 80th birthday of Nobel prize winner
Albert Szent-Gyorgyi]. Munch Med Wochenschr, 115: 2324-2326.

Kyle RA, Shampo MA. (2002) Walter Haworth--synthesis of vitamin C. Mayo
Clin Proc, 77: 108.

Szallasi A. (1974) [2 interesting early articles by Albert Szent-Gyorgyi]. Orv
Hetil, 115: 3118-3119.

Reichstein T, Griissner A. (1934) Eine ergiebige Synthese der L-Ascorbinsédure
(C-Vitamin). Helv Chim Acta, 17: 311-328.

Buettner GR, Schafer FQ. Ascorbate as an antioxidant. In: Asard H, May J and
Smirnoff N (editors). The vitamin C: Function and biochemistry in animals and
plants. Garland Science/BIOS Scientific Publishers, Oxon (United Kingdom)
and New York, 2005: 191-208

Du J, Cullen J1J, Buettner GR. (2012) Ascorbic acid: chemistry, biology and the
treatment of cancer. Biochim Biophys Acta, 1826: 443-457.

Rose RC, Bode AM. (1993) Biology of free radical scavengers: an evaluation of
ascorbate. FASEB J, 7: 1135-1142.

Bors W, GR B. The vitamin C radical and its reactions. In: Packer L and Fuchs J
(editors), Vitamin C in Health and Disease. Marcel Dekker Inc, New York.
1997: 75-94.

Duarte TL, Lunec J. (2005) Review: When is an antioxidant not an antioxidant?
A review of novel actions and reactions of vitamin C. Free Radic Res, 39: 671-
686.

Linster CL, Van Schaftingen E. (2007) Vitamin C. Biosynthesis, recycling and
degradation in mammals. FEBS J, 274: 1-22.

May JM, Cobb CE, Mendiratta S, Hill KE, Burk RF. (1998) Reduction of the
ascorbyl free radical to ascorbate by thioredoxin reductase. J Biol Chem, 273:

23039-23045.

73



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

DOI:10.14753/SE.2019.2290

Shirabe K, Landi MT, Takeshita M, Uziel G, Fedrizzi E, Borgese N. (1995) A
novel point mutation in a 3' splice site of the NADH-cytochrome b5 reductase
gene results in immunologically undetectable enzyme and impaired NADH-
dependent ascorbate regeneration in cultured fibroblasts of a patient with type II
hereditary methemoglobinemia. Am J Hum Genet, 57: 302-310.

Wakefield LM, Cass AE, Radda GK. (1986) Electron transfer across the
chromaffin granule membrane. Use of EPR to demonstrate reduction of
intravesicular ascorbate radical by the extravesicular mitochondrial
NADH:ascorbate radical oxidoreductase. J Biol Chem, 261: 9746-9752.

Bielski BHJ, Allen AO, HA S. (1981) Mechanism of the disproportionation of
ascorbate radicals. J Am Chem Soc, 103: 3516-3518.

Koshiishi I, Mamura Y, Liu J, Imanari T. (1998) Degradation of
dehydroascorbate to 2,3-diketogulonate in blood circulation. Biochim Biophys
Acta, 1425: 209-214.

May JM, Qu Z, Li X. (2001) Requirement for GSH in recycling of ascorbic acid
in endothelial cells. Biochem Pharmacol, 62: 873-881.

Mendiratta S, Qu ZC, May JM. (1998) Enzyme-dependent ascorbate recycling
in human erythrocytes: role of thioredoxin reductase. Free Radic Biol Med, 25:
221-228.

Winkler BS, Orselli SM, Rex TS. (1994) The redox couple between glutathione
and ascorbic acid: a chemical and physiological perspective. Free Radic Biol
Med, 17: 333-349.

Williams NH, Yandell JK. (1982) Outer-sphere electron-transfer reactions of
ascorbate anions. Aust J Chem, 35: 1133-1144.

Buettner GR. (1986) Ascorbate autoxidation in the presence of iron and copper
chelates. Free Radic Res Commun, 1: 349-353.

Buettner GR, Jurkiewicz BA. (1996) Catalytic metals, ascorbate and free
radicals: combinations to avoid. Radiat Res, 145: 532-541.

Nishikimi M, Fukuyama R, Minoshima S, Shimizu N, Yagi K. (1994) Cloning
and chromosomal mapping of the human nonfunctional gene for L-gulono-
gamma-lactone oxidase, the enzyme for L-ascorbic acid biosynthesis missing in

man. J Biol Chem, 269: 13685-13688.

74



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

DOI:10.14753/SE.2019.2290

Corti A, Casini AF, Pompella A. (2010) Cellular pathways for transport and
efflux of ascorbate and dehydroascorbate. Arch Biochem Biophys, 500: 107-
115.

Rumsey SC, Kwon O, Xu GW, Burant CF, Simpson I, Levine M. (1997)
Glucose transporter isoforms GLUT1 and GLUT3 transport dehydroascorbic
acid. J Biol Chem, 272: 18982-18989.

Tsukaguchi H, Tokui T, Mackenzie B, Berger UV, Chen XZ, Wang Y, Brubaker
RF, Hediger MA. (1999) A family of mammalian Na+-dependent L-ascorbic
acid transporters. Nature, 399: 70-75.

Vera JC, Rivas CI, Fischbarg J, Golde DW. (1993) Mammalian facilitative
hexose transporters mediate the transport of dehydroascorbic acid. Nature, 364:
79-82.

Li Y, Schellhorn HE. (2007) New developments and novel therapeutic
perspectives for vitamin C. J Nutr, 137: 2171-2184.

Savini I, Rossi A, Pierro C, Avigliano L, Catani MV. (2008) SVCT1 and
SVCT?2: key proteins for vitamin C uptake. Amino Acids, 34: 347-355.

Savini I, Catani MV, Arnone R, Rossi A, Frega G, Del Principe D, Avigliano L.
(2007) Translational control of the ascorbic acid transporter SVCT2 in human
platelets. Free Radic Biol Med, 42: 608-616.

Berger UV, Lu XC, Liu W, Tang Z, Slusher BS, Hediger MA. (2003) Effect of
middle cerebral artery occlusion on mRNA expression for the sodium-coupled
vitamin C transporter SVCT2 in rat brain. J Neurochem, 86: 896-906.

Qiu S, Li L, Weeber EJ, May JM. (2007) Ascorbate transport by primary
cultured neurons and its role in neuronal function and protection against
excitotoxicity. J Neurosci Res, 85: 1046-1056.

Steiling H, Longet K, Moodycliffe A, Mansourian R, Bertschy E, Smola H,
Mauch C, Williamson G. (2007) Sodium-dependent vitamin C transporter
isoforms in skin: Distribution, kinetics, and effect of UVB-induced oxidative
stress. Free Radic Biol Med, 43: 752-762.

MacDonald L, Thumser AE, Sharp P. (2002) Decreased expression of the
vitamin C transporter SVCT1 by ascorbic acid in a human intestinal epithelial

cell line. Br J Nutr, 87: 97-100.

75



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

DOI:10.14753/SE.2019.2290

Karaczyn A, Ivanov S, Reynolds M, Zhitkovich A, Kasprzak KS, Salnikow K.
(2006) Ascorbate depletion mediates up-regulation of hypoxia-associated
proteins by cell density and nickel. J Cell Biochem, 97: 1025-1035.

Fujita I, Hirano J, Itoh N, Nakanishi T, Tanaka K. (2001) Dexamethasone
induces sodium-dependant vitamin C transporter in a mouse osteoblastic cell
line MC3T3-El. Br J Nutr, 86: 145-149.

Siushansian R, Tao L, Dixon SJ, Wilson JX. (1997) Cerebral astrocytes
transport ascorbic acid and dehydroascorbic acid through distinct mechanisms
regulated by cyclic AMP. J Neurochem, 68: 2378-2385.

Wu X, Itoh N, Taniguchi T, Hirano J, Nakanishi T, Tanaka K. (2004)
Stimulation of differentiation in sodium-dependent vitamin C transporter 2
overexpressing MC3T3-El osteoblasts. Biochem Biophys Res Commun, 317:
1159-1164.

Malo C, Wilson JX. (2000) Glucose modulates vitamin C transport in adult
human small intestinal brush border membrane vesicles. J Nutr, 130: 63-69.
Daskalopoulos R, Korcok J, Tao L, Wilson JX. (2002) Accumulation of
intracellular ascorbate from dehydroascorbic acid by astrocytes is decreased
after oxidative stress and restored by propofol. Glia, 39: 124-132.

Chen L, Jia RH, Qiu CJ, Ding G. (2005) Hyperglycemia inhibits the uptake of
dehydroascorbate in tubular epithelial cell. Am J Nephrol, 25: 459-465.

Corpe CP, Eck P, Wang J, Al-Hasani H, Levine M. (2013) Intestinal
dehydroascorbic acid (DHA) transport mediated by the facilitative sugar
transporters, GLUT2 and GLUTS. J Biol Chem, 288: 9092-9101.

Kodaman PH, Behrman HR. (1999) Hormone-regulated and glucose-sensitive
transport of dehydroascorbic acid in immature rat granulosa cells.
Endocrinology, 140: 3659-3665.

Vera JC, Rivas CI, Velasquez FV, Zhang RH, Concha, II, Golde DW. (1995)
Resolution of the facilitated transport of dehydroascorbic acid from its
intracellular accumulation as ascorbic acid. J Biol Chem, 270: 23706-23712.
Siliprandi L, Vanni P, Kessler M, Semenza G. (1979) Nat-dependent,
electroneutral L-ascorbate transport across brush border membrane vesicles

from guinea pig small intestine. Biochim Biophys Acta, 552: 129-142.

76



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

DOI:10.14753/SE.2019.2290

Vera JC, Rivas CI, Zhang RH, Golde DW. (1998) Colony-stimulating factors
signal for increased transport of vitamin C in human host defense cells. Blood,
91:2536-2546.

Wilson JX, Dixon SJ. (1995) Ascorbate concentration in osteoblastic cells is
elevated by transforming growth factor-beta. Am J Physiol, 268: E565-571.
Levine M, Conry-Cantilena C, Wang Y, Welch RW, Washko PW, Dhariwal
KR, Park JB, Lazarev A, Graumlich JF, King J, Cantilena LR. (1996) Vitamin C
pharmacokinetics in healthy volunteers: evidence for a recommended dietary
allowance. Proc Natl Acad Sci U S A, 93: 3704-3709.

Padayatty SJ, Sun H, Wang Y, Riordan HD, Hewitt SM, Katz A, Wesley RA,
Levine M. (2004) Vitamin C pharmacokinetics: implications for oral and
intravenous use. Ann Intern Med, 140: 533-537.

Brubacher D, Moser U, Jordan P. (2000) Vitamin C concentrations in plasma as
a function of intake: a meta-analysis. Int J Vitam Nutr Res, 70: 226-237.
Klimant E, Wright H, Rubin D, Seely D, Markman M. (2018) Intravenous
vitamin C in the supportive care of cancer patients: a review and rational
approach. Curr Oncol, 25: 139-148.

Li H, Tu H, Wang Y, Levine M. (2012) Vitamin C in mouse and human red
blood cells: an HPLC assay. Anal Biochem, 426: 109-117.

Levine M, Morita K. (1985) Ascorbic acid in endocrine systems. Vitam Horm,
42: 1-64.

Pullar JM, Carr AC, Vissers MCM. (2017) The Roles of Vitamin C in Skin
Health. Nutrients, 9: 866.

Rice ME, Russo-Menna 1. (1998) Differential compartmentalization of brain
ascorbate and glutathione between neurons and glia. Neuroscience, 82: 1213-
1223.

Schaus R. (1957) The ascorbic acid content of human pituitary, cerebral cortex,
heart, and skeletal muscle and its relation to age. Am J Clin Nutr, 5: 39-41.

Ralli EP, Friedman GJ, Rubin SH. (1938) The Mechanism of the Excretion of
Vitamin C by the Human Kidney. J Clin Invest, 17: 765-770.

Bodansky O, Wroblewski F, Markardt B. (1952) Concentrations of ascorbic acid
in plasma and white blood cells of patients with cancer and noncancerous

chronic disease. Cancer, 5: 678-684.

77



75.

76.

77.

78.

79.

80.

81.

82.

3.

&4.

85.

86.

DOI:10.14753/SE.2019.2290

Spellberg MA, Keeton RW. (1939) Excretion of ascorbic acid in relation to
saturation and utilization with some diagnostic implications. Arch Int Med 63:
1095-1116

Fain O, Paries J, Jacquart B, Le Moel G, Kettaneh A, Stirnemann J, Heron C,
Sitbon M, Taleb C, Letellier E, Betari B, Gattegno L, Thomas M. (2003)
Hypovitaminosis C in hospitalized patients. Eur J Intern Med, 14: 419-425.
Mikirova N, Casciari J, Riordan N, Hunninghake R. (2013) Clinical experience
with intravenous administration of ascorbic acid: achievable levels in blood for
different states of inflammation and disease in cancer patients. J Transl Med, 11:
191.

Padayatty SJ, Levine M. (2016) Vitamin C: the known and the unknown and
Goldilocks. Oral Dis, 22: 463-493.

Simpson GL, Ortwerth BJ. (2000) The non-oxidative degradation of ascorbic
acid at physiological conditions. Biochim Biophys Acta, 1501: 12-24.

Knight J, Madduma-Liyanage K, Mobley JA, Assimos DG, Holmes RP. (2016)
Ascorbic acid intake and oxalate synthesis. Urolithiasis, 44: 289-297.

Taylor EN, Stampfer MJ, Curhan GC. (2004) Dietary factors and the risk of
incident kidney stones in men: new insights after 14 years of follow-up. J Am
Soc Nephrol, 15: 3225-3232.

Thomas LD, Elinder CG, Tiselius HG, Wolk A, Akesson A. (2013) Ascorbic
acid supplements and kidney stone incidence among men: a prospective study.
JAMA Intern Med, 173: 386-388.

Padayatty SJ, Katz A, Wang Y, Eck P, Kwon O, Lee JH, Chen S, Corpe C,
Dutta A, Dutta SK, Levine M. (2003) Vitamin C as an antioxidant: evaluation of
its role in disease prevention. ] Am Coll Nutr, 22: 18-35.

Murad S, Grove D, Lindberg KA, Reynolds G, Sivarajah A, Pinnell SR. (1981)
Regulation of collagen synthesis by ascorbic acid. Proc Natl Acad Sci U S A,
78:2879-2882.

Yamauchi M, Sricholpech M. (2012) Lysine post-translational modifications of
collagen. Essays Biochem, 52: 113-133.

Yeowell HN, Walker LC. (2000) Mutations in the lysyl hydroxylase 1 gene that
result in enzyme deficiency and the clinical phenotype of Ehlers-Danlos

syndrome type VI. Mol Genet Metab, 71: 212-224.

78



87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

DOI:10.14753/SE.2019.2290

Kuiper C, Dachs GU, Currie MJ, Vissers MC. (2014) Intracellular ascorbate
enhances hypoxia-inducible factor (HIF)-hydroxylase activity and preferentially
suppresses the HIF-1 transcriptional response. Free Radic Biol Med, 69: 308-
317.

Kuiper C, Vissers MC. (2014) Ascorbate as a co-factor for fe- and 2-
oxoglutarate dependent dioxygenases: physiological activity in tumor growth
and progression. Front Oncol, 4: 359.

Osipyants Al, Poloznikov AA, Smirnova NA, Hushpulian DM, Khristichenko
AY, Chubar TA, Zakhariants AA, Ahuja M, Gaisina IN, Thomas B, Brown AM,
Gazaryan IG, Tishkov VI. (2018) L-ascorbic acid: A true substrate for HIF
prolyl hydroxylase? Biochimie, 147: 46-54.

Rebouche CJ. (1991) Ascorbic acid and carnitine biosynthesis. Am J Clin Nutr,
54: 1147S-11528.

Menniti FS, Knoth J, Diliberto EJ, Jr. (1986) Role of ascorbic acid in dopamine
beta-hydroxylation. The endogenous enzyme cofactor and putative electron
donor for cofactor regeneration. J Biol Chem, 261: 16901-16908.

Eipper BA, Mains RE. (1991) The role of ascorbate in the biosynthesis of
neuroendocrine peptides. Am J Clin Nutr, 54: 1153S-1156S.

Eipper BA, Stoffers DA, Mains RE. (1992) The biosynthesis of neuropeptides:
peptide alpha-amidation. Annu Rev Neurosci, 15: 57-85.

Kaufman S, Levenberg B. (1959) Further studies on the phenylalanine-
hydroxylation cofactor. J Biol Chem, 234: 2683-2688.

Renson J, Goodwin F, Weissbach H, Udenfriend S. (1961) Conversion of
tryptopan to 5-hydroxytryptophan by phenylalanine hydroxylase. Biochem
Biophys Res Commun, 6: 20-23.

