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Abstract. In the current view of most biochemists and
physiologists, the role of L-ascorbic acid (AA) in cell me-
tabolism would be more or less confined to the scaveng-
ing of reactive oxygen species. Nevertheless, many data
have been collected in our and other laboratories con-
cerning the involvement of AA in many different aspects
of cell metabolism. At the present time the molecular

sites of action of AA have not been completely eluci-
dated, but recent findings on the specific requirement of
AA for the activity of several 2-oxoacid-dependent
dioxygenases involved in cell signalling and the activa-
tion of transcription factors open new fascinating per-
spectives for further research.
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Introduction

‘Once upon a time, the crew of a ship, very ill after a long
permanence on the seas, eventually landed in an unknown
island. A native sorcerer cured the sailors suffering evi-
dent symptoms of scurvy with leaves and fruits’. Many
stories like this happened between the 15" and 18" cen-
turies, in the period of long voyages of discovery, but the
mysterious remedy present in fruit and vegetables could
be recognized only much later, in the early thirties of the
last century, when Szent-Gyorgyi identified ascorbic acid
(AA) as the antiscorbutic factor [1]. High hopes were
raised by this compound, which, in spite of not being an
amine, received the name of vitamin C as an extension of
the term ‘vital amine’ introduced by Casimir Funk. Since
then, it was inferred that vitamin C can protect humans
from almost any disease, from the common cold to can-
cer [2]. This originated the convinction — strongly sup-
ported by Nobel laureate Linus Pauling — that ingestion of
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high amounts of vitamin C is necessary to keep in good
health. It was the time of megadoses, when hopes for vit-
amin C became higher and higher. Then followed doubt
and disillusion, when several clinical trials questioned the
beneficial effect of vitamin C [3].

A new boost of confidence in the properties of AA came out
in parallel with establishment of a new theory stating that
ageing and many diseases originate from the accumulation
of free radicals [4]. As many free radicals are reactive oxy-
gen species (ROSs), free-radical scavengers are often re-
ferred to as antioxidants. It was immediately clear that AA,
being one of the most effective and widespread antioxidants
in biological systems [5, 6], could have an important and
decisive protecting role. The antioxidant function of AA has
been largely discussed in recent reviews [7—8].

There is no doubt that AA can scavenge ROSs and or-
ganic radicals, yet it is necessary to remark that this ac-
tion, which occurs mainly by means of nonspecific and
nonenzymatic reactions, is definitely not the only func-
tion of vitamin C in cell metabolism. Moreover, correct
evaluation of antioxidant function would require at least
information on AA distribution and concentration, pres-
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ence of transition metals and pH values in different cell
compartments. Unfortunately, we still lack a clear picture
of these parameters, and consequently it is quite difficult
to understand the specific role of AA in this context. In
other words, overstressing the antioxidant function of AA
could be tricky and lead again to disillusion. On the other
hand, new fascinating perspectives could result from
analysis of the role of vitamin C in many enzyme-medi-
ated functions [9].

Understanding the role of AA in cell metabolism (in both
animals and plants) seems at first an impossible task,
since vitamin C is apparently involved in so many distinct
physiological processes. But recent data make it possible
to unravel, at least in part, this tangled skein and to iden-
tify the possible mechanisms underlying the pleiotropic
action of vitamin C. To do so, some preliminary consid-
eration is necessary to reduce the confusion often accom-
panying vitamin C.

Cell AA pool and the relationship between AA, AFR
and DHA

AA is utilized in cell metabolism as an electron donor. Al-
though donation of two reducing equivalents is also pos-
sible, AA normally functions as a one-electron donor, and
the first oxidation compound generated is a radical
known as ascorbic acid free radical (AFR), ascorbyl rad-
ical or monodehydroascorbate radical [10].

AFR generation occurs in all cell districts, since both en-
zyme-mediated and nonenzymatic AA-oxidizing reac-
tions occur everywhere in the cell. In fact, several AA-de-
pendent dioxygenases (see below) operate in different
compartments, and in some of them AA is also oxidized
to AFR by organic peroxides, hydrogen peroxide (in
plants this reaction is catalyzed by AA peroxidase) and
other ROSs. Therefore, AFR is continuously generated at
high rates in the cell.