Stone KJ, Townsley BH. (1973) The effect of L-ascorbate on catecholamine
biosynthesis. Biochem J, 131: 611-613.

Werner ER, Blau N, Thony B. (2011) Tetrahydrobiopterin: biochemistry and
pathophysiology. Biochem J, 438: 397-414.

Mortensen A, Lykkesfeldt J. (2014) Does vitamin C enhance nitric oxide
bioavailability in a tetrahydrobiopterin-dependent manner? In vitro, in vivo and

clinical studies. Nitric Oxide, 36: 51-57.

79



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

DOI:10.14753/SE.2019.2290

Patel KB, Stratford MR, Wardman P, Everett SA. (2002) Oxidation of
tetrahydrobiopterin by  biological radicals and scavenging of the
trihydrobiopterin radical by ascorbate. Free Radic Biol Med, 32: 203-211.

La Du BN, Zannoni VG. (1961) The role of ascorbic acid in tyrosine
metabolism. Ann N'Y Acad Sci, 92: 175-191.

Kim W, Erlandsen H, Surendran S, Stevens RC, Gamez A, Michols-Matalon K,
Tyring SK, Matalon R. (2004) Trends in enzyme therapy for phenylketonuria.
Mol Ther, 10: 220-224.

Hallberg L, Brune M, Rossander-Hulthen L. (1987) Is there a physiological role
of vitamin C in iron absorption? Ann N'Y Acad Sci, 498: 324-332.

Hallberg L, Brune M, Rossander L. (1986) Effect of ascorbic acid on iron
absorption from different types of meals. Studies with ascorbic-acid-rich foods
and synthetic ascorbic acid given in different amounts with different meals.
Hum Nutr Appl Nutr, 40: 97-113.

Lane DJ, Richardson DR. (2014) The active role of vitamin C in mammalian
iron metabolism: much more than just enhanced iron absorption! Free Radic
Biol Med, 75: 69-83.

Lane DJ, Lawen A. (2008) Non-transferrin iron reduction and uptake are
regulated by transmembrane ascorbate cycling in K562 cells. J Biol Chem, 283:
12701-12708.

Lane DJ, Robinson SR, Czerwinska H, Bishop GM, Lawen A. (2010) Two
routes of iron accumulation in astrocytes: ascorbate-dependent ferrous iron
uptake via the divalent metal transporter (DMT1) plus an independent route for
ferric iron. Biochem J, 432: 123-132.

Lane DJ, Chikhani S, Richardson V, Richardson DR. (2013) Transferrin iron
uptake is stimulated by ascorbate via an intracellular reductive mechanism.
Biochim Biophys Acta, 1833: 1527-1541.

McArdle F, Rhodes LE, Parslew R, Jack CI, Friedmann PS, Jackson MJ. (2002)
UVR-induced oxidative stress in human skin in vivo: effects of oral vitamin C
supplementation. Free Radic Biol Med, 33: 1355-1362.

Rhie G, Shin MH, Seo JY, Choi WW, Cho KH, Kim KH, Park KC, Eun HC,
Chung JH. (2001) Aging- and photoaging-dependent changes of enzymic and
nonenzymic antioxidants in the epidermis and dermis of human skin in vivo. J

Invest Dermatol, 117: 1212-1217.

80



110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

DOI:10.14753/SE.2019.2290

Shindo Y, Witt E, Han D, Epstein W, Packer L. (1994) Enzymic and non-
enzymic antioxidants in epidermis and dermis of human skin. J Invest Dermatol,
102: 122-124.

Pasonen-Seppanen S, Suhonen TM, Kirjavainen M, Suihko E, Urtti A, Miettinen
M, Hyttinen M, Tammi M, Tammi R. (2001) Vitamin C enhances differentiation
of a continuous keratinocyte cell line (REK) into epidermis with normal stratum
corneum ultrastructure and functional permeability barrier. Histochem Cell Biol,
116: 287-297.

Ponec M, Weerheim A, Kempenaar J, Mulder A, Gooris GS, Bouwstra J,
Mommaas AM. (1997) The formation of competent barrier lipids in
reconstructed human epidermis requires the presence of vitamin C. J Invest
Dermatol, 109: 348-355.

Savini I, Catani MV, Rossi A, Duranti G, Melino G, Avigliano L. (2002)
Characterization of keratinocyte differentiation induced by ascorbic acid: protein
kinase C involvement and vitamin C homeostasis. J Invest Dermatol, 118: 372-
379.

Hinek A, Kim HJ, Wang Y, Wang A, Mitts TF. (2014) Sodium L-ascorbate
enhances elastic fibers deposition by fibroblasts from normal and pathologic
human skin. J Dermatol Sci, 75: 173-182.

Kao J, Huey G, Kao R, Stern R. (1990) Ascorbic acid stimulates production of
glycosaminoglycans in cultured fibroblasts. Exp Mol Pathol, 53: 1-10.

Duarte TL, Cooke MS, Jones GD. (2009) Gene expression profiling reveals new
protective roles for vitamin C in human skin cells. Free Radic Biol Med, 46: 78-
87.

Lund CC, Crandon JH. (1941) Ascorbic Acid and Human Wound Healing. Ann
Surg, 114: 776-790.

Silverstein RJ, Landsman AS. (1999) The effects of a moderate and high dose of
vitamin C on wound healing in a controlled guinea pig model. J Foot Ankle
Surg, 38: 333-338.

Sorensen LT, Toft BG, Rygaard J, Ladelund S, Paddon M, James T, Taylor R,
Gottrup F. (2010) Effect of smoking, smoking cessation, and nicotine patch on
wound dimension, vitamin C, and systemic markers of collagen metabolism.

Surgery, 148: 982-990.

81



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

DOI:10.14753/SE.2019.2290

Imlay JA, Linn S. (1988) DNA damage and oxygen radical toxicity. Science,
240: 1302-13009.

Schuch AP, Moreno NC, Schuch NJ, Menck CFM, Garcia CCM. (2017)
Sunlight damage to cellular DNA: Focus on oxidatively generated lesions. Free
Radic Biol Med, 107: 110-124.

Tebbe B, Wu S, Geilen CC, Eberle J, Kodelja V, Orfanos CE. (1997) L-ascorbic
acid inhibits UVA-induced lipid peroxidation and secretion of IL-1alpha and IL-
6 in cultured human keratinocytes in vitro. J Invest Dermatol, 108: 302-306.
Cooke MS, Evans MD, Podmore ID, Herbert KE, Mistry N, Mistry P,
Hickenbotham PT, Hussieni A, Griffiths HR, Lunec J. (1998) Novel repair
action of vitamin C upon in vivo oxidative DNA damage. FEBS Lett, 439: 363-
367.

Darr D, Combs S, Dunston S, Manning T, Pinnell S. (1992) Topical vitamin C
protects porcine skin from ultraviolet radiation-induced damage. Br J Dermatol,
127: 247-253.

Konopacka M. (2004) [Role of vitamin C in oxidative DNA damage]. Postepy
Hig Med Dosw (Online), 58: 343-348.

Kontek R, Kontek B, Grzegorczyk K. (2013) Vitamin C modulates DNA
damage induced by hydrogen peroxide in human colorectal adenocarcinoma cell
lines (HT29) estimated by comet assay in vitro. Arch Med Sci, 9: 1006-1012.
Lenton KJ, Therriault H, Fulop T, Payette H, Wagner JR. (1999) Glutathione
and ascorbate are negatively correlated with oxidative DNA damage in human
lymphocytes. Carcinogenesis, 20: 607-613.

Lutsenko EA, Carcamo JM, Golde DW. (2002) Vitamin C prevents DNA
mutation induced by oxidative stress. J Biol Chem, 277: 16895-16899.

Kang JS, Kim HN, Jung DJ, Kim JE, Mun GH, Kim YS, Cho D, Shin DH,
Hwang YI, Lee WIJ. (2007) Regulation of UVB-induced IL-8 and MCP-1
production in skin keratinocytes by increasing vitamin C uptake via the
redistribution of SVCT-1 from the cytosol to the membrane. J Invest Dermatol,
127: 698-706.

Bissett DL, Chatterjee R, Hannon DP. (1990) Photoprotective effect of
superoxide-scavenging antioxidants against ultraviolet radiation-induced chronic
skin damage in the hairless mouse. Photodermatol Photoimmunol Photomed, 7:

56-62.

82



131.

132.

133.

134.

135.

136.

137.

138.

139.
140.

141.

142.

143.

DOI:10.14753/SE.2019.2290

Fuchs J, Kern H. (1998) Modulation of UV-light-induced skin inflammation by
D-alpha-tocopherol and L-ascorbic acid: a clinical study using solar simulated
radiation. Free Radic Biol Med, 25: 1006-1012.

Stewart MS, Cameron GS, Pence BC. (1996) Antioxidant nutrients protect
against UVB-induced oxidative damage to DNA of mouse keratinocytes in
culture. J Invest Dermatol, 106: 1086-1089.

Floyd RA, Carney JM. (1992) Free radical damage to protein and DNA:
mechanisms involved and relevant observations on brain undergoing oxidative
stress. Ann Neurol, 32 Suppl: S22-27.

Sen CK. (1998) Redox signaling and the emerging therapeutic potential of thiol
antioxidants. Biochem Pharmacol, 55: 1747-1758.

Ayala A, Munoz MF, Arguelles S. (2014) Lipid peroxidation: production,
metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-
nonenal. Oxid Med Cell Longev, 2014: 360438.

Girotti AW. (1985) Mechanisms of lipid peroxidation. J Free Radic Biol Med, 1:
87-95.

[No authors listed]. (1978) Lipid peroxidation in membrane lipids and action of
glutathione peroxidase. Nutr Rev, 36: 23-24.

Rodriguez-Martinez MA, Alonso MJ, Redondo J, Salaices M, Marin J. (1998)
Role of lipid peroxidation and the glutathione-dependent antioxidant system in
the impairment of endothelium-dependent relaxations with age. Br J Pharmacol,
123: 113-121.

Djordjevic VB. (2004) Free radicals in cell biology. Int Rev Cytol, 237: 57-89.
Egan TJ, Barthakur SR, Aisen P. (1992) Catalysis of the Haber-Weiss reaction
by iron-diethylenetriaminepentaacetate. J Inorg Biochem, 48: 241-249.

Masuoka N, Nihei K, Maeta A, Yamagiwa Y, Kubo L. (2015) Inhibitory effects
of cardols and related compounds on superoxide anion generation by xanthine
oxidase. Food Chem, 166: 270-274.

Xia Y. (2007) Superoxide generation from nitric oxide synthases. Antioxid
Redox Signal, 9: 1773-1778.

Beckman JS, Koppenol WH. (1996) Nitric oxide, superoxide, and peroxynitrite:
the good, the bad, and ugly. Am J Physiol, 271: C1424-1437.

83



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

DOI:10.14753/SE.2019.2290

Nathan C, Shiloh MU. (2000) Reactive oxygen and nitrogen intermediates in the
relationship between mammalian hosts and microbial pathogens. Proc Natl Acad
SciU S A, 97: 8841-8848.

Kehrer JP. (2000) The Haber-Weiss reaction and mechanisms of toxicity.
Toxicology, 149: 43-50.

Riley PA. (1994) Free radicals in biology: oxidative stress and the effects of
ionizing radiation. Int J Radiat Biol, 65: 27-33.

Winterbourn CC. (1995) Toxicity of iron and hydrogen peroxide: the Fenton
reaction. Toxicol Lett, 82-83: 969-974.

Gaetani GF, Galiano S, Canepa L, Ferraris AM, Kirkman HN. (1989) Catalase
and glutathione peroxidase are equally active in detoxification of hydrogen
peroxide in human erythrocytes. Blood, 73: 334-339.

Fenton H. (1984) Oxidation of tartaric acid in the presence of ion. J. Chem. Soc.
,23: 899-910.

Haber F, Weiss J. (1934) The catalytic decomposition of hydrogen peroxidase
by iron salts. Proc. Royal Soc. Lond. A., 147: 332-351.

Jozefczak M, Remans T, Vangronsveld J, Cuypers A. (2012) Glutathione is a
key player in metal-induced oxidative stress defenses. Int J Mol Sci, 13: 3145-
3175.

Carocho M, Ferreira IC. (2013) A review on antioxidants, prooxidants and
related controversy: natural and synthetic compounds, screening and analysis
methodologies and future perspectives. Food Chem Toxicol, 51: 15-25.

Finkel T. (1998) Oxygen radicals and signaling. Curr Opin Cell Biol, 10: 248-
253.

Genestra M. (2007) Oxyl radicals, redox-sensitive signalling cascades and
antioxidants. Cell Signal, 19: 1807-1819.

Halliwell B. (2006) Phagocyte-derived reactive species: salvation or suicide?
Trends Biochem Sci, 31: 509-515.

Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Arcoraci V, Squadrito F,
Altavilla D, Bitto A. (2017) Oxidative Stress: Harms and Benefits for Human
Health. Oxid Med Cell Longev, 2017: 8416763.

Rahal A, Kumar A, Singh V, Yadav B, Tiwari R, Chakraborty S, Dhama K.
(2014) Ocxidative stress, prooxidants, and antioxidants: the interplay. Biomed

Res Int, 2014: 761264.

84



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.
170.

DOI:10.14753/SE.2019.2290

Lobo V, Patil A, Phatak A, Chandra N. (2010) Free radicals, antioxidants and
functional foods: Impact on human health. Pharmacogn Rev, 4: 118-126.
Pham-Huy LA, He H, Pham-Huy C. (2008) Free radicals, antioxidants in disease
and health. Int J Biomed Sci, 4: 89-96.

Halliwell B, Gutteridge JM. (1995) The definition and measurement of
antioxidants in biological systems. Free Radic Biol Med, 18: 125-126.

Halliwell B. (2007) Biochemistry of oxidative stress. Biochem Soc Trans, 35:
1147-1150.

Halliwell B, Gutteridge JMC. Free Radicals in Biology and Medicine, 5th edn.
Oxford University Press, Oxford, 2015: 77.

Apak R, Ozyurek M, Guclu K, Capanoglu E. (2016) Antioxidant
Activity/Capacity Measurement. 1. Classification, Physicochemical Principles,
Mechanisms, and Electron Transfer (ET)-Based Assays. J Agric Food Chem, 64:
997-1027.

Halliwell B. (1990) How to characterize a biological antioxidant. Free Radic Res
Commun, 9: 1-32.

Mari M, Morales A, Colell A, Garcia-Ruiz C, Fernandez-Checa JC. (2009)
Mitochondrial glutathione, a key survival antioxidant. Antioxid Redox Signal,
11: 2685-2700.

Ying W. (2008) NAD+/NADH and NADP+/NADPH in cellular functions and
cell death: regulation and biological consequences. Antioxid Redox Signal, 10:
179-206.

Zhang Z, Liew CW, Handy DE, Zhang Y, Leopold JA, Hu J, Guo L, Kulkarni
RN, Loscalzo J, Stanton RC. (2010) High glucose inhibits glucose-6-phosphate
dehydrogenase, leading to increased oxidative stress and beta-cell apoptosis.
FASEB J, 24: 1497-1505.

Blacker TS, Duchen MR. (2016) Investigating mitochondrial redox state using
NADH and NADPH autofluorescence. Free Radic Biol Med, 100: 53-65.
Pizzorno J. (2014) Glutathione! Integr Med (Encinitas), 13: 8-12.

Kahl R. (1984) Synthetic antioxidants: biochemical actions and interference
with radiation, toxic compounds, chemical mutagens and chemical carcinogens.

Toxicology, 33: 185-228.

85



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

DOI:10.14753/SE.2019.2290

von Lintig J, Vogt K. (2000) Filling the gap in vitamin A research. Molecular
identification of an enzyme cleaving beta-carotene to retinal. J Biol Chem, 275:
11915-11920.

Liden M, Eriksson U. (2006) Understanding retinol metabolism: structure and
function of retinol dehydrogenases. J Biol Chem, 281: 13001-13004.

Palace VP, Khaper N, Qin Q, Singal PK. (1999) Antioxidant potentials of
vitamin A and carotenoids and their relevance to heart disease. Free Radic Biol
Med, 26: 746-761.

Iyama T, Takasuga A, Azuma M. (1996) beta-Carotene accumulation in mouse
tissues and a protective role against lipid peroxidation. Int J Vitam Nutr Res, 66:
301-305.

Burton GW, Traber MG. (1990) Vitamin E: antioxidant activity, biokinetics, and
bioavailability. Annu Rev Nutr, 10: 357-382.

Constantinescu A, Han D, Packer L. (1993) Vitamin E recycling in human
erythrocyte membranes. J Biol Chem, 268: 10906-10913.

Halpner AD, Handelman GJ, Harris JM, Belmont CA, Blumberg JB. (1998)
Protection by vitamin C of loss of vitamin E in cultured rat hepatocytes. Arch
Biochem Biophys, 359: 305-309.

Mukai K, Nishimura M, Kikuchi S. (1991) Stopped-flow investigation of the
reaction of vitamin C with tocopheroxyl radical in aqueous triton X-100 micellar
solutions. The structure-activity relationship of the regeneration reaction of
tocopherol by vitamin C. J Biol Chem, 266: 274-278.

Packer JE, Slater TF, Willson RL. (1979) Direct observation of a free radical
interaction between vitamin E and vitamin C. Nature, 278: 737-738.
Stoyanovsky DA, Osipov AN, Quinn PJ, Kagan VE. (1995) Ubiquinone-
dependent recycling of vitamin E radicals by superoxide. Arch Biochem
Biophys, 323: 343-351.

Ross D, Norbeck K, Moldeus P. (1985) The generation and subsequent fate of
glutathionyl radicals in biological systems. J Biol Chem, 260: 15028-15032.
Steenvoorden DP, van Henegouwen GM. (1997) The use of endogenous
antioxidants to improve photoprotection. J Photochem Photobiol B, 41: 1-10.
Wardman P. (1998) Evaluation of the ‘radical sink' hypothesis from a chemical-
kinetic viewpoint. J Radioanalyt Nuclear Chem, 232: 23-27.

86



184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

DOI:10.14753/SE.2019.2290

Hider RC, Liu ZD, Khodr HH. (2001) Metal chelation of polyphenols. Methods
Enzymol, 335: 190-203.

Huyut Z, Beydemir S, Gulcin 1. (2017) Antioxidant and Antiradical Properties
of Selected Flavonoids and Phenolic Compounds. Biochem Res Int, 2017:
7616791.

Pandey KB, Rizvi SI. (2009) Plant polyphenols as dietary antioxidants in human
health and disease. Oxid Med Cell Longev, 2: 270-278.

Andrae-Marobela K, Ghislain FW, Okatch H, Majinda RR. (2013) Polyphenols:
a diverse class of multi-target anti-HIV-1 agents. Curr Drug Metab, 14: 392-413.
Kumar S, Pandey AK. (2013) Chemistry and biological activities of flavonoids:
an overview. ScientificWorldJournal, 2013: 162750.

Panche AN, Diwan AD, Chandra SR. (2016) Flavonoids: an overview. J Nutr
Sci, 5: e47.

Prochazkova D, Bousova I, Wilhelmova N. (2011) Antioxidant and prooxidant
properties of flavonoids. Fitoterapia, 82: 513-523.

Korkina LG, Afanas'ev IB. (1997) Antioxidant and chelating properties of
flavonoids. Adv Pharmacol, 38: 151-163.

Hirano R, Sasamoto W, Matsumoto A, Itakura H, Igarashi O, Kondo K. (2001)
Antioxidant ability of various flavonoids against DPPH radicals and LDL
oxidation. J Nutr Sci Vitaminol (Tokyo), 47: 357-362.

Mukai K, Mitani S, Ohara K, Nagaoka S. (2005) Structure-activity relationship
of the tocopherol-regeneration reaction by catechins. Free Radic Biol Med, 38:
1243-1256.

van Acker FA, Schouten O, Haenen GR, van der Vijgh WJ, Bast A. (2000)
Flavonoids can replace alpha-tocopherol as an antioxidant. FEBS Lett, 473: 145-
148.

Bentinger M, Brismar K, Dallner G. (2007) The antioxidant role of coenzyme Q.
Mitochondrion, 7 Suppl: S41-50.

James AM, Smith RA, Murphy MP. (2004) Antioxidant and prooxidant
properties of mitochondrial Coenzyme Q. Arch Biochem Biophys, 423: 47-56.
Forsmark P, Aberg F, Norling B, Nordenbrand K, Dallner G, Ernster L. (1991)
Inhibition of lipid peroxidation by ubiquinol in submitochondrial particles in the

absence of vitamin E. FEBS Lett, 285: 39-43.

87



198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

DOI:10.14753/SE.2019.2290

Frei B, Kim MC, Ames BN. (1990) Ubiquinol-10 is an effective lipid-soluble
antioxidant at physiological concentrations. Proc Natl Acad Sci U S A, 87:
4879-4883.

Turunen M, Olsson J, Dallner G. (2004) Metabolism and function of coenzyme
Q. Biochim Biophys Acta, 1660: 171-199.

Ahmad A, Farhan Asad S, Singh S, Hadi SM. (2000) DNA breakage by
resveratrol and Cu(Il): reaction mechanism and bacteriophage inactivation.
Cancer Lett, 154: 29-37.

Galati G, O'Brien PJ. (2004) Potential toxicity of flavonoids and other dietary
phenolics: significance for their chemopreventive and anticancer properties. Free
Radic Biol Med, 37: 287-303.

Azam S, Hadi N, Khan NU, Hadi SM. (2004) Prooxidant property of green tea
polyphenols epicatechin and epigallocatechin-3-gallate: implications for
anticancer properties. Toxicol In Vitro, 18: 555-561.

Palozza P, Serini S, Torsello A, Boninsegna A, Covacci V, Maggiano N,
Ranelletti FO, Wolf FI, Calviello G. (2002) Regulation of cell cycle progression
and apoptosis by beta-carotene in undifferentiated and differentiated HL-60
leukemia cells: possible involvement of a redox mechanism. Int J Cancer, 97:
593-600.

Gaspar J, Rodrigues A, Laires A, Silva F, Costa S, Monteiro MJ, Monteiro C,
Rueff J. (1994) On the mechanisms of genotoxicity and metabolism of
quercetin. Mutagenesis, 9: 445-449.

Hodnick WF, Kung FS, Roettger WJ, Bohmont CW, Pardini RS. (1986)
Inhibition of mitochondrial respiration and production of toxic oxygen radicals
by flavonoids. A structure-activity study. Biochem Pharmacol, 35: 2345-2357.
Watjen W, Michels G, Steffan B, Niering P, Chovolou Y, Kampkotter A, Tran-
Thi QH, Proksch P, Kahl R. (2005) Low concentrations of flavonoids are
protective in rat H4IIE cells whereas high concentrations cause DNA damage
and apoptosis. J Nutr, 135: 525-531.

Sahu SC, Washington MC. (1991) Effects of antioxidants on quercetin-induced
nuclear DNA damage and lipid peroxidation. Cancer Lett, 60: 259-264.

Duthie SJ, Johnson W, Dobson VL. (1997) The effect of dietary flavonoids on
DNA damage (strand breaks and oxidised pyrimdines) and growth in human

cells. Mutat Res, 390: 141-151.

88



209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

DOI:10.14753/SE.2019.2290

Agullo G, Gamet L, Besson C, Demigne C, Remesy C. (1994) Quercetin exerts
a preferential cytotoxic effect on active dividing colon carcinoma HT29 and
Caco-2 cells. Cancer Lett, 87: 55-63.

Belt JA, Thomas JA, Buchsbaum RN, Racker E. (1979) Inhibition of lactate
transport and glycolysis in Ehrlich ascites tumor cells by bioflavonoids.
Biochemistry, 18: 3506-3511.

Champoux JJ. (2001) DNA topoisomerases: structure, function, and mechanism.
Annu Rev Biochem, 70: 369-413.

Cantero G, Campanella C, Mateos S, Cortes F. (2006) Topoisomerase II
inhibition and high yield of endoreduplication induced by the flavonoids luteolin
and quercetin. Mutagenesis, 21: 321-325.

Galati G, Teng S, Moridani MY, Chan TS, O'Brien PJ. (2000) Cancer
chemoprevention and apoptosis mechanisms induced by dietary polyphenolics.
Drug Metabol Drug Interact, 17: 311-349.

Salti GI, Grewal S, Mehta RR, Das Gupta TK, Boddie AW, Jr., Constantinou
Al (2000) Genistein induces apoptosis and topoisomerase II-mediated DNA
breakage in colon cancer cells. Eur J Cancer, 36: 796-802.

Cushnie TP, Lamb AJ. (2005) Antimicrobial activity of flavonoids. Int J
Antimicrob Agents, 26: 343-356.

Plaper A, Golob M, Hafner I, Oblak M, Solmajer T, Jerala R. (2003)
Characterization of quercetin binding site on DNA gyrase. Biochem Biophys
Res Commun, 306: 530-536.

Pavani M, Fones E, Oksenberg D, Garcia M, Hernandez C, Cordano G, Munoz
S, Mancilla J, Guerrero A, Ferreira J. (1994) Inhibition of tumoral cell
respiration and growth by nordihydroguaiaretic acid. Biochem Pharmacol, 48:
1935-1942.

Cheng SC, Pardini RS. (1979) Inhibition of mitochondrial respiration by model
phenolic compounds. Biochem Pharmacol, 28: 1661-1667.

Miyoshi H, Nishioka T, Fujita T. (1987) Quantitative relationship between
protonophoric and uncoupling activities of substituted phenols. Biochim
Biophys Acta, 891: 194-204.

Nishihara Y, Utsumi K. (1987) 4-Chloro-4'-biphenylol as an uncoupler and an
inhibitor of mitochondrial oxidative phosphorylation. Biochem Pharmacol, 36:

3453-3457.

89



221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

DOI:10.14753/SE.2019.2290

Stockdale M, Selwyn MJ. (1971) Effects of ring substituents on the activity of
phenols as inhibitors and uncouplers of mitochondrial respiration. Eur J
Biochem, 21: 565-574.

Murakami K, Ito M, Htay HH, Tsubouchi R, Yoshino M. (2001) Antioxidant
effect of capsaicinoids on the metal-catalyzed lipid peroxidation. Biomed Res,
22:15-17.

Rosa A, Deiana M, Casu V, Paccagnini S, Appendino G, Ballero M, Dessi MA.
(2002) Antioxidant activity of capsinoids. J Agric Food Chem, 50: 7396-7401.
Rosa A, Deiana M, Corona G, Atzeri A, Incani A, Appendino G, Dessi MA.
(2005) Protective effect of capsinoid on lipid peroxidation in rat tissues induced
by Fe-NTA. Free Radic Res, 39: 1155-1162.

Morre DJ, Chueh PJ, Morre DM. (1995) Capsaicin inhibits preferentially the
NADH oxidase and growth of transformed cells in culture. Proc Natl Acad Sci
US A, 92: 1831-1835.

Morre DJ, Sun E, Geilen C, Wu LY, de Cabo R, Krasagakis K, Orfanos CE,
Morre DM. (1996) Capsaicin inhibits plasma membrane NADH oxidase and
growth of human and mouse melanoma lines. Eur J Cancer, 32A: 1995-2003.
Vissers MCM, Das AB. (2018) Potential Mechanisms of Action for Vitamin C
in Cancer: Reviewing the Evidence. Front Physiol, 9: 809.

Chen Q, Espey MG, Krishna MC, Mitchell JB, Corpe CP, Buettner GR, Shacter
E, Levine M. (2005) Pharmacologic ascorbic acid concentrations selectively kill
cancer cells: action as a pro-drug to deliver hydrogen peroxide to tissues. Proc
Natl Acad Sci U S A, 102: 13604-136009.

Vilcheze C, Hartman T, Weinrick B, Jacobs WR, Jr. (2013) Mycobacterium
tuberculosis is extraordinarily sensitive to killing by a vitamin C-induced Fenton
reaction. Nat Commun, 4: 1881.

Doskey CM, Buranasudja V, Wagner BA, Wilkes JG, Du J, Cullen JJ, Buettner
GR. (2016) Tumor cells have decreased ability to metabolize H202:
Implications for pharmacological ascorbate in cancer therapy. Redox Biol, 10:
274-284.

Du J, Martin SM, Levine M, Wagner BA, Buettner GR, Wang SH, Taghiyev
AF, Du C, Knudson CM, Cullen JJ. (2010) Mechanisms of ascorbate-induced

cytotoxicity in pancreatic cancer. Clin Cancer Res, 16: 509-520.

90



232.

233.

234.

235.

236.

237.

238.

239.

240.

241.
242.

DOI:10.14753/SE.2019.2290

Marklund SL, Westman NG, Lundgren E, Roos G. (1982) Copper- and zinc-
containing superoxide dismutase, manganese-containing superoxide dismutase,
catalase, and glutathione peroxidase in normal and neoplastic human cell lines
and normal human tissues. Cancer Res, 42: 1955-1961.

Oberley TD, Oberley LW. (1997) Antioxidant enzyme levels in cancer. Histol
Histopathol, 12: 525-535.

Chen Q, Espey MG, Sun AY, Lee JH, Krishna MC, Shacter E, Choyke PL,
Pooput C, Kirk KL, Buettner GR, Levine M. (2007) Ascorbate in pharmacologic
concentrations selectively generates ascorbate radical and hydrogen peroxide in
extracellular fluid in vivo. Proc Natl Acad Sci U S A, 104: 8749-8754.

Ma E, Chen P, Wilkins HM, Wang T, Swerdlow RH, Chen Q. (2017)
Pharmacologic ascorbate induces neuroblastoma cell death by hydrogen
peroxide mediated DNA damage and reduction in cancer cell glycolysis. Free
Radic Biol Med, 113: 36-47.

Yun J, Mullarky E, Lu C, Bosch KN, Kavalier A, Rivera K, Roper J, Chio, II,
Giannopoulou EG, Rago C, Muley A, Asara JM, Paik J, Elemento O, Chen Z,
Pappin DJ, Dow LE, Papadopoulos N, Gross SS, Cantley LC. (2015) Vitamin C
selectively kills KRAS and BRAF mutant colorectal cancer cells by targeting
GAPDH. Science, 350: 1391-1396.

Hyslop PA, Hinshaw DB, Halsey WA, Jr., Schraufstatter [U, Sauerheber RD,
Spragg RG, Jackson JH, Cochrane CG. (1988) Mechanisms of oxidant-mediated
cell injury. The glycolytic and mitochondrial pathways of ADP phosphorylation
are major intracellular targets inactivated by hydrogen peroxide. J Biol Chem,
263: 1665-1675.

Comelli M, Lippe G, Mavelli 1. (1994) Differentiation potentiates oxidant injury
to mitochondria by hydrogen peroxide in Friend's erythroleukemia cells. FEBS
Lett, 352: 71-75.

Denko NC. (2008) Hypoxia, HIF1 and glucose metabolism in the solid tumour.
Nat Rev Cancer, 8: 705-713.

Liberti MV, Locasale JW. (2016) The Warburg Effect: How Does it Benefit
Cancer Cells? Trends Biochem Sci, 41: 211-218.

Warburg O. (1956) On the origin of cancer cells. Science, 123: 309-314.
Warburg O. (1925) The metabolism of carcinoma cells. The Journal of Cancer

Research, 9: 148-163.

91



243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

DOI:10.14753/SE.2019.2290

Warburg O, Posener K, Negelein E. (1924) Ueber den stoffwechsel der tumoren
Biochemische Zeitschrift, 152: 319-344.

Ward PS, Thompson CB. (2012) Metabolic reprogramming: a cancer hallmark
even warburg did not anticipate. Cancer Cell, 21: 297-308.

Weinberg SE, Chandel NS. (2015) Targeting mitochondria metabolism for
cancer therapy. Nat Chem Biol, 11: 9-15.

Pollak M. (2013) Targeting oxidative phosphorylation: why, when, and how.
Cancer Cell, 23: 263-264.

Vazquez F, Lim JH, Chim H, Bhalla K, Girnun G, Pierce K, Clish CB, Granter
SR, Widlund HR, Spiegelman BM, Puigserver P. (2013) PGClalpha expression
defines a subset of human melanoma tumors with increased mitochondrial
capacity and resistance to oxidative stress. Cancer Cell, 23: 287-301.

Haq R, Shoag J, Andreu-Perez P, Yokoyama S, Edelman H, Rowe GC,
Frederick DT, Hurley AD, Nellore A, Kung AL, Wargo JA, Song JS, Fisher DE,
Arany Z, Widlund HR. (2013) Oncogenic BRAF regulates oxidative metabolism
via PGClalpha and MITF. Cancer Cell, 23: 302-315.

Jain RK, Munn LL, Fukumura D. (2002) Dissecting tumour pathophysiology
using intravital microscopy. Nat Rev Cancer, 2: 266-276.

Lu H, Forbes RA, Verma A. (2002) Hypoxia-inducible factor 1 activation by
aerobic glycolysis implicates the Warburg effect in carcinogenesis. J Biol Chem,
277:23111-23115.

Adekola K, Rosen ST, Shanmugam M. (2012) Glucose transporters in cancer
metabolism. Curr Opin Oncol, 24: 650-654.

Gambhir SS. (2002) Molecular imaging of cancer with positron emission
tomography. Nat Rev Cancer, 2: 683-693.