Is AFR involved in biological processes? The answer to
this question seems to be yes. Navas et al. reported that
AFR generated at the plasma membrane-extracellular
matrix interface of plant cells induces hyperpolarization
of the plasma membrane, leading to increased uptake of
different nutrients, which in turn results in expansion and
cell division [11]. AFR induces growth also in the human
promyelocytic leukaemia cell line HL-60. At the concen-
tration of about 10-* M, stimulation of growth was 50%
higher than that induced by AA itself [12]. Sakagami et
al. [13] reported a tight relationship between AFR inten-
sity and apoptosis-inducing activity. High levels of AFR
occur in ultraviolet (UV)-B-irradiated tissues, and AFR
formation is considered a hallmark of oxidative stress
[14]. The increment in AFR content in the cells is partly
due to increased AA oxidation and partly to lower effi-
ciency in AFR reduction.

Function of ascorbic acid

All this seems to suggest that the cell needs mechanisms
controlling the amount of AFR present in the different
cell compartments, under different environmental and de-
velopmental conditions.

AFR is an atypical free radical that is relatively stable due
to highly delocalized unpaired electrons and reacts pref-
erentially with itself (disproportionation), thus avoiding a
free-radical chain reaction involving other substrates.
Spontaneous disproportionation (i.e. intermolecular re-
dox reaction) of two AFRs yields one AA and one dehy-
droascorbic acid (DHA) [10]. Remarkably, virtually all
DHA present in the cell derives from the disproportiona-
tion of AFR.

Cells cannot avoid AFR generation, as this is part of the
molecular logic of AA oxidation, but they can control its
disproportionation. AFR disproportionation is strongly
affected by H* concentration. The rate of AFR dispropor-
tionation is 1 X 103 M~ s at pH 7 but rises up to 1 x 108
M s! at acidic pH values [15]. Therefore, the pH of a
specific compartment can regulate the rate of AFR dis-
proportionation.

As mentioned before, AFR 1is a radical with a half-life
sufficiently long to make it a substrate for enzyme activ-
ity. The enzyme AFR reductase catalyzes a reaction that
efficiently reconverts AFR to AA:

H+
2AFR + NAD(P)H —> 2AA + NAD(P)*

The K,, values of the enzyme for AFR range between
0.8 pM and 7 pM [16, 17]. AFR reductase has been ob-
served in different cell compartments, including mito-
chondria, peroxisomes, endoplasmic reticulum and
plasma membrane [16]. In plant cells, the enzyme is also
present in the chloroplasts and the cytosol [18, 19].

It is evident that the more AFR reductase is present, the
more AFR is reconverted to AA and the less AFR dis-
proportionates. Since the products of AFR dispro-
portionation are AA and DHA, we should ask ourselves
if the importance of AFR reductase in the cell resides
in the regeneration of AA or in its capability to limit
AFR disproportionation and consequent DHA forma-
tion.

Both functions are important, and in some cases AA re-
cycling prevails. In chloroplasts, where dioxygenic pho-
tosynthesis takes place, hydrogen peroxide formed in the
Mehler reaction has been estimated to be 120 pmol s7!, a
concentration that could inhibit CO, fixation [17]. There-
fore H,O, must be removed by AA peroxidase activity,
with net consumption of AA and generation of AFR. Al-
though AA concentration in chloroplasts is very high
(about 10 mM), in the absence of AFR and DHA recy-
cling, all AA would be consumed in less than 2 min [17],
thus indicating that AA transport from mitochondria (the
site of AA synthesis in plants) to chloroplasts cannot keep
pace with AA utilization. More often, AFR reductase is
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required to control AFR disproportionation, thus prevent-
ing DHA formation and the potential damages deriving
from the presence of large DHA amounts in different
compartments. This is the case, e.g., of plant meristem-
atic cells, which synthesize and consume AA at high rates
and do not have vacuoles in which DHA can be segre-
gated [20].

DHA is a harsh compound to the cell. Its administration
induces a marked increase in intracellular AA content
[21-23], but this is usually accompanied by negative
metabolic consequences [21, 24]. DHA inhibits the activ-
ity of key enzymes such as hexokinase from erythrocytes
[25] and malate dehydrogenase from spinach chloroplasts
[26]; induces the oxidation of glutathione (and several
thiol proteins) [21, 24] and progressively slows down the
rate of cell division in onion root meristems [21]. These
negative effects of DHA accumulation explain why the
cells tend to keep DHA content as low as possible.