Kurokawa T, Yoshida Y, Kawahara K, Tsuchida T, Okazawa H, Fujibayashi Y,
Yonekura Y, Kotsuji F. (2004) Expression of GLUT-1 glucose transfer, cellular
proliferation activity and grade of tumor correlate with [F-18]-
fluorodeoxyglucose uptake by positron emission tomography in epithelial
tumors of the ovary. Int J Cancer, 109: 926-932.

Spielholz C, Golde DW, Houghton AN, Nualart F, Vera JC. (1997) Increased
facilitated transport of dehydroascorbic acid without changes in sodium-
dependent ascorbate transport in human melanoma cells. Cancer Res, 57: 2529-

2537.

92



255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

DOI:10.14753/SE.2019.2290

Corti A, Raggi C, Franzini M, Paolicchi A, Pompella A, Casini AF. (2004)
Plasma membrane gamma-glutamyltransferase activity facilitates the uptake of
vitamin C in melanoma cells. Free Radic Biol Med, 37: 1906-1915.

Hanigan MH, Frierson HF, Jr., Brown JE, Lovell MA, Taylor PT. (1994)
Human ovarian tumors express gamma-glutamyl transpeptidase. Cancer Res, 54:
286-290.

Chen AA, Marsit CJ, Christensen BC, Houseman EA, McClean MD, Smith JF,
Bryan JT, Posner MR, Nelson HH, Kelsey KT. (2009) Genetic variation in the
vitamin C transporter, SLC23A2, modifies the risk of HPV16-associated head
and neck cancer. Carcinogenesis, 30: 977-981.

Wright ME, Andreotti G, Lissowska J, Yeager M, Zatonski W, Chanock SJ,
Chow WH, Hou L. (2009) Genetic variation in sodium-dependent ascorbic acid
transporters and risk of gastric cancer in Poland. Eur J Cancer, 45: 1824-1830.
Lv H, Wang C, Fang T, Li T, Lv G, Han Q, Yang W, Wang H. (2018) Vitamin
C preferentially kills cancer stem cells in hepatocellular carcinoma via SVCT-2.
NPJ Precis Oncol, 2: 1.

Wang C, Lv H, Yang W, Li T, Fang T, Lv G, Han Q, Dong L, Jiang T, Jiang B,
Yang G, Wang H. (2017) SVCT-2 determines the sensitivity to ascorbate-
induced cell death in cholangiocarcinoma cell lines and patient derived
xenografts. Cancer Lett, 398: 1-11.

Harris AL. (2002) Hypoxia--a key regulatory factor in tumour growth. Nat Rev
Cancer, 2: 38-47.

Semenza GL. (2002) HIF-1 and tumor progression: pathophysiology and
therapeutics. Trends Mol Med, 8: S62-67.

Knowles HJ, Raval RR, Harris AL, Ratcliffe PJ. (2003) Effect of ascorbate on
the activity of hypoxia-inducible factor in cancer cells. Cancer Res, 63: 1764-
1768.

Kuiper C, Molenaar IG, Dachs GU, Currie MJ, Sykes PH, Vissers MC. (2010)
Low ascorbate levels are associated with increased hypoxia-inducible factor-1
activity and an aggressive tumor phenotype in endometrial cancer. Cancer Res,
70: 5749-5758.

Kuiper C, Dachs GU, Munn D, Currie MJ, Robinson BA, Pearson JF, Vissers
MC. (2014) Increased Tumor Ascorbate is Associated with Extended Disease-

93



266.

267.

268.

269.

270.

271.

272.

273.

274.

DOI:10.14753/SE.2019.2290

Free Survival and Decreased Hypoxia-Inducible Factor-1 Activation in Human
Colorectal Cancer. Front Oncol, 4: 10.

Campbell EJ, Vissers MC, Dachs GU. (2016) Ascorbate availability affects
tumor implantation-take rate and increases tumor rejection in Gulo(-/-) mice.
Hypoxia (Auckl), 4: 41-52.

Tian W, Wang Y, Xu Y, Guo X, Wang B, Sun L, Liu L, Cui F, Zhuang Q, Bao
X, Schley G, Chung TL, Laslett AL, Willam C, Qin B, Maxwell PH, Esteban
MA. (2014) The hypoxia-inducible factor renders cancer cells more sensitive to
vitamin C-induced toxicity. J Biol Chem, 289: 3339-3351.

Zong WX, Ditsworth D, Bauer DE, Wang ZQ, Thompson CB. (2004)
Alkylating DNA damage stimulates a regulated form of necrotic cell death.
Genes Dev, 18: 1272-1282.

Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME,
Wykoff CC, Pugh CW, Maher ER, Ratcliffe PJ. (1999) The tumour suppressor
protein VHL targets hypoxia-inducible factors for oxygen-dependent
proteolysis. Nature, 399: 271-275.

Lin C, McGough R, Aswad B, Block JA, Terek R. (2004) Hypoxia induces HIF-
lalpha and VEGF expression in chondrosarcoma cells and chondrocytes. J
Orthop Res, 22: 1175-1181.

Yeom CH, Lee G, Park JH, Yu J, Park S, Yi SY, Lee HR, Hong YS, Yang J,
Lee S. (2009) High dose concentration administration of ascorbic acid inhibits
tumor growth in BALB/C mice implanted with sarcoma 180 cancer cells via the
restriction of angiogenesis. J Transl Med, 7: 70.

Wilkes JG, O'Leary BR, Du J, Klinger AR, Sibenaller ZA, Doskey CM, Gibson-
Corley KN, Alexander MS, Tsai S, Buettner GR, Cullen JJ. (2018)
Pharmacologic ascorbate (P-AscH(-)) suppresses hypoxia-inducible Factor-
lalpha (HIF-1alpha) in pancreatic adenocarcinoma. Clin Exp Metastasis, 35: 37-
51.

Cassat JE, Skaar EP. (2013) Iron in infection and immunity. Cell Host Microbe,
13: 509-519.

Torti SV, Torti FM. (2013) Iron and cancer: more ore to be mined. Nat Rev
Cancer, 13: 342-355.

94



275.

276.

277.

278.

279.

280.

281.

282.

DOI:10.14753/SE.2019.2290

Oexle H, Gnaiger E, Weiss G. (1999) Iron-dependent changes in cellular energy
metabolism: influence on citric acid cycle and oxidative phosphorylation.
Biochim Biophys Acta, 1413: 99-107.

Luria-Perez R, Helguera G, Rodriguez JA. (2016) Antibody-mediated targeting
of the transferrin receptor in cancer cells. Bol Med Hosp Infant Mex, 73: 372-
379.

Yu Y, Gutierrez E, Kovacevic Z, Saletta F, Obeidy P, Suryo Rahmanto Y,
Richardson DR. (2012) Iron chelators for the treatment of cancer. Curr Med
Chem, 19: 2689-2702.

Sirivech S, Frieden E, Osaki S. (1974) The release of iron from horse spleen
ferritin by reduced flavins. Biochem J, 143: 311-315.

Deubzer B, Mayer F, Kuci Z, Niewisch M, Merkel G, Handgretinger R,
Bruchelt G. (2010) H(2)O(2)-mediated cytotoxicity of pharmacologic ascorbate
concentrations to neuroblastoma cells: potential role of lactate and ferritin. Cell
Physiol Biochem, 25: 767-774.

Schoenfeld JD, Sibenaller ZA, Mapuskar KA, Wagner BA, Cramer-Morales
KL, Furgan M, Sandhu S, Carlisle TL, Smith MC, Abu Hejleh T, Berg DJ,
Zhang J, Keech J, Parekh KR, Bhatia S, Monga V, Bodeker KL, Ahmann L,
Vollstedt S, Brown H, Kauffman EPS, Schall ME, Hohl RJ, Clamon GH,
Greenlee JD, Howard MA, Schultz MK, Smith BJ, Riley DP, Domann FE,
Cullen JJ, Buettner GR, Buatti JM, Spitz DR, Allen BG. (2017) O2(-) and
H202-Mediated Disruption of Fe Metabolism Causes the Differential
Susceptibility of NSCLC and GBM Cancer Cells to Pharmacological Ascorbate.
Cancer Cell, 32: 268.

Kang JS, Cho D, Kim YI, Hahm E, Kim YS, Jin SN, Kim HN, Kim D, Hur D,
Park H, Hwang YI, Lee WJ. (2005) Sodium ascorbate (vitamin C) induces
apoptosis in melanoma cells via the down-regulation of transferrin receptor
dependent iron uptake. J Cell Physiol, 204: 192-197.

Peloux Y, Nofre C, Cier A, Colobert L. (1962) [Inactivation of the poliomyelitis
virus by chemical systems productive of free hydroxyl radicals. Mechanism of
the virulicidal activity of hydrogen peroxide and ascorbic acid]. Ann Inst Pasteur

(Paris), 102: 6-23.

95



283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

DOI:10.14753/SE.2019.2290

Kallio J, Jaakkola M, Maki M, Kilpelainen P, Virtanen V. (2012) Vitamin C
inhibits staphylococcus aureus growth and enhances the inhibitory effect of
quercetin on growth of Escherichia coli in vitro. Planta Med, 78: 1824-1830.
Myrvik QN, Volk WA. (1954) Comparative study of the antibacterial properties
of ascorbic acid and reductogenic compounds. J Bacteriol, 68: 622-626.

Ojha R, Manzoor N, Khan LA. (2009) Ascorbic acid modulates pathogenecity
markers of Candida albicans. Int J Microbiol Res 1: 19-24.

Tabak M, Armon R, Rosenblat G, Stermer E, Neeman 1. (2003) Diverse effects
of ascorbic acid and palmitoyl ascorbate on Helicobacter pylori survival and
growth. FEMS Microbiol Lett, 224: 247-253.

Zhang HM, Wakisaka N, Maeda O, Yamamoto T. (1997) Vitamin C inhibits the
growth of a bacterial risk factor for gastric carcinoma: Helicobacter pylori.
Cancer, 80: 1897-1903.

Ehrismann O. (1942) Uber das Verhalten aerober und anaerober Bakterien
gegeniiber Askorbinsdure. Z Hyg Infektionskrankh, 123: 16-44.

von Gagyi J. (1936) Uber die Bactericide und Antitoxische Wirkung des
Vitamin C. Klin Wochschr, 15: 190-195.

Slade HD, Knox GA. (1950) Nutrition and the role of reducing agents in the
formation of streptolysin O by a group A hemolytic streptococcus. J Bacteriol,
60: 301-310.

Lwoff A, Morel M. (1942) Conditions et mechanisme de 1’action bactericide de
la vitamine C. Role de I’eau oxygenee. Ann Inst Pasteur 68: 323-342.

Wang Y, Russo TA, Kwon O, Chanock S, Rumsey SC, Levine M. (1997)
Ascorbate recycling in human neutrophils: induction by bacteria. Proc Natl Acad
SciU S A, 94: 13816-13819.

Washko PW, Wang Y, Levine M. (1993) Ascorbic acid recycling in human
neutrophils. J Biol Chem, 268: 15531-15535.

Carr AC, Maggini S. (2017) Vitamin C and Immune Function. Nutrients, 9:
1211.

Parker A, Cuddihy SL, Son TG, Vissers MC, Winterbourn CC. (2011) Roles of
superoxide and myeloperoxidase in ascorbate oxidation in stimulated

neutrophils and H202-treated HL60 cells. Free Radic Biol Med, 51: 1399-1405.

96



296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

DOI:10.14753/SE.2019.2290

Sharma P, Raghavan SA, Saini R, Dikshit M. (2004) Ascorbate-mediated
enhancement of reactive oxygen species generation from polymorphonuclear
leukocytes: modulatory effect of nitric oxide. J Leukoc Biol, 75: 1070-1078.
Stankova L, Gerhardt NB, Nagel L, Bigley RH. (1975) Ascorbate and phagocyte
function. Infect Immun, 12: 252-256.

Ojha R, Prasad R, Manzoor N, Khan LA. (2010) Vitamin C Modulates
Oxidative Stress Related Enzyme Activities in Candida albicans Turk J
Biochem, 35: 35-40.

Amari F, Fettouche A, Samra MA, Kefalas P, Kampranis SC, Makris AM.
(2008) Antioxidant small molecules confer variable protection against oxidative
damage in yeast mutants. J Agric Food Chem, 56: 11740-11751.

Mailland F. (2005) Pharmaceutical compositions comprising ascorbic acid for
the treatment of fungal superinfections and fungal recurrences. European Patent.
EP1500394.

Brajtburg J, Elberg S, Kobayashi GS, Medoff G. (1989) Effects of ascorbic acid
on the antifungal action of amphotericin B. J Antimicrob Chemother, 24: 333-
337.

Wang Y, Jia XM, Jia JH, Li MB, Cao YY, Gao PH, Liao WQ, Cao YB, Jiang
YY. (2009) Ascorbic acid decreases the antifungal effect of fluconazole in the
treatment of candidiasis. Clin Exp Pharmacol Physiol, 36: e40-46.

MacPherson S, Akache B, Weber S, De Deken X, Raymond M, Turcotte B.
(2005) Candida albicans zinc cluster protein Upc2p confers resistance to
antifungal drugs and is an activator of ergosterol biosynthetic genes. Antimicrob
Agents Chemother, 49: 1745-1752.

Vasicek EM, Berkow EL, Flowers SA, Barker KS, Rogers PD. (2014) UPC2 is
universally essential for azole antifungal resistance in Candida albicans.
Eukaryot Cell, 13: 933-946.

Van Hauwenhuyse F, Fiori A, Van Dijck P. (2014) Ascorbic acid inhibition of
Candida albicans Hsp90-mediated morphogenesis occurs via the transcriptional
regulator Upc2. Eukaryot Cell, 13: 1278-1289.

Singh M, Jayakumar A, Prasad R. (1979) The effect of altered ergosterol content
on the transport of various amino acids in Candida albicans. Biochim Biophys

Acta, 555: 42-55.

97



307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

DOI:10.14753/SE.2019.2290

Cameron E, Campbell A. (1974) The orthomolecular treatment of cancer. II.
Clinical trial of high-dose ascorbic acid supplements in advanced human cancer.
Chem Biol Interact, 9: 285-315.

Cameron E, Pauling L. (1976) Supplemental ascorbate in the supportive
treatment of cancer: Prolongation of survival times in terminal human cancer.
Proc Natl Acad Sci U S A, 73: 3685-3689.

Cameron E, Pauling L. (1978) Supplemental ascorbate in the supportive
treatment of cancer: reevaluation of prolongation of survival times in terminal
human cancer. Proc Natl Acad Sci U S A, 75: 4538-4542.

Creagan ET, Moertel CG, O'Fallon JR, Schutt AJ, O'Connell MJ, Rubin J,
Frytak S. (1979) Failure of high-dose vitamin C (ascorbic acid) therapy to
benefit patients with advanced cancer. A controlled trial. N Engl J Med, 301:
687-690.

Moertel CG, Fleming TR, Creagan ET, Rubin J, O'Connell MJ, Ames MM.
(1985) High-dose vitamin C versus placebo in the treatment of patients with
advanced cancer who have had no prior chemotherapy. A randomized double-
blind comparison. N Engl J Med, 312: 137-141.

Drisko JA, Chapman J, Hunter VJ. (2003) The use of antioxidants with first-line
chemotherapy in two cases of ovarian cancer. J] Am Coll Nutr, 22: 118-123.
Riordan HD, Casciari JJ, Gonzalez MJ, Riordan NH, Miranda-Massari JR,
Taylor P, Jackson JA. (2005) A pilot clinical study of continuous intravenous
ascorbate in terminal cancer patients. P R Health Sci J, 24: 269-276.

Fritz H, Flower G, Weeks L, Cooley K, Callachan M, McGowan J, Skidmore B,
Kirchner L, Seely D. (2014) Intravenous Vitamin C and Cancer: A Systematic
Review. Integr Cancer Ther, 13: 280-300.

Hoffer LJ, Levine M, Assouline S, Melnychuk D, Padayatty SJ, Rosadiuk K,
Rousseau C, Robitaille L, Miller WH, Jr. (2008) Phase I clinical trial of i.v.
ascorbic acid in advanced malignancy. Ann Oncol, 19: 1969-1974.

Schoenfeld JD, Sibenaller ZA, Mapuskar KA, Wagner BA, Cramer-Morales
KL, Furgan M, Sandhu S, Carlisle TL, Smith MC, Abu Hejleh T, Berg DJ,
Zhang J, Keech J, Parekh KR, Bhatia S, Monga V, Bodeker KL, Ahmann L,
Vollstedt S, Brown H, Shanahan Kauffman EP, Schall ME, Hohl RJ, Clamon
GH, Greenlee JD, Howard MA, Schultz MK, Smith BJ, Riley DP, Domann FE,
Cullen JJ, Buettner GR, Buatti JM, Spitz DR, Allen BG. (2017) O2(-) and

98



317.

318.

319.

320.

321.

322.

323.

324.

325.

DOI:10.14753/SE.2019.2290

H202-Mediated Disruption of Fe Metabolism Causes the Differential
Susceptibility of NSCLC and GBM Cancer Cells to Pharmacological Ascorbate.
Cancer Cell, 31: 487-500 e488.

Shatzer AN, Espey MG, Chavez M, Tu H, Levine M, Cohen JI. (2013) Ascorbic
acid kills Epstein-Barr virus positive Burkitt lymphoma cells and Epstein-Barr
virus transformed B-cells in vitro, but not in vivo. Leuk Lymphoma, 54: 1069-
1078.

Vilcheze C, Kim J, Jacobs WR, Jr. (2018) Vitamin C Potentiates the Killing of
Mycobacterium tuberculosis by the First-Line Tuberculosis Drugs Isoniazid and
Rifampin in Mice. Antimicrob Agents Chemother, 62: €02165-02117.

Marusyk A, Polyak K. (2010) Tumor heterogeneity: causes and consequences.
Biochim Biophys Acta, 1805: 105-117.

Bumann D. (2015) Heterogeneous host-pathogen encounters: act locally, think
globally. Cell Host Microbe, 17: 13-19.

Monti DA, Mitchell E, Bazzan AJ, Littman S, Zabrecky G, Yeo CJ, Pillai MV,
Newberg AB, Deshmukh S, Levine M. (2012) Phase I evaluation of intravenous
ascorbic acid in combination with gemcitabine and erlotinib in patients with
metastatic pancreatic cancer. PLoS One, 7: €29794.

Riordan HD, Riordan NH, Jackson JA, Casciari JJ, Hunninghake R, Gonzalez
MJ, Mora EM, Miranda-Massari JR, Rosario N, Rivera A. (2004) Intravenous
vitamin C as a chemotherapy agent: a report on clinical cases. P R Health Sci J,
23:115-118.

Klingspor L, Tortorano AM, Peman J, Willinger B, Hamal P, Sendid B,
Velegraki A, Kibbler C, Meis JF, Sabino R, Ruhnke M, Arikan-Akdagli S,
Salonen J, Doczi I. (2015) Invasive Candida infections in surgical patients in
intensive care units: a prospective, multicentre survey initiated by the European
Confederation of Medical Mycology (ECMM) (2006-2008). Clin Microbiol
Infect, 21: 87 e81-87 el0.

Pfaller MA, Diekema DJ. (2007) Epidemiology of invasive candidiasis: a
persistent public health problem. Clin Microbiol Rev, 20: 133-163.

Ruhnke M. (2006) Epidemiology of Candida albicans infections and role of non-
Candida-albicans yeasts. Curr Drug Targets, 7: 495-504.

99



326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

DOI:10.14753/SE.2019.2290

Sharifzadeh A, Khosravi AR, Shokri H, Asadi Jamnani F, Hajiabdolbaghi M,
Ashrafi Tamami . (2013) Oral microflora and their relation to risk factors in
HIV+ patients with oropharyngeal candidiasis. J] Mycol Med, 23: 105-112.
Vermitsky JP, Self MJ, Chadwick SG, Trama JP, Adelson ME, Mordechai E,
Gygax SE. (2008) Survey of vaginal-flora Candida species isolates from women
of different age groups by use of species-specific PCR detection. J Clin
Microbiol, 46: 1501-1503.

Berkow EL, Lockhart SR. (2017) Fluconazole resistance in Candida species: a
current perspective. Infect Drug Resist, 10: 237-245.

Bondaryk M, Kurzatkowski W, Staniszewska M. (2013) Antifungal agents
commonly used in the superficial and mucosal candidiasis treatment: mode of
action and resistance development. Postepy Dermatol Alergol, 30: 293-301.
Kelly SL, Lamb DC, Kelly DE, Loeffler J, Einsele H. (1996) Resistance to
fluconazole and amphotericin in Candida albicans from AIDS patients. Lancet,
348: 1523-1524.

Kullberg BJ, Arendrup MC. (2015) Invasive Candidiasis. N Engl J Med, 373:
1445-1456.

Berman J. (2006) Morphogenesis and cell cycle progression in Candida
albicans. Curr Opin Microbiol, 9: 595-601.

Sudbery P, Gow N, Berman J. (2004) The distinct morphogenic states of
Candida albicans. Trends Microbiol, 12: 317-324.

Kim J, Sudbery P. (2011) Candida albicans, a major human fungal pathogen. J
Microbiol, 49: 171-177.

Walker MG. Yeast Physiology and Biotechnology. John Wiley & Sons, London,
2000: 133-135.

Rolfe MD, Rice CJ, Lucchini S, Pin C, Thompson A, Cameron AD, Alston M,
Stringer MF, Betts RP, Baranyi J, Peck MW, Hinton JC. (2012) Lag phase is a
distinct growth phase that prepares bacteria for exponential growth and involves
transient metal accumulation. J Bacteriol, 194: 686-701.

Aoki S, Ito-Kuwa S. (1982) Respiration of Candida albicans in relation to its
morphogenesis. Plant Cell Physiol, 23: 721-726.

Martin DS. (1932) The Oxygen Consumption of Escherichia Coli during the Lag
and Logarithmic Phases of Growth. J Gen Physiol, 15: 691-708.

100



339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

DOI:10.14753/SE.2019.2290

Ogasawara A, Odahara K, Toume M, Watanabe T, Mikami T, Matsumoto T.
(2006) Change in the respiration system of Candida albicans in the lag and log
growth phase. Biol Pharm Bull, 29: 448-450.

Navarro Llorens JM, Tormo A, Martinez-Garcia E. (2010) Stationary phase in
gram-negative bacteria. FEMS Microbiol Rev, 34: 476-495.

Uppuluri P, Chaffin WL. (2007) Defining Candida albicans stationary phase by
cellular and DNA replication, gene expression and regulation. Mol Microbiol,
64: 1572-1586.

Werner-Washburne M, Braun E, Johnston GC, Singer RA. (1993) Stationary
phase in the yeast Saccharomyces cerevisiae. Microbiol Rev, 57: 383-401.
Herman PK. (2002) Stationary phase in yeast. Curr Opin Microbiol, 5: 602-607.
Elliott B, Futcher B. (1993) Stress resistance of yeast cells is largely
independent of cell cycle phase. Yeast, 9: 33-42.

Enjalbert B, Whiteway M. (2005) Release from quorum-sensing molecules
triggers hyphal formation during Candida albicans resumption of growth.
Eukaryot Cell, 4: 1203-1210.

Langford ML, Hasim S, Nickerson KW, Atkin AL. (2010) Activity and toxicity
of farnesol towards Candida albicans are dependent on growth conditions.
Antimicrob Agents Chemother, 54: 940-942.

Lyons CN, White TC. (2000) Transcriptional analyses of antifungal drug
resistance in Candida albicans. Antimicrob Agents Chemother, 44: 2296-2303.
Masuoka J, Hazen KC. (1999) Differences in the acid-labile component of
Candida albicans mannan from hydrophobic and hydrophilic yeast cells.
Glycobiology, 9: 1281-1286.

Westwater C, Balish E, Schofield DA. (2005) Candida albicans-conditioned
medium protects yeast cells from oxidative stress: a possible link between
quorum sensing and oxidative stress resistance. Eukaryot Cell, 4: 1654-1661.
Lan CY, Newport G, Murillo LA, Jones T, Scherer S, Davis RW, Agabian N.
(2002) Metabolic specialization associated with phenotypic switching in
Candida albicans. Proc Natl Acad Sci U S A, 99: 14907-14912.

Helmerhorst EJ, Murphy MP, Troxler RF, Oppenheim FG. (2002)
Characterization of the mitochondrial respiratory pathways in Candida albicans.

Biochim Biophys Acta, 1556: 73-80.

101



352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

DOI:10.14753/SE.2019.2290

Joseph-Horne T, Hollomon DW, Wood PM. (2001) Fungal respiration: a fusion
of standard and alternative components. Biochim Biophys Acta, 1504: 179-195.
Saraste M. (1999) Oxidative phosphorylation at the fin de siecle. Science, 283:
1488-1493.

Djafarzadeh R, Kerscher S, Zwicker K, Radermacher M, Lindahl M, Schagger
H, Brandt U. (2000) Biophysical and structural characterization of proton-
translocating NADH-dehydrogenase (complex I) from the strictly aerobic yeast
Yarrowia lipolytica. Biochim Biophys Acta, 1459: 230-238.

Henry MF, Nyns ED. (1975) Cyanide-insensitive respiration. An alternative
mitochondrial pathway. Subcell Biochem, 4: 1-65.

Shepherd MG, Chin CM, Sullivan PA. (1978) The alternate respiratory pathway
of Candida albicans. Arch Microbiol, 116: 61-67.

Siedow JN, Umbach AL. (2000) The mitochondrial cyanide-resistant oxidase:
structural conservation amid regulatory diversity. Biochim Biophys Acta, 1459:
432-439.

Maxwell DP, Wang Y, McIntosh L. (1999) The alternative oxidase lowers
mitochondrial reactive oxygen production in plant cells. Proc Natl Acad Sci U S
A, 96: 8271-8276.

Popov VN, Simonian RA, Skulachev VP, Starkov AA. (1997) Inhibition of the
alternative oxidase stimulates H202 production in plant mitochondria. FEBS
Lett, 415: 87-90.

Dumitru R, Hornby JM, Nickerson KW. (2004) Defined anaerobic growth
medium for studying Candida albicans basic biology and resistance to eight
antifungal drugs. Antimicrob Agents Chemother, 48: 2350-2354.

Webster CE, Odds FC. (1987) Growth of pathogenic Candida isolates
anaerobically and under elevated concentrations of CO2 in air. J Med Vet
Mycol, 25: 47-53.

Land GA, McDonald WC, Stjernholm RL, Friedman L. (1975) Factors affecting
filamentation in Candida albicans: changes in respiratory activity of Candida
albicans during filamentation. Infect Immun, 12: 119-127.

Davey ME, O'Toole G A. (2000) Microbial biofilms: from ecology to molecular
genetics. Microbiol Mol Biol Rev, 64: 847-867.

102



364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

DOI:10.14753/SE.2019.2290

Ramage G, Saville SP, Wickes BL, Lopez-Ribot JL. (2002) Inhibition of
Candida albicans biofilm formation by farnesol, a quorum-sensing molecule.
Appl Environ Microbiol, 68: 5459-5463.

Barelle CJ, Priest CL, Maccallum DM, Gow NA, Odds FC, Brown AJ. (2006)
Niche-specific regulation of central metabolic pathways in a fungal pathogen.
Cell Microbiol, 8: 961-971.

Brown AJ, Brown GD, Netea MG, Gow NA. (2014) Metabolism impacts upon
Candida immunogenicity and pathogenicity at multiple levels. Trends
Microbiol, 22: 614-622.

Owen DH, Katz DF. (1999) A vaginal fluid simulant. Contraception, 59: 91-95.
Sandai D, Yin Z, Selway L, Stead D, Walker J, Leach MD, Bohovych I, Ene 1V,
Kastora S, Budge S, Munro CA, Odds FC, Gow NA, Brown AJ. (2012) The
evolutionary rewiring of ubiquitination targets has reprogrammed the regulation
of carbon assimilation in the pathogenic yeast Candida albicans. MBio, 3:
e00495.

Rodaki A, Bohovych IM, Enjalbert B, Young T, Odds FC, Gow NA, Brown AJ.
(2009) Glucose promotes stress resistance in the fungal pathogen Candida
albicans. Mol Biol Cell, 20: 4845-4855.

Ozturkcan S, Ozturkcan S, Topcu S, Akinci S, Bakici MZ, Yalcin N. (1993)
[Incidence of oral candidiasis in diabetic patients]. Mikrobiyol Bul, 27: 352-356.
Vargas SL, Patrick CC, Ayers GD, Hughes WT. (1993) Modulating effect of
dietary carbohydrate supplementation on Candida albicans colonization and
invasion in a neutropenic mouse model. Infect Immun, 61: 619-626.
Briones-Martin-Del-Campo M, Orta-Zavalza E, Juarez-Cepeda J, Gutierrez-
Escobedo G, Canas-Villamar I, Castano I, De Las Penas A. (2014) The
oxidative stress response of the opportunistic fungal pathogen Candida glabrata.
Rev Iberoam Micol, 31: 67-71.

Branduardi P, Fossati T, Sauer M, Pagani R, Mattanovich D, Porro D. (2007)
Biosynthesis of vitamin C by yeast leads to increased stress resistance. PLoS
One, 2: €1092.

Hancock RD, Galpin JR, Viola R. (2000) Biosynthesis of L-ascorbic acid
(vitamin C) by Saccharomyces cerevisiae. FEMS Microbiol Lett, 186: 245-250.

103



375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

DOI:10.14753/SE.2019.2290

Nick JA, Leung CT, Loewus FA. (1986) Isolation and identification of
erythroascorbic acid in Saccharomyces cerevisiae and Lypomyces starkeyi.
Plant Sci, 46: 181-187.

Huh WK, Lee BH, Kim ST, Kim YR, Rhie GE, Baeck YW, Hwang CS, Lee JS,
Kang SO. (1998) D-Erythroascorbic acid is an important antioxidant molecule in
Saccharomyces cerevisiae. Mol Microbiol, 30: 895-903.

Murakawa S, Sano S, Yamashita H, Takahashi T. (1977) Biosynthesis of d-
erythroascorbic acid by Candida. Agric Biol Chem, 41: 1799-1800.

Huh WK, Kim ST, Kim H, Jeong G, Kang SO. (2001) Deficiency of D-
erythroascorbic acid attenuates hyphal growth and virulence of Candida
albicans. Infect Immun, 69: 3939-3946.

Spickett CM, Smirnoff N, Pitt AR. (2000) The biosynthesis of erythroascorbate
in Saccharomyces cerevisiae and its role as an antioxidant. Free Radic Biol Med,
28: 183-192.

Moraitis C, Curran BP. (2004) Reactive oxygen species may influence the heat
shock response and stress tolerance in the yeast Saccharomyces cerevisiae.
Yeast, 21: 313-323.

Francois IEJA, Cammue BPA, Borgers M, Ausma J, Dispersyn GD, Thevissen
K. (2006) Azoles: Mode of Antifungal Action and Resistance Development.
Effect of Miconazole on Endogenous Reactive Oxygen Species Production in
Candida albicans. Anti-Infect Agents Med Chem, 5: 3-13.

Gray KC, Palacios DS, Dailey I, Endo MM, Uno BE, Wilcock BC, Burke MD.
(2012) Amphotericin primarily kills yeast by simply binding ergosterol. Proc
Natl Acad Sci U S A, 109: 2234-2239.

Ryder NS. (1992) Terbinafine: mode of action and properties of the squalene
epoxidase inhibition. Br J Dermatol, 126 Suppl 39: 2-7.

Vermes A, Guchelaar HJ, Dankert J. (2000) Flucytosine: a review of its
pharmacology, clinical indications, pharmacokinetics, toxicity and drug
interactions. J Antimicrob Chemother, 46: 171-179.

Stan CD, Tuchilus C, Stan CI. (2014) Echinocandins--new antifungal agents.
Rev Med Chir Soc Med Nat Iasi, 118: 528-536.

Delattin N, Cammue BP, Thevissen K. (2014) Reactive oxygen species-inducing
antifungal agents and their activity against fungal biofilms. Future Med Chem,

6: 77-90.

104



387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

DOI:10.14753/SE.2019.2290

Lee KK, Maccallum DM, Jacobsen MD, Walker LA, Odds FC, Gow NA,
Munro CA. (2012) Elevated cell wall chitin in Candida albicans confers
echinocandin resistance in vivo. Antimicrob Agents Chemother, 56: 208-217.
Perlin DS. (2015) Echinocandin Resistance in Candida. Clin Infect Dis, 61
Suppl 6: S612-617.

Scorzoni L, de Paula ESAC, Marcos CM, Assato PA, de Melo WC, de Oliveira
HC, Costa-Orlandi CB, Mendes-Giannini MJ, Fusco-Almeida AM. (2017)
Antifungal Therapy: New Advances in the Understanding and Treatment of
Mycosis. Front Microbiol, 8: 36.

Srivastava V, Singla RK, Dubey AK. (2018) Emerging Virulence, Drug
Resistance and Future Anti-fungal Drugs for Candida Pathogens. Curr Top Med
Chem, 18: 759-778.

Tverdek FP, Kofteridis D, Kontoyiannis DP. (2016) Antifungal agents and liver
toxicity: a complex interaction. Expert Rev Anti Infect Ther, 14: 765-776.
Albert MR, Weinstock MA. (2003) Keratinocyte carcinoma. CA Cancer J Clin,
53:292-302.

Chinem VP, Miot HA. (2011) Epidemiology of basal cell carcinoma. An Bras
Dermatol, 86: 292-305.

Gallagher RP, Ma B, McLean DI, Yang CP, Ho V, Carruthers JA, Warshawski
LM. (1990) Trends in basal cell carcinoma, squamous cell carcinoma, and
melanoma of the skin from 1973 through 1987. J Am Acad Dermatol, 23: 413-
421.