DHA can be reconverted to AA using glutathione (GSH)
either in noncatalyzed or in enzyme-mediated reactions
[26, 27]. Some DHA reductases use the reduced form of
nicotinamide adenine dinucleotide phosphate (NADPH)
as the electron donor [28], whereas an array of unrelated
proteins sharing a dicysteinyl motif (C-X-X-C) can also
catalyze DHA reduction in connection with the thiore-
doxin system [29]. Catabolism is probably another way
contributing to keep DHA under control. DHA is con-
verted (seemingly nonenzymatically) to diketogulonic
acid (DKG), which is not reconvertible to AA and is
further catabolized, although the intermediates of this
pathway are not completely known [9, 30].

Since DHA can be reconverted to AA, the sum of AA +
DHA is often defined as ‘total vitamin C content’ or ‘to-
tal ascorbate’. This could be misleading, since, from a
physiological point of view, AA and DHA are very dif-
ferent. As previously mentioned, DHA administration
raises AA content, but leads to growth inhibition and
other anomalies. The effects of direct administration of
AA or (in plants) its physiological precursor L-galactono-
y-lactone (GalL) are exactly the opposite of those seen
with DHA: increased thymidine incorporation, and an in-
crease in the rate of cell division and in the redox state of
thiol proteins [21, 31, 32]. These effects confirm that AA
and DHA are not equivalent, nor is the way in which AA
is obtained by the cell (either as AA itself or by uptake of
DHA and its consequent reduction to AA) [21]. Interest-
ingly, DHA reduction to AA occurs by simultaneous
transfer of two electrons, and no AFR is formed in the re-
action [33].

Uptake of AA and DHA

The uptake of AA and DHA is a peculiarity of eukaryotic
cells, as AA cannot enter all microorganisms studied, and
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DHA entry in bacteria is less than could be accounted for
by simple diffusion [34]. The mechanism of entrance of
AA and DHA and reduction of the latter to AA in the eu-
karyotic cell are not completely clear. In most cases, such
as astrocytes, adrenal and kidney cells, AA is the prefer-
ential absorbed form; conversely, in human leukocytes,
cells of leukocytic origin, guinea pigs and kitten erythro-
cytes DHA is preferentially absorbed [35 and references
therein]. AA and DHA enter the cell in different ways:
DHA is taken up by means of glucose transporters
(GLUTs), while AA enters through a Na*-dependent
transporter. In THP-1 cells, a monocyte-type human
leukaemia cell line, DHA uptake occurs at high rate in the
first 10 min and virtually stops thereafter [23]; AA uptake
is linear and much slower than that of DHA when both are
tested at the same concentration [23]. Similar results were
obtained in plants [21]. However, AA concentration is
usually much higher than that of DHA in both plant and
animal cells. This means that in physiological conditions,
cells accumulate AA by absorbing the reduced form of
vitamin C. In oxidative stress conditions and whenever
large AA oxidation to DHA occurs (e.g. in the presence
of bacteria [34]), cells can provide themselves with AA
by absorbing DHA and reducing it to AA. As previously
mentioned, DHA is never accumulated, because beside
DHA reductase proper, the majority of cells contain, a
large number of proteins capable of reducing DHA to AA
using either GSH or the thioredoxin system as a source of
electrons. This keeps a DHA concentration gradient
favouring continuous DHA uptake from the external en-
vironment [23].

It is helpful to remark that if the amount of DHA entering
the cells is limited, glutathione disulfide generated by
GSH oxidation is simply reconverted to GSH by glu-
tathione reductase, thus ensuring cellular homeostasis;
vice versa, if high amounts of DHA are transported, the
amount of GSH necessary to reduce DHA exceeds the ca-
pacity of glutathione reductase, and new GSH biosynthe-
sis can also be activated [21]. Nonetheless, overloading
the system with DHA results in generalized oxidation of
thiol-containing proteins, with negative consequences for
cell metabolism [21, 24]. For example, the absorbance of
large quantities of DHA induces acute injury to neurons,
since these cells have relatively low capability to reduce
DHA to AA. In the presence of astrocytes, which actively
reduce DHA to AA, neuronal damage due to DHA treat-
ment is much lower [36, 37].

Long-distance transport and intracellular delivery
of vitamin C

As far as we know, there is no indication of any eukary-
ote capable of surviving without AA or erythroascorbic
acid (the 5-carbon analogue of AA detected in yeast),
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whereas AA is apparently not present in bacteria (with the
exception of photosynthetic cyanobacteria, which are
likely to have a small AA supply [9]).