Lear JT, Tan BB, Smith AG, Bowers W, Jones PW, Heagerty AH, Strange RC,
Fryer AA. (1997) Risk factors for basal cell carcinoma in the UK: case-control
study in 806 patients. J R Soc Med, 90: 371-374.

Park J, Cho YS, Song KH, Lee JS, Yun SK, Kim HU. (2011) Basal Cell
Carcinoma on the Pubic Area: Report of a Case and Review of 19 Korean Cases
of BCC from Non-sun-exposed Areas. Ann Dermatol, 23: 405-408.

Pranteda G, Grimaldi M, Lombardi M, Pranteda G, Arcese A, Cortesi G,
Muscianese M, Bottoni U. (2014) Basal cell carcinoma: differences according to
anatomic location and clinical-pathological subtypes. G Ital Dermatol Venereol,

149: 423-426.

105



398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

DOI:10.14753/SE.2019.2290

Roenigk RK, Ratz JL, Bailin PL, Wheeland RG. (1986) Trends in the
presentation and treatment of basal cell carcinomas. J Dermatol Surg Oncol, 12:
860-865.

Situm M, Buljan M, Bulat V, Lugovic Mihic L, Bolanca Z, Simic D. (2008) The
role of UV radiation in the development of basal cell carcinoma. Coll Antropol,
32 Suppl 2: 167-170.

Kuluncsics Z, Perdiz D, Brulay E, Muel B, Sage E. (1999) Wavelength
dependence of ultraviolet-induced DNA damage distribution: involvement of
direct or indirect mechanisms and possible artefacts. J Photochem Photobiol B,
49: 71-80.

Tyrrell RM. (1973) Induction of pyrimidine dimers in bacterial DNA by 365 nm
radiation. Photochem Photobiol, 17: 69-73.

Athar M, Li C, Kim AL, Spiegelman VS, Bickers DR. (2014) Sonic hedgehog
signaling in Basal cell nevus syndrome. Cancer Res, 74: 4967-4975.

Bale AE, Yu KP. (2001) The hedgehog pathway and basal cell carcinomas. Hum
Mol Genet, 10: 757-762.

Epstein EH. (2008) Basal cell carcinomas: attack of the hedgehog. Nat Rev
Cancer, 8: 743-754.

Sidransky D. (1996) Is human patched the gatekeeper of common skin cancers?
Nat Genet, 14: 7-8.

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW,
Hynes M, Goddard A, Rosenthal A, Epstein EH, Jr., de Sauvage FJ. (1998)
Activating Smoothened mutations in sporadic basal-cell carcinoma. Nature, 391:
90-92.

Fortina AB, Piaserico S, Caforio AL, Abeni D, Alaibac M, Angelini A, Iliceto S,
Peserico A. (2004) Immunosuppressive level and other risk factors for basal cell
carcinoma and squamous cell carcinoma in heart transplant recipients. Arch
Dermatol, 140: 1079-1085.

Hart PH, Norval M. (2018) Ultraviolet radiation-induced immunosuppression
and its relevance for skin carcinogenesis. Photochem Photobiol Sci, 17: 1872-
1884.

Hartevelt MM, Bavinck JN, Kootte AM, Vermeer BJ, Vandenbroucke JP.
(1990) Incidence of skin cancer after renal transplantation in The Netherlands.

Transplantation, 49: 506-509.

106



410.
411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

DOI:10.14753/SE.2019.2290

Lear JT, Smith AG. (1997) Basal cell carcinoma. Postgrad Med J, 73: 538-542.
Leonardi G, Vahter M, Clemens F, Goessler W, Gurzau E, Hemminki K, Hough
R, Koppova K, Kumar R, Rudnai P, Surdu S, Fletcher T. (2012) Inorganic
arsenic and basal cell carcinoma in areas of Hungary, Romania, and Slovakia: a
case-control study. Environ Health Perspect, 120: 721-726.

Lin AN, Carter DM. (1986) Skin cancer in the elderly. Dermatol Clin, 4: 467-
471.

Lock-Andersen J, Drzewiecki KT, Wulf HC. (1999) Eye and hair colour, skin
type and constitutive skin pigmentation as risk factors for basal cell carcinoma
and cutaneous malignant melanoma. A Danish case-control study. Acta Derm
Venereol, 79: 74-80.

Malaguarnera G, Giordano M, Cappellani A, Berretta M, Malaguarnera M,
Perrotta RE. (2013) Skin cancers in elderly patients. Anticancer Agents Med
Chem, 13: 1406-1411.

Schwarz T. (2005) Mechanisms of UV-induced immunosuppression. Keio J
Med, 54: 165-171.

Buljan M, Bulat V, Situm M, Mihic LL, Stanic-Duktaj S. (2008) Variations in
clinical presentation of basal cell carcinoma. Acta Clin Croat, 47: 25-30.

Di Stefani A, Chimenti S. (2015) Basal cell carcinoma: clinical and pathological
features. G Ital Dermatol Venereol, 150: 385-391.

Nedved D, Tonkovic-Capin V, Hunt E, Zaidi N, Kucenic MJ, Graves JJ, Fraga
GR. (2014) Diagnostic concordance rates in the subtyping of basal cell
carcinoma by different dermatopathologists. J Cutan Pathol, 41: 9-13.

Wong CS, Strange RC, Lear JT. (2003) Basal cell carcinoma. BMJ, 327: 794-
798.

Sexton M, Jones DB, Maloney ME. (1990) Histologic pattern analysis of basal
cell carcinoma. Study of a series of 1039 consecutive neoplasms. J Am Acad
Dermatol, 23: 1118-1126.

Saldanha G, Fletcher A, Slater DN. (2003) Basal cell carcinoma: a
dermatopathological and molecular biological update. Br J Dermatol, 148: 195-
202.

Rippey JJ. (1998) Why classify basal cell carcinomas? Histopathology, 32: 393-
398.

107



423.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434.

435.

DOI:10.14753/SE.2019.2290

Fujii K, Miyashita T. (2014) Gorlin syndrome (nevoid basal cell carcinoma
syndrome): update and literature review. Pediatr Int, 56: 667-674.

Nikolaou V, Stratigos AJ, Tsao H. (2012) Hereditary nonmelanoma skin cancer.
Semin Cutan Med Surg, 31: 204-210.

Happle R. (2000) Nonsyndromic type of hereditary multiple basal cell
carcinoma. Am J Med Genet, 95: 161-163.

Allison JR, Jr. (1984) Radiation-induced basal-cell carcinoma. J Dermatol Surg
Oncol, 10: 200-203.

Kim DH, Ko HS, Jun YJ. (2017) Nonsyndromic Multiple Basal Cell
Carcinomas. Arch Craniofac Surg, 18: 191-196.

Tauber G, Pavlovsky L, Fenig E, Hodak E. (2015) Vismodegib for radiation-
induced multiple basal cell carcinomas (BCCs) of the scalp. J Am Acad
Dermatol, 73: 799-801.

Berking C, Hauschild A, Kolbl O, Mast G, Gutzmer R. (2014) Basal cell
carcinoma-treatments for the commonest skin cancer. Dtsch Arztebl Int, 111:
389-395.

Kim JYS, Kozlow JH, Mittal B, Moyer J, Olencki T, Rodgers P. (2018)
Guidelines of care for the management of basal cell carcinoma. ] Am Acad
Dermatol, 78: 540-559.

Lewin JM, Carucci JA. (2015) Advances in the management of basal cell
carcinoma. F1000Prime Rep, 7: 53.

Puig S, Berrocal A. (2015) Management of high-risk and advanced basal cell
carcinoma. Clin Transl Oncol, 17: 497-503.

Telfer NR, Colver GB, Morton CA, British Association of D. (2008) Guidelines
for the management of basal cell carcinoma. Br J Dermatol, 159: 35-48.

Migden MR, Guminski A, Gutzmer R, Dirix L, Lewis KD, Combemale P, Herd
RM, Kudchadkar R, Trefzer U, Gogov S, Pallaud C, Yi T, Mone M, Kaatz M,
Loquai C, Stratigos AJ, Schulze HJ, Plummer R, Chang AL, Cornelis F, Lear
JT, Sellami D, Dummer R. (2015) Treatment with two different doses of
sonidegib in patients with locally advanced or metastatic basal cell carcinoma
(BOLT): a multicentre, randomised, double-blind phase 2 trial. Lancet Oncol,
16: 716-728.

Sekulic A, Migden MR, Oro AE, Dirix L, Lewis KD, Hainsworth JD, Solomon
JA, Yoo S, Arron ST, Friedlander PA, Marmur E, Rudin CM, Chang AL, Low

108



436.

437.

438.

439.

440.

441.

442.

443.

444,

DOI:10.14753/SE.2019.2290

JA, Mackey HM, Yauch RL, Graham RA, Reddy JC, Hauschild A. (2012)
Efficacy and safety of vismodegib in advanced basal-cell carcinoma. N Engl J
Med, 366: 2171-2179.

Casey D, Demko S, Shord S, Zhao H, Chen H, He K, Putman A, Helms W,
Keegan P, Pazdur R. (2017) FDA Approval Summary: Sonidegib for Locally
Advanced Basal Cell Carcinoma. Clin Cancer Res, 23: 2377-2381.

Ridky TW, Cotsarelis G. (2015) Vismodegib resistance in basal cell carcinoma:
not a smooth fit. Cancer Cell, 27: 315-316.

Zhu GA, Li AS, Chang AL. (2014) Patient with Gorlin syndrome and metastatic
basal cell carcinoma refractory to smoothened inhibitors. JAMA Dermatol, 150:
877-879.

Chen Y, Choi SS, Michelotti GA, Chan IS, Swiderska-Syn M, Karaca GF, Xie
G, Moylan CA, Garibaldi F, Premont R, Suliman HB, Piantadosi CA, Diehl
AM. (2012) Hedgehog controls hepatic stellate cell fate by regulating
metabolism. Gastroenterology, 143: 1319-1329 e1311.

Teperino R, Amann S, Bayer M, McGee SL, Loipetzberger A, Connor T, Jaeger
C, Kammerer B, Winter L, Wiche G, Dalgaard K, Selvaraj M, Gaster M, Lee-
Young RS, Febbraio MA, Knauf C, Cani PD, Aberger F, Penninger JM,
Pospisilik JA, Esterbauer H. (2012) Hedgehog partial agonism drives Warburg-
like metabolism in muscle and brown fat. Cell, 151: 414-426.

Seleit I, Bakry OA, Al-Sharaky DR, Ragab RAA, Al-Shiemy SA. (2017)
Evaluation of Hypoxia Inducible Factor-lalpha and Glucose Transporter-1
Expression in Non Melanoma Skin Cancer: An Immunohistochemical Study. J
Clin Diagn Res, 11: EC09-EC16.

Abdou AG, Eldien MM, Elsakka D. (2015) GLUT-1 Expression in Cutaneous
Basal and Squamous Cell Carcinomas. Int J Surg Pathol, 23: 447-453.

Oliver RJ, Woodwards RT, Sloan P, Thakker NS, Stratford 1J, Airley RE.
(2004) Prognostic value of facilitative glucose transporter Glut-1 in oral
squamous cell carcinomas treated by surgical resection; results of EORTC
Translational Research Fund studies. Eur J Cancer, 40: 503-507.

Baer SC, Casaubon L, Younes M. (1997) Expression of the human erythrocyte
glucose transporter Glutl in cutaneous neoplasia. ] Am Acad Dermatol, 37: 575-

577.

109



445.

446.

447.

448.

449.

450.

451.

452.

453.

454.

455.

DOI:10.14753/SE.2019.2290

Duncan JR, Carr D, Kaffenberger BH. (2016) The utility of positron emission
tomography with and without computed tomography in patients with
nonmelanoma skin cancer. ] Am Acad Dermatol, 75: 186-196.

Usuda K, Sagawa M, Aikawa H, Ueno M, Tanaka M, Machida Y, Zhao XT,
Ueda Y, Higashi K, Sakuma T. (2010) Correlation between glucose transporter-
1 expression and 18F-fluoro-2-deoxyglucose uptake on positron emission
tomography in lung cancer. Gen Thorac Cardiovasc Surg, 58: 405-410.

Fosko SW, Hu W, Cook TF, Lowe V1J. (2003) Positron emission tomography for
basal cell carcinoma of the head and neck. Arch Dermatol, 139: 1141-1146.

Ali HO, Diem S, Aschwanden J, Markert E, Tasman AJ, Mueller J, Flatz L.
(2016) GLUT I-positive recurrent basal cell carcinoma of basosquamous subtype
detected by positron emission tomography. JAAD Case Rep, 2: 415-417.

Beer K, Waibel J. (2008) Recurrent basal cell carcinoma discovered using
positron emission tomography (PET) scanning. J Drugs Dermatol, 7: 879-881.
Niederkohr RD, Gamie SH. (2007) F-18 FDG PET as an imaging tool for
detecting and staging metastatic basal-cell carcinoma. Clin Nucl Med, 32: 491-
492.

Thacker CA, Weiss GJ, Tibes R, Blaydorn L, Downhour M, White E, Baldwin
J, Hoff DD, Korn RL. (2012) 18-FDG PET/CT assessment of basal cell
carcinoma with vismodegib. Cancer Med, 1: 230-236.

Evans SM, Schrlau AE, Chalian AA, Zhang P, Koch CJ. (2006) Oxygen levels
in normal and previously irradiated human skin as assessed by EF5 binding. J
Invest Dermatol, 126: 2596-2606.

Bedogni B, Welford SM, Cassarino DS, Nickoloff BJ, Giaccia AJ, Powell MB.
(2005) The hypoxic microenvironment of the skin contributes to Akt-mediated
melanocyte transformation. Cancer Cell, 8: 443-454.

Boutin AT, Weidemann A, Fu Z, Mesropian L, Gradin K, Jamora C, Wiesener
M, Eckardt KU, Koch CJ, Ellies LG, Haddad G, Haase VH, Simon MC,
Poellinger L, Powell FL, Johnson RS. (2008) Epidermal sensing of oxygen is
essential for systemic hypoxic response. Cell, 133: 223-234.

Distler O, Distler JH, Scheid A, Acker T, Hirth A, Rethage J, Michel BA, Gay
RE, Muller-Ladner U, Matucci-Cerinic M, Plate KH, Gassmann M, Gay S.

(2004) Uncontrolled expression of vascular endothelial growth factor and its

110



456.

457.

458.

459.

460.

461.

462.

463.

464.

465.

DOI:10.14753/SE.2019.2290

receptors leads to insufficient skin angiogenesis in patients with systemic
sclerosis. Circ Res, 95: 109-116.

Rezvani HR, Ali N, Nissen LJ, Harfouche G, de Verneuil H, Taieb A, Mazurier
F. (2011) HIF-lalpha in epidermis: oxygen sensing, cutaneous angiogenesis,
cancer, and non-cancer disorders. J Invest Dermatol, 131: 1793-1805.

Gherzi R, Melioli G, de Luca M, D'Agostino A, Distefano G, Guastella M,
D'Anna F, Franzi AT, Cancedda R. (1992) "HepG2/erythroid/brain" type
glucose transporter (GLUTI1) is highly expressed in human epidermis:
keratinocyte differentiation affects GLUT1 levels in reconstituted epidermis. J
Cell Physiol, 150: 463-474.

Bowden J, Brennan PA, Umar T, Cronin A. (2002) Expression of vascular
endothelial growth factor in basal cell carcinoma and cutaneous squamous cell
carcinoma of the head and neck. J Cutan Pathol, 29: 585-589.

Carbone A, Viola P, Varrati S, Angelucci D, Tulli A, Amerio P. (2011)
Microvessel density and VEGF expression seems to correlate with invasiveness
of basal cell carcinoma. Eur J Dermatol, 21: 608-609.

Chin CW, Foss AJ, Stevens A, Lowe J. (2003) Differences in the vascular
patterns of basal and squamous cell skin carcinomas explain their differences in
clinical behaviour. J Pathol, 200: 308-313.

Loggini B, Boldrini L, Gisfredi S, Ursino S, Camacci T, De Jeso K, Cervadoro
G, Pingitore R, Barachini P, Leocata P, Fontanini G. (2003) CD34 microvessel
density and VEGF expression in basal and squamous cell carcinoma. Pathol Res
Pract, 199: 705-712.

Maiolino P, Papparella S, Restucci B, De Vico G. (2001) Angiogenesis in
squamous cell carcinomas of canine skin: an immunohistochemical and
quantitative analysis. J Comp Pathol, 125: 117-121.

Staibano S, Boscaino A, Salvatore G, Orabona P, Palombini L, De Rosa G.
(1996) The prognostic significance of tumor angiogenesis in nonaggressive and
aggressive basal cell carcinoma of the human skin. Hum Pathol, 27: 695-700.
Weidner N. (1995) Intratumor microvessel density as a prognostic factor in
cancer. Am J Pathol, 147: 9-19.

Pastushenko I, Gracia-Cazana T, Vicente-Arregui S, Van den Eynden GG, Ara
M, Vermeulen PB, Carapeto FJ, Van Laere SJ. (2014) Squamous cell

111



466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

DOI:10.14753/SE.2019.2290

carcinomas of the skin explore angiogenesis-independent mechanisms of tumour
vascularization. J Skin Cancer, 2014: 651501.

Viac J, Palacio S, Schmitt D, Claudy A. (1997) Expression of vascular
endothelial growth factor in normal epidermis, epithelial tumors and cultured
keratinocytes. Arch Dermatol Res, 289: 158-163.

Nishiyama S. (1964) [Capillary Demonstration by Alkaline Phosphatase
Staining in Different Dermatoses. Vi. Epithelial Tumors]. Hautarzt, 15: 175-181.
Weninger W, Uthman A, Pammer J, Pichler A, Ballaun C, Lang IM, Plettenberg
A, Bankl HC, Sturzl M, Tschachler E. (1996) Vascular endothelial growth factor
production in normal epidermis and in benign and malignant epithelial skin
tumors. Lab Invest, 75: 647-657.

Lichtman JW, Conchello JA. (2005) Fluorescence microscopy. Nat Methods, 2:
910-919.

Stokes GG. (1852) On the change of refrangibility of light. Phil Trans R Soc
Lond, 142: 463-562.

Franco W, Gutierrez-Herrera E, Kollias N, Doukas A. (2016) Review of
applications of fluorescence excitation spectroscopy to dermatology. Br J
Dermatol, 174: 499-504.

Johnson S, Rabinovitch P. (2012) Ex vivo imaging of excised tissue using vital
dyes and confocal microscopy. Curr Protoc Cytom, 61: 9.39.31-39.39.18.

Denk W, Strickler JH, Webb WW. (1990) Two-photon laser scanning
fluorescence microscopy. Science, 248: 73-76.

So PT, Dong CY, Masters BR, Berland KM. (2000) Two-photon excitation
fluorescence microscopy. Annu Rev Biomed Eng, 2: 399-429.

Huang S, Heikal AA, Webb WW. (2002) Two-photon fluorescence
spectroscopy and microscopy of NAD(P)H and flavoprotein. Biophys J, 82:
2811-2825.

Kuznetsov AV, Margreiter R, Amberger A, Saks V, Grimm M. (2011) Changes
in mitochondrial redox state, membrane potential and calcium precede
mitochondrial dysfunction in doxorubicin-induced cell death. Biochim Biophys
Acta, 1813: 1144-1152.

Lee DE, Alhallak K, Jenkins SV, Vargas I, Greene NP, Quinn KP, Griffin RJ,
Dings RPM, Rajaram N. (2018) A Radiosensitizing Inhibitor of HIF-1 alters the
Optical Redox State of Human Lung Cancer Cells In Vitro. Sci Rep, 8: 8815.

112



478.

479.

480.

481.

482.

483.

484.

485.

486.

487.

488.

DOI:10.14753/SE.2019.2290

Lemar KM, Passa O, Aon MA, Cortassa S, Muller CT, Plummer S, O'Rourke B,
Lloyd D. (2005) Allyl alcohol and garlic (Allium sativum) extract produce
oxidative stress in Candida albicans. Microbiology, 151: 3257-3265.

Agledal L, Niere M, Ziegler M. (2010) The phosphate makes a difference:
cellular functions of NADP. Redox Rep, 15: 2-10.

Maeng O, Kim YC, Shin HJ, Lee JO, Huh TL, Kang KI, Kim YS, Paik SG, Lee
H. (2004) Cytosolic NADP(+)-dependent isocitrate dehydrogenase protects
macrophages from LPS-induced nitric oxide and reactive oxygen species.
Biochem Biophys Res Commun, 317: 558-564.

Marino D, Gonzalez EM, Frendo P, Puppo A, Arrese-Igor C. (2007) NADPH
recycling systems in oxidative stressed pea nodules: a key role for the NADP+ -
dependent isocitrate dehydrogenase. Planta, 225: 413-421.

Blacker TS, Mann ZF, Gale JE, Ziegler M, Bain AJ, Szabadkai G, Duchen MR.
(2014) Separating NADH and NADPH fluorescence in live cells and tissues
using FLIM. Nat Commun, 5: 3936.

Chance B, Cohen P, Jobsis F, Schoener B. (1962) Intracellular oxidation-
reduction states in vivo. Science, 137: 499-508.

Chance B, Schoener B, Oshino R, Itshak F, Nakase Y. (1979) Oxidation-
reduction ratio studies of mitochondria in freeze-trapped samples. NADH and
flavoprotein fluorescence signals. J Biol Chem, 254: 4764-4771.

Drobizhev M, Makarov NS, Tillo SE, Hughes TE, Rebane A. (2011) Two-
photon absorption properties of fluorescent proteins. Nat Methods, 8: 393-399.
Scott TG, Spencer RD, Leonard NJ, Weber G. (1970) Synthetic spectroscopic
models related to coenzymes and base pairs. V. Emission properties of NADH.
Studies of fluorescence lifetimes and quantum efficiencies of NADH,
AcPyADH, [reduced acetylpyridineadenine dinucleotide] and simplified
synthetic models. ] Am Chem Soc, 92: 687-695.

Ronchi JA, Figueira TR, Ravagnani FG, Oliveira HC, Vercesi AE, Castilho RF.
(2013) A spontaneous mutation in the nicotinamide nucleotide transhydrogenase
gene of C57BL/6J mice results in mitochondrial redox abnormalities. Free Radic
Biol Med, 63: 446-456.

Sun F, Dai C, Xie J, Hu X. (2012) Biochemical issues in estimation of cytosolic

free NAD/NADH ratio. PLoS One, 7: €34525.

113



489.

490.

491.

492.

493.

494.

495.

496.

497.

498.

499.

DOI:10.14753/SE.2019.2290

Spriet LL, Howlett RA, Heigenhauser GJ. (2000) An enzymatic approach to
lactate production in human skeletal muscle during exercise. Med Sci Sports
Exerc, 32: 756-763.

Pollak N, Dolle C, Ziegler M. (2007) The power to reduce: pyridine nucleotides-
-small molecules with a multitude of functions. Biochem J, 402: 205-218.

Tian WN, Braunstein LD, Pang J, Stuhlmeier KM, Xi QC, Tian X, Stanton RC.
(1998) Importance of glucose-6-phosphate dehydrogenase activity for cell
growth. J Biol Chem, 273: 10609-10617.

Grose JH, Joss L, Velick SF, Roth JR. (2006) Evidence that feedback inhibition
of NAD kinase controls responses to oxidative stress. Proc Natl Acad Sci U S A,
103: 7601-7606.

Singh R, Lemire J, Mailloux RJ, Appanna VD. (2008) A novel strategy involved
in [corrected] anti-oxidative defense: the conversion of NADH into NADPH by
a metabolic network. PLoS One, 3: €2682.

Singh R, Mailloux RJ, Puiseux-Dao S, Appanna VD. (2007) Oxidative stress
evokes a metabolic adaptation that favors increased NADPH synthesis and
decreased NADH production in Pseudomonas fluorescens. J Bacteriol, 189:
6665-6675.

Outten CE, Culotta VC. (2003) A novel NADH kinase is the mitochondrial
source of NADPH in Saccharomyces cerevisiae. EMBO J, 22: 2015-2024.

Jezek P, Hlavata L. (2005) Mitochondria in homeostasis of reactive oxygen
species in cell, tissues, and organism. Int J Biochem Cell Biol, 37: 2478-2503.
Criddle DN, Gillies S, Baumgartner-Wilson HK, Jaffar M, Chinje EC, Passmore
S, Chvanov M, Barrow S, Gerasimenko OV, Tepikin AV, Sutton R, Petersen
OH. (2006) Menadione-induced reactive oxygen species generation via redox
cycling promotes apoptosis of murine pancreatic acinar cells. J Biol Chem, 281:
40485-40492.

Lemar KM, Aon MA, Cortassa S, O'Rourke B, Muller CT, Lloyd D. (2007)
Diallyl disulphide depletes glutathione in Candida albicans: oxidative stress-
mediated cell death studied by two-photon microscopy. Yeast, 24: 695-706.
Hung YP, Albeck JG, Tantama M, Yellen G. (2011) Imaging cytosolic NADH-
NAD(+) redox state with a genetically encoded fluorescent biosensor. Cell

Metab, 14: 545-554.

114



500.

501.

502.

503.

504.

505.

506.

507.

508.

509.

510.

DOI:10.14753/SE.2019.2290

Mayevsky A, Rogatsky GG. (2007) Mitochondrial function in vivo evaluated by
NADH fluorescence: from animal models to human studies. Am J Physiol Cell
Physiol, 292: C615-640.

Perry SW, Burke RM, Brown EB. (2012) Two-photon and second harmonic
microscopy in clinical and translational cancer research. Ann Biomed Eng, 40:
277-291.

Skala M, Ramanujam N. (2010) Multiphoton redox ratio imaging for metabolic
monitoring in vivo. Methods Mol Biol, 594: 155-162.

Zhuo S, Yan J, Chen G, Chen J, Liu Y, Lu J, Zhu X, Jiang X, Xie S. (2011)
Label-free monitoring of colonic cancer progression using multiphoton
microscopy. Biomed Opt Express, 2: 615-619.

Giancaspero TA, Colella M, Brizio C, Difonzo G, Fiorino GM, Leone P,
Brandsch R, Bonomi F, Iametti S, Barile M. (2015) Remaining challenges in
cellular flavin cofactor homeostasis and flavoprotein biogenesis. Front Chem, 3:
30.

Li LZ, Xu HN, Ranji M, Nioka S, Chance B. (2009) Mitochondrial Redox
Imaging for Cancer Diagnostic and Therapeutic Studies. J Innov Opt Health Sci,
2:325-341.

Sun N, Xu HN, Luo Q, Li LZ. (2016) Potential Indexing of the Invasiveness of
Breast Cancer Cells by Mitochondrial Redox Ratios. Adv Exp Med Biol, 923:
121-127.

Rocheleau JV, Head WS, Piston DW. (2004) Quantitative
NAD(P)H/flavoprotein autofluorescence imaging reveals metabolic mechanisms
of pancreatic islet pyruvate response. J Biol Chem, 279: 31780-31787.
Armstrong JA, Cash NJ, Ouyang Y, Morton JC, Chvanov M, Latawiec D,
Awais M, Tepikin AV, Sutton R, Criddle DN. (2018) Oxidative stress alters
mitochondrial bioenergetics and modifies pancreatic cell death independently of
cyclophilin D, resulting in an apoptosis-to-necrosis shift. J Biol Chem, 293:
8032-8047.

Heikal AA. (2010) Intracellular coenzymes as natural biomarkers for metabolic
activities and mitochondrial anomalies. Biomark Med, 4: 241-263.

Uppal A, Gupta PK. (2003) Measurement of NADH concentration in normal
and malignant human tissues from breast and oral cavity. Biotechnol Appl

Biochem, 37: 45-50.

115



511

512.

513.

514.

515.

516.

517.

518.

519.

520.

521.

DOI:10.14753/SE.2019.2290

Yossepowitch O, Pinchuk I, Gur U, Neumann A, Lichtenberg D, Baniel J.
(2007) Advanced but not localized prostate cancer is associated with increased
oxidative stress. J Urol, 178: 1238-1243; discussion 1243-1234.

Campagnola PJ, Loew LM. (2003) Second-harmonic imaging microscopy for
visualizing biomolecular arrays in cells, tissues and organisms. Nat Biotechnol,
21: 1356-1360.

Freund I, Deutsch M, Sprecher A. (1986) Connective tissue polarity. Optical
second-harmonic microscopy, crossed-beam summation, and small-angle
scattering in rat-tail tendon. Biophys J, 50: 693-712.

Mohler W, Millard AC, Campagnola PJ. (2003) Second harmonic generation
imaging of endogenous structural proteins. Methods, 29: 97-109.

Chen X, Nadiarynkh O, Plotnikov S, Campagnola PJ. (2012) Second harmonic
generation microscopy for quantitative analysis of collagen fibrillar structure.
Nat Protoc, 7: 654-669.

Nucciotti V, Stringari C, Sacconi L, Vanzi F, Fusi L, Linari M, Piazzesi G,
Lombardi V, Pavone FS. (2010) Probing myosin structural conformation in vivo
by second-harmonic generation microscopy. Proc Natl Acad Sci U S A, 107:
7763-7768.

Yu CH, Langowitz N, Wu HY, Farhadifar R, Brugues J, Yoo TY, Needleman D.
(2014) Measuring microtubule polarity in spindles with second-harmonic
generation. Biophys J, 106: 1578-1587.

Brabek J, Mierke CT, Rosel D, Vesely P, Fabry B. (2010) The role of the tissue
microenvironment in the regulation of cancer cell motility and invasion. Cell
Commun Signal, 8: 22.

Bremnes RM, Donnem T, Al-Saad S, Al-Shibli K, Andersen S, Sirera R, Camps
C, Marinez I, Busund LT. (2011) The role of tumor stroma in cancer progression
and prognosis: emphasis on carcinoma-associated fibroblasts and non-small cell
lung cancer. J Thorac Oncol, 6: 209-217.

Criscitiello C, Esposito A, Curigliano G. (2014) Tumor-stroma crosstalk:
targeting stroma in breast cancer. Curr Opin Oncol, 26: 551-555.

Sapudom J, Rubner S, Martin S, Kurth T, Riedel S, Mierke CT, Pompe T.
(2015) The phenotype of cancer cell invasion controlled by fibril diameter and
pore size of 3D collagen networks. Biomaterials, 52: 367-375.

116



522.

523.

524.

525.

526.

527.

528.

529.

530.

531.

532.

DOI:10.14753/SE.2019.2290

Brown E, McKee T, diTomaso E, Pluen A, Seed B, Boucher Y, Jain RK. (2003)
Dynamic imaging of collagen and its modulation in tumors in vivo using
second-harmonic generation. Nat Med, 9: 796-800.

Han X, Burke RM, Zettel ML, Tang P, Brown EB. (2008) Second harmonic
properties of tumor collagen: determining the structural relationship between
reactive stroma and healthy stroma. Opt Express, 16: 1846-1859.

Hompland T, Erikson A, Lindgren M, Lindmo T, de Lange Davies C. (2008)
Second-harmonic generation in collagen as a potential cancer diagnostic
parameter. ] Biomed Opt, 13: 054050.

Provenzano PP, Eliceiri KW, Campbell JM, Inman DR, White JG, Keely PJ.
(2006) Collagen reorganization at the tumor-stromal interface facilitates local
invasion. BMC Med, 4: 38.

Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri KW, Provenzano
PP, Friedl A, Keely PJ. (2011) Aligned collagen is a prognostic signature for
survival in human breast carcinoma. Am J Pathol, 178: 1221-1232.

Burke K, Tang P, Brown E. (2013) Second harmonic generation reveals matrix
alterations during breast tumor progression. J Biomed Opt, 18: 31106.
Nadiarnykh O, LaComb RB, Brewer MA, Campagnola PJ. (2010) Alterations of
the extracellular matrix in ovarian cancer studied by Second Harmonic
Generation imaging microscopy. BMC Cancer, 10: 94.

Chen J, Zhuo S, Chen G, Yan J, Yang H, Liu N, Zheng L, Jiang X, Xie S.
(2011) Establishing diagnostic features for identifying the mucosa and
submucosa of normal and cancerous gastric tissues by multiphoton microscopy.
Gastrointest Endosc, 73: 802-807.

Drifka CR, Tod J, Loeffler AG, Liu Y, Thomas GJ, Eliceiri KW, Kao WIJ.
(2015)  Periductal stromal collagen topology of pancreatic ductal
adenocarcinoma differs from that of normal and chronic pancreatitis. Mod
Pathol, 28: 1470-1480.

Lin SJ, Jee SH, Kuo CJ, Wu RJ, Lin WC, Chen JS, Liao YH, Hsu CJ, Tsai TF,
Chen YF, Dong CY. (2006) Discrimination of basal cell carcinoma from normal
dermal stroma by quantitative multiphoton imaging. Opt Lett, 31: 2756-2758.
Balu M, Zachary CB, Harris RM, Krasieva TB, Konig K, Tromberg BJ, Kelly
KM. (2015) In Vivo Multiphoton Microscopy of Basal Cell Carcinoma. JAMA
Dermatol, 151: 1068-1074.

117



533.

534.

535.

536.

537.

538.

539.

540.

541.

542.