It is well known that all plants and a large majority of an-
imals can synthesize AA. Only humans, guinea pigs and
few other species cannot operate de novo AA synthesis
from sugars [9]. In plants, virtually all cells can synthe-
size AA, whereas in animals biosynthetic capability is
unexpectedly restricted to liver (in most cases) or, in
some species, to kidneys. Since AA is necessary for all
cells, both AA-synthesizing and nonsynthesizing ani-
mals have the problem of ensuring proper delivery from
the place of synthesis to the rest of the organism. This
makes necessary the development of long-distance
transport mechanisms via blood circulation, in which
vitamin C must be protected from inappropriate AA
oxidation processes.

The main risks that AA could face during long-distance
transport and intracellular delivery are its interaction
with transition metal ions such as copper, iron, molyb-
denum and cobalt. The central role of these metals in bi-
ology relies on their ability to exist in multiple oxida-
tion states. However, the redox property that makes cop-
per and iron essential elements of biological systems
also contributes to their inherent toxicity. Redox cyc-
ling between Cu?* and Cu’ or Fe3* and Fe?" can cata-
lyse the production of ROSs, with consequent damage
to lipids, proteins, DNA and other biomolecules [38].
AA, so largely present both in circulating blood and in-
side the cells, is possibly the main electron donor and
therefore the major cause of damage deriving from redox
reactions of transition metals. Copper and iron are kept
under control by means of preventive mechanisms based
on copper and iron routing by specific Cu and Fe chap-
erones. It is well known that copper enters the cell
through a specific copper transporter and is then distrib-
uted by other specific protein chaperones that target var-
ious molecules for copper incorporation [39]. Although
we have no direct evidence of the existence of AA chap-
erones in animals and plants, it is conceivable that AA
routing might also require a protective system in vivo.
It has been observed that although rapid AA breakdown
occurs in buffer solution at pH 7.0—-7.5 at 37°C, under
the same conditions, the molecule is very stable in circu-
lating blood [40]. The view that ‘close encounters’ are
possibly avoided by presently unknown mechanisms
is also supported by the fact that AA and metal ions have
a prooxidant effect in vitro that causes severe damage
to lipids and DNA [37, 41, 42], whereas simultaneous
iron and AA overload affects neither lipid oxidation [43]
nor DNA damage [44] in vivo. Interestingly, earlier re-
ports showed that AA can form ionic bonds with differ-
ent proteins and peptides [45]. Due to its important im-
plications, this aspect will surely be developed in the
near future.

Function of ascorbic acid

AA system and redox control of cell metabolism

AA is often seen as a system that, with its redox couples
AA/DHA and AA/AFR, is involved in the regulation of
different metabolic events. Although it is true that AA
participates in a number of redox reactions, some theo-
retical considerations suggest caution in considering vit-
amin C essentially as a redox regulator.

In a cell, many metabolic processes require redox reac-
tions, and therefore a comparably large number of bio-
logical responses have been reported to be redox con-
trolled. Historically, the term ‘redox state’ refers to the ra-
tio of the interconvertible oxidized and reduced forms of
a specific redox couple. This was first applied to the
NAD(P)"/NAD(P)H couple, as described by Sir Hans
Krebs [46]. Redox changes can involve simple redox cou-
ples or a series of redox pairs, as in the mitochondrial in-
ner membrane and in the chloroplast. In these chains, the
electron flow occurs according to a sequence of redox
systems from more negative to more positive E°! values.
It is clear that changes in the redox state of a couple can
influence the redox state of all other couples, and this can
be very important not only for regulation of electron
transfer in the chain, but also for control of important
metabolic processes occurring in those organelles. This is
the case of RNA synthesis in the mitochondrion, which is
regulated by the redox state of the Rieske Fe-S protein
(Rsp) [47], and in the chloroplast, where the process is
apparently dictated by the redox poise of the cytochrome
(cyt) bsf complex [48]. Although the signalling mole-
cule(s) downstream of the redox state of Rsp and cyt b, f
have not yet been identified, it can be concluded that
RNA synthesis in mitochondria and chloroplasts is redox
regulated.

After the discovery of the importance of ROSs and reac-
tive nitrogen species (RNSs) as signal molecules activat-
ing many important cellular responses [49], the term ‘re-
dox state’ has been also used to describe the general re-
dox environment of a cell and the complex balance of
oxidants (ROSs and RNSs) and antioxidants (including
AA). In addition, it is often claimed that AA and other an-
tioxidants are involved in the redox regulation of different
processes. Unfortunately, this general use of the terms
‘redox state’ and ‘redox regulation’ is not well defined
and, more important, lacks a quantitative characterization
[50]. In most cases, the identification of a redox regulated
process is based on studies in which a cell culture is chal-
lenged with ROSs/RNSs in the absence or presence of
various antioxidants. Although these studies are certainly
useful to understand basic aspects of cell regulation, the
complexity of cell responses cannot be understood just in
terms of AA redox changes. The AA system in the cell is
much more than a simple redox couple (fig. 1): AA is pre-
sent in almost all cell compartments; it is not only sub-
jected to redox reactions, but AA and DHA are also con-
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AA-dependent dioxygenases
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Figure 1. The ascorbic acid (AA) system. AA is synthesized in plants and animals via L-galactono-y-lactone (GalL) and L-gulono-y-lac-
tone (GulL), respectively. AA is oxidized to ascorbic acid free radical (AFR) either in the reactions catalyzed by AA-dependent dioxyge-
nases, or by reacting with reactive oxygen species (antioxidant function). AFR can either disproportionate, yielding AA and dehy-
droascorbic acid (DHA), or undergo reduction catalyzed by NAD(P)H-dependent AFR reductase. In turn, DHA can be reduced back to AA
by GSH-dependent DHA reductases, react with thiol-containing proteins or undergo spontaneous decay to diketogulonic acid (DKG). Both
AA and DHA can bind proteins, and AA can also bind nucleic acids. Only a few AA-dependent dioxygenases are listed. 4-HPP dioxyg,
hydroxyphenylpyruvate dioxygenase; e-N-TL-hydrox, e-N-trimethyl-L-lysine hydroxylase; y-BB hydrox, y-butyrobetaine hydroxylase;
ACC oxidase, 1-aminocyclopropane-1-carboxylate (ACC) oxidase; GA, gibberellic acid; flav, flavanone.

tinuously degraded into compounds that are not recon-
vertible to AA; eventually, AA and DHA form more or
less stable complexes with proteins and nucleic acids [45,
51]. Explaining AA involvement in many important phys-
iological phenomena simply on the basis of its antioxi-
dant properties and its participation in hypothetical re-
dox-regulated mechanisms, in the absence of quantitative
parameters, will hardly help us in understanding those
processes. Only a few studies tried to overcome the lim-
its and uncertainties of simple qualitative analysis of re-
dox regulation mechanisms. For instance, mathematical
models have been proposed, defining the antioxidant role
of AA in ozone detoxification in plant cell walls [52].
However, it should be considered that analysis of the AA
system in this peculiar plant cell compartment is made
simpler by relatively low concentrations of AA and ab-
sence of the enzymes responsible for its de novo synthe-
sis and regeneration. Oxidation of AA to DHA in cell
walls has been suggested to activate a signalling cascade
[53], but the physiological significance of this system is
still vague.

The biochemical role of vitamin C in cell metabolism
The special biochemistry of AA makes it an essential

support for the activity of many enzymes. It has been
demonstrated that AA stimulates endothelial nitric oxide

synthesis by stabilizing the nitric oxide synthase cofactor
tetrahydrobiopterin [54]. In addition, Wells et al. ob-
served that AA induced a twofold increase in the activity
of mitochondrial glycerol-3-phosphate dehydrogenase
(mGPDH) and played an essential role in glucose-in-
duced insulin release [55].

However, the main function of AA in biological systems
seems to reside in its participation as a cosubstrate in re-
actions catalyzed by a number of 2-oxoacid-dependent
dioxygenases (2-ODDs) that operate in the cells of all or-
ganisms [9].

2-ODDs catalyze the incorporation of O, into an organic
substrate. In general, these enzymes share a catalytic
mechanism specifically requiring Fe?*, 2-oxoglutarate
and AA [56]. In some cases, however, differences in co-
substrate requirements may occur. For example, 1-amino-
cyclopropane carboxylate oxidase (ACCO), the enzyme
that catalyzes the last step in the synthesis of the plant
hormone ethylene, does not require oxoglutarate, but is
strictly dependent upon AA [57].