DOI:10.14753/SE.2019.2290

Seidenari S, Arginelli F, Bassoli S, Cautela J, Cesinaro AM, Guanti M, Guardoli
D, Magnoni C, Manfredini M, Ponti G, Konig K. (2013) Diagnosis of BCC by
multiphoton laser tomography. Skin Res Technol, 19: €297-304.

Kiss N, Haluszka D, Lorincz K, Gyongyosi N, Bozsanyi S, Banvolgyi A,
Szipocs R, Wikonkal N. (2018) Quantitative Analysis on Ex Vivo Nonlinear
Microscopy Images of Basal Cell Carcinoma Samples in Comparison to Healthy
Skin. Pathol Oncol Res: [Epub ahead of print].

Conklin MW, Provenzano PP, Eliceiri KW, Sullivan R, Keely PJ. (2009)
Fluorescence lifetime imaging of endogenous fluorophores in histopathology
sections reveals differences between normal and tumor epithelium in carcinoma
in situ of the breast. Cell Biochem Biophys, 53: 145-157.

Enjalbert B, Rachini A, Vediyappan G, Pietrella D, Spaccapelo R, Vecchiarelli
A, Brown AJ, d'Enfert C. (2009) A multifunctional, synthetic Gaussia princeps
luciferase reporter for live imaging of Candida albicans infections. Infect
Immun, 77: 4847-4858.

Elandalloussi LM, Afonso R, Nunes PA, Cancela ML. (2003) Effect of
desferrioxamine and 2,2'-bipyridyl on the proliferation of Perkinsus atlanticus.
Biomol Eng, 20: 349-354.

Andrés B, Lérincz K, Kiss N, Avci P, Fésiis L, Szipdcs R, Krenéacs T,
Gyongyosi N, Wikonkal N, Karpati S, K N. (2019) Efficiency of long-term
high-dose intravenous ascorbic acid therapy in locally advanced basal cell
carcinoma — a pilot study. Adv Dermatol Allergol, in press,
https://doi.org/10.5114/ada.2019.83027

Kirkpatrick ND, Brewer MA, Utzinger U. (2007) Endogenous optical
biomarkers of ovarian cancer evaluated with multiphoton microscopy. Cancer
Epidemiol Biomarkers Prev, 16: 2048-2057.

Zheng W, Wu Y, Li D, Qu JY. (2008) Autofluorescence of epithelial tissue:
single-photon versus two-photon excitation. J Biomed Opt, 13: 054010.
Haluszka D, Lorincz K, Kiss N, Szipocs R, Kuroli E, Gyongyosi N, Wikonkal
NM. (2016) Diet-induced obesity skin changes monitored by in vivo SHG and
ex vivo CARS microscopy. Biomed Opt Express, 7: 4480-4489.

Bredfeldt JS, Liu Y, Pehlke CA, Conklin MW, Szulczewski JM, Inman DR,
Keely PJ, Nowak RD, Mackie TR, Eliceiri KW. (2014) Computational

118



543.

544.

545.

546.

547.

548.

549.

550.

551.

552.

553.

DOI:10.14753/SE.2019.2290

segmentation of collagen fibers from second-harmonic generation images of
breast cancer. J Biomed Opt, 19: 16007.

Shibata T, Takahashi T, Yamada E, Kimura A, Nishikawa H, Hayakawa H,
Nomura N, Mitsuyama J. (2012) T-2307 causes collapse of mitochondrial
membrane potential in yeast. Antimicrob Agents Chemother, 56: 5892-5897.
Staubli A, Boelsterli UA. (1998) The labile iron pool in hepatocytes: prooxidant-
induced increase in free iron precedes oxidative cell injury. Am J Physiol, 274:
G1031-1037.

Setsukinai K, Urano Y, Kakinuma K, Majima HJ, Nagano T. (2003)
Development of novel fluorescence probes that can reliably detect reactive
oxygen species and distinguish specific species. J Biol Chem, 278: 3170-3175.
Wu Y, Qu JY. (2006) Autofluorescence spectroscopy of epithelial tissues. J
Biomed Opt, 11: 054023.

Li SC, Kane PM. (2009) The yeast lysosome-like vacuole: endpoint and
crossroads. Biochim Biophys Acta, 1793: 650-663.

Chen Q, Espey MG, Sun AY, Pooput C, Kirk KL, Krishna MC, Khosh DB,
Drisko J, Levine M. (2008) Pharmacologic doses of ascorbate act as a
prooxidant and decrease growth of aggressive tumor xenografts in mice. Proc
Natl Acad Sci U S A, 105: 11105-111009.

Cullen JJ, Spitz DR, Buettner GR. (2011) Comment on "Pharmacologic
ascorbate synergizes with gemcitabine in preclinical models of pancreatic
cancer," i.e., all we are saying is, give C a chance. Free Radic Biol Med, 50:
1726-1727.

Carreau A, El Hafny-Rahbi B, Matejuk A, Grillon C, Kieda C. (2011) Why is
the partial oxygen pressure of human tissues a crucial parameter? Small
molecules and hypoxia. J Cell Mol Med, 15: 1239-1253.

Charpy J. (1948) La vitamine C (acide ascorbique) a trés hautes doses,
administrée seule ou associée a la vitamine D2, dans la tuberculose. Bull Acad
Natl Med, 132: 421-423.

Mastrangelo D, Massai L, Fioritoni G, Coco FL. (2017) High Doses of Vitamin
C and Leukaemia: In Vitro Update. Advances Leuk Res Treat, 1: 5-19.

Buckman JF, Hernandez H, Kress GJ, Votyakova TV, Pal S, Reynolds 1J.

(2001) MitoTracker labeling in primary neuronal and astrocytic cultures:

119



554.

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

DOI:10.14753/SE.2019.2290

influence of mitochondrial membrane potential and oxidants. J Neurosci
Methods, 104: 165-176.

Cottet-Rousselle C, Ronot X, Leverve X, Mayol JF. (2011) Cytometric
assessment of mitochondria using fluorescent probes. Cytometry A, 79: 405-
425.

Shenoy N, Stenson M, Lawson J, Abeykoon J, Patnaik M, Wu X, Witzig T.
(2017) Drugs with anti-oxidant properties can interfere with cell viability
measurements by assays that rely on the reducing property of viable cells. Lab
Invest, 97: 494-497.

Van Steirteghem AC, Robertson EA, Young DS. (1978) Influence of large doses
of ascorbic acid on laboratory test results. Clin Chem, 24: 54-57.

Frei B, Lawson S. (2008) Vitamin C and cancer revisited. Proc Natl Acad Sci U
S A, 105: 11037-11038.

Verrax J, Calderon PB. (2009) Pharmacologic concentrations of ascorbate are
achieved by parenteral administration and exhibit antitumoral effects. Free
Radic Biol Med, 47: 32-40.

Kohanski MA, Dwyer DJ, Hayete B, Lawrence CA, Collins JJ. (2007) A
common mechanism of cellular death induced by bactericidal antibiotics. Cell,
130: 797-810.

Lobritz MA, Belenky P, Porter CB, Gutierrez A, Yang JH, Schwarz EG, Dwyer
DJ, Khalil AS, Collins JJ. (2015) Antibiotic efficacy is linked to bacterial
cellular respiration. Proc Natl Acad Sci U S A, 112: 8173-8180.

Somerville GA, Proctor RA. (2013) Cultivation conditions and the diffusion of
oxygen into culture media: the rationale for the flask-to-medium ratio in
microbiology. BMC Microbiol, 13: 9.

Fenchel T, Finlay B. (2008) Oxygen and the spatial structure of microbial
communities. Biol Rev Camb Philos Soc, 83: 553-569.

Davey HM. (2011) Life, death, and in-between: meanings and methods in
microbiology. Appl Environ Microbiol, 77: 5571-5576.

Kaprelyants AS, Mukamolova GV, Davey HM, Kell DB. (1996) Quantitative
Analysis of the Physiological Heterogeneity within Starved Cultures of
Micrococcus luteus by Flow Cytometry and Cell Sorting. Appl Environ
Microbiol, 62: 1311-1316.

120



565.

566.

567.

568.

569.

570.

571.

572.

573.

574.

575.

DOI:10.14753/SE.2019.2290

Hao B, Cheng S, Clancy CJ, Nguyen MH. (2013) Caspofungin kills Candida
albicans by causing both cellular apoptosis and necrosis. Antimicrob Agents
Chemother, 57: 326-332.

Wilson D, Thewes S, Zakikhany K, Fradin C, Albrecht A, Almeida R, Brunke S,
Grosse K, Martin R, Mayer F, Leonhardt I, Schild L, Seider K, Skibbe M,
Slesiona S, Waechtler B, Jacobsen I, Hube B. (2009) Identifying infection-
associated genes of Candida albicans in the postgenomic era. FEMS Yeast Res,
9: 688-700.

Kasahara T, Kasahara M. (1996) Expression of the rat GLUTI1 glucose
transporter in the yeast Saccharomyces cerevisiae. Biochem J, 315 ( Pt 1): 177-
182.

Ozcan S, Johnston M. (1999) Function and regulation of yeast hexose
transporters. Microbiol Mol Biol Rev, 63: 554-569.

Saffi J, Sonego L, Varela QD, Salvador M. (2006) Antioxidant activity of L-
ascorbic acid in wild-type and superoxide dismutase deficient strains of
Saccharomyces cerevisiae. Redox Rep, 11: 179-184.

Thomsson E, Gustafsson L, Larsson C. (2005) Starvation response of
Saccharomyces cerevisiae grown in anaerobic nitrogen- or carbon-limited
chemostat cultures. Appl Environ Microbiol, 71: 3007-3013.

Cutler JE, Brawner DL, Hazen KC, Jutila MA. (1990) Characteristics of
Candida albicans adherence to mouse tissues. Infect Immun, 58: 1902-1908.
Zhao R, Daniels KJ, Lockhart SR, Yeater KM, Hoyer LL, Soll DR. (2005)
Unique aspects of gene expression during Candida albicans mating and possible
G(1) dependency. Eukaryot Cell, 4: 1175-1190.

Cassone A, Kerridge D, Gale EF. (1979) Ultrastructural changes in the cell wall
of Candida albicans following cessation of growth and their possible
relationship to the development of polyene resistance. J Gen Microbiol, 110:
339-349.

Dudani AK, Prasad R. (1985) Differences in amino acid transport and
phospholipid contents during the cell cycle of Candida albicans. Folia Microbiol
(Praha), 30: 493-500.

Song JL, Harry JB, Eastman RT, Oliver BG, White TC. (2004) The Candida

albicans lanosterol 14-alpha-demethylase (ERG11) gene promoter is maximally

121



576.

577.

578.

579.

580.

581.

582.

583.

DOI:10.14753/SE.2019.2290

induced after prolonged growth with antifungal drugs. Antimicrob Agents
Chemother, 48: 1136-1144.

Albani JR. Structure and Dynamics of Macromolecules: Absorption and
Fluorescence Studies. Elsevier. Amsterdam, Netherlands, 2004: 111.

Elner SG, Elner VM, Field MG, Park S, Heckenlively JR, Petty HR. (2008)
Retinal flavoprotein autofluorescence as a measure of retinal health. Trans Am
Ophthalmol Soc, 106: 215-222; discussion 222-214.

Rajpurohit R, Mansfield K, Ohyama K, Ewert D, Shapiro IM. (1999)
Chondrocyte death is linked to development of a mitochondrial membrane
permeability transition in the growth plate. J Cell Physiol, 179: 287-296.
Klionsky DJ, Herman PK, Emr SD. (1990) The fungal vacuole: composition,
function, and biogenesis. Microbiol Rev, 54: 266-292.

Wiederhold E, Gandhi T, Permentier HP, Breitling R, Poolman B, Slotboom DJ.
(2009) The yeast vacuolar membrane proteome. Mol Cell Proteomics, 8: 380-
392.

Li L, Chen OS, McVey Ward D, Kaplan J. (2001) CCCI is a transporter that
mediates vacuolar iron storage in yeast. J Biol Chem, 276: 29515-29519.

Li L, Kaplan J. (2004) A mitochondrial-vacuolar signaling pathway in yeast that
affects iron and copper metabolism. J Biol Chem, 279: 33653-33661.

Rutherford JC, Bird AJ. (2004) Metal-responsive transcription factors that
regulate iron, zinc, and copper homeostasis in eukaryotic cells. Eukaryot Cell, 3:

1-13.

122



DOI:10.14753/SE.2019.2290

10. Acknowledgements

Firstly, I would like to express my gratitude to my supervisor Prof. Norbert
Wikonkal for providing me the opportunity to engage in research and inspiring me
to follow a path towards academic dermatology. [ would also like to express my
appreciation to Dr. Michael Hamblin, who as a consultant, advised me and
provided support for my research work. I owe a special debt of gratitude to Dr.
Gaurav K. Gupta, his genuine help enabled me to gain the experimental skills that
are essensial for scientific research. My sincere thanks also goes to Dr. Jie Zhao for
her technical assistance in some of the imaging studies. I would also like to extend
my gratitude to Dr. Andras Banvolgyi, Dr. Norbert Kiss and other colleagues who
have supported me along the way. Finally, my special thanks goes to Prof. Aysel
Oztunc who encouraged me in every possible way to see the completion of this

work.

123



DOI:10.14753/SE.2019.2290

11. List of publications

Publications related to the thesis

Banvolgyi A, Lorincz K, Kiss N, Avei P, Fésiis L, Szipdcs R, Krenacs T, Gyongyosi N,
Wikonkal N, Karpati S, Németh K. Efficiency of long-term high-dose intravenous
ascorbic acid therapy in locally advanced basal cell carcinoma — a pilot study. Adv

Dermatol Allergol. 2019, in press, https://doi.org/10.5114/ada.2019.83027

IF: 1,47

Avci P, Freire F, Banvolgyi A, Mylonakis E, Wikonkal NM, Hamblin M. Sodium
ascorbate kills Candida albicans in vitro via iron-catalyzed Fenton reaction: importance
of oxygenation and metabolism. Future Microbiol. 2016 Dec; 11(12): 15351547

IF: 3,19

Publications not related to the thesis

Aydogan BM, Aslan BC, Bilici S, Fasse J, Avci P. Evaluation of ovarian reserve in
women with psoriasis. Gynecol Endocrinol. 2019 Jan; 30:1-4

IF: 1,45

Yu C, Avci P, Canteenwala T, Chiang LY, Chen BJ, Hamblin MR. Photodynamic
Therapy with Hexa(sulfo-n-butyl)[60]Fullerene Against Sarcoma In Vitro and In Vivo.
J Nanosci Nanotechnol. 2016 Jan; 16(1):171-81

IF: 1,35

Vecchio D, Gupta A, Huang L, Landi G, Avci P, Rodas A, Hamblin MR. Bacterial
photodynamic inactivation mediated by methylene blue and red light is enhanced by
synergistic effect of potassium iodide. Antimicrob Agents Chemother. 2015 Sep;
59(9):5203-12

IF: 4,26

124



DOI:10.14753/SE.2019.2290

Ferraresi C, Kaippert B, Avei P, Huang YY, de Sousa MV, Bagnato VS, Parizotto NA,
Hamblin MR. Low-level laser (light) therapy increases mitochondrial membrane
potential and ATP synthesis in C2C12 myotubes with a peak response at 3-6 h.
Photochem Photobiol. 2015 Mar-Apr;91(2):411-6

IF: 2,21

Xia Y, Gupta GK, Castano AP, Mroz P, Avei P, Hamblin MR. CpG
oligodeoxynucleotide as immune adjuvant enhances photodynamic therapy response in
murine metastatic breast cancer. J Biophotonics. 2014 Nov;7(11-12):897-905

IF: 3,77

Yin R, Wang M, Huang YY, Huang HC, Avei P, Chiang LY, Hamblin MR.
Photodynamic therapy with decacationic [60]fullerene monoadducts: effect of a light
absorbing electron-donor antenna and micellar formulation. Nanomedicine. 2014
May;10(4):795-808

IF: 5,01

St Denis TG, Vecchio D, Zadlo A, Rineh A, Sadasivam M, Avei P, Huang L, Kozinska
A, Chandran R, Sarna T, Hamblin MR. Thiocyanate potentiates antimicrobial
photodynamic therapy: in situ generation of the sulfur trioxide radical anion by singlet
oxygen. Free Radic Biol Med. 2013 Dec; 65:800-810

IF: 6,02

Karimi M, Avci P, Ahi M, Gazori T, Hamblin MR, Naderi-Manesh H. Evaluation of
Chitosan-Tripolyphosphate Nanoparticles as a p-shRNA Delivery Vector: Formulation,
Optimization and Cellular Uptake Study. J Nanopharm Drug Deliv. 2013
Sep;1(3):266-278

Karimi M, Avei P, Mobasseri R, Hamblin MR, Naderi-Manesh H. The novel albumin-
chitosan core-shell nanoparticles for gene delivery: preparation, optimization and cell
uptake investigation. J Nanopart Res. 2013 Apr 1;15(4):1651

IF: 2,13

125