Different 2-ODDs catalyze reactions of hydroxylation,
desaturation, oxidative ring closure and expansion. Such
reactions, leading to the incorporation of oxygen in a
given substrate, are critical steps in a surprisingly large
number of biochemical pathways. The best-known reac-
tion catalyzed by a member of 2-ODDs is posttransla-
tional hydroxylation at carbon 4 of proline residues in-
corporated into polypeptide chains. The mechanism of
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peptidyl-prolyl-4-hydroxylase (P4H), the enzyme re-
sponsible for this reaction, has been studied in detail.
Molecular oxygen is split by the enzyme and used for
both oxidative decarboxylation of 2-oxoglutarate and
substrate oxidation. The latter is obtained via the genera-
tion of an iron-oxygen-atom complex, the ferryl ion,
which hydroxylates an appropriate proline residue [58,
59]. Generation of the ferryl ion can proceed without sub-
sequent hydroxylation in so-called uncoupled reaction
cycles [60]. AA is utilized as a specific alternative accep-
tor of the ferryl oxygen in these reaction cycles. In the ab-
sence of AA, P4H is rapidly inactivated by self-oxidation
[60, 61]. From a chemical point of view, this is a very dif-
ficult reaction since it requires ‘handling’ of the highly
reactive ferryl ion. As mentioned above, this reaction
mechanism, requiring specific AA oxidation to AFR, is
widely used by enzymes involved in the synthesis of
many important biologically active molecules, including
proteins, hormones and neurotransmitters. The above-
mentioned reaction mechanism of ACCO is different
from that of P4H, in that O, is used simultaneously to ox-
idize both substrates ACC and AA without the involve-
ment of oxoglutarate. In the absence of AA, ACCO also
is quickly deactivated [62].

The central role of AA in the function of dioxygenases is
the most convincing molecular explanation accounting for
AA involvement in so many different and apparently non-
related phenomena. This is supported by the analysis of the
consequences of AA deficiency in animals and plants.
Organisms that are not capable of producing AA can be
considered as knockout mutants impaired in AA biosyn-
thesis. The analysis of the consequences of an AA-free
diet in nonsynthesizing organisms (e.g. humans and
guinea pigs) is the most straightforward strategy for un-
derstanding actual AA functions. It is well known that di-
etary deprivation of AA in humans and guinea pigs re-
sults in scurvy. The variety of symptoms occurring in
scurvy can be simply explained by inactivation of a range
of key AA-dependent 2-ODDs [63]. These include the al-
ready mentioned P4H (required for synthesis of func-
tional collagen), tyrosine hydroxylase and dopamine-f-
hydroxylase (involved in the synthesis of the neurotrans-
mitter noradrenalin), e-trimethyl-lysine dioxygenase and
y-butyrobetaine dioxygenase (necessary for the synthesis
of carnitine), indoleamine 2,3-dioxygenase (involved in
triptophan metabolism and kynurenine synthesis) and
many more [63]. As will be discussed below, additional
important roles have been identified for prolyl hydroxy-
lation in other proteins, not related to collagen, that are
involved in oxygen sensing and protein degradation un-
der unfavorable environmental conditions.

Plants are a little bit more difficult since all species stud-
ied so far can synthesize AA, and no mutant completely
devoid of AA has been described, clearly indicating that
plants unable to synthesize AA are not viable. Plants with

Function of ascorbic acid

low AA content show altered growth and development,
changes in the activity of enzymes of the AA system [32,
64] and low efficiency of the xanthophyll cycle [65]. Im-
paired activity of AA-dependent 2-ODDs can explain the
effects of low AA content.

A number of AA-dependent 2-ODDs have been de-
scribed in plants [66]. In addition to the already men-
tioned function of ACCO in the synthesis of ethylene, the
list includes enzymes involved in the synthesis and/or ca-
tabolism of plant hormones gibberellins (GA 3 f hydrox-
ylase; GA 20 oxidase) and abscisic acid (9’-cis epoxy-
carotenoid dioxygenases, also known as NCEDs). Cor-
rect hydroxylation of proline residues in the large class of
plant hydroxyproline-containing proteins, catalyzed by
P4H, has a paramount role in cell organization and in
general plant development [67].

Detailed characterization of the Arabidopsis mutant vita-
min C I (vtcl) [68], which is impaired in an early step of
AA biosynthesis and has about 70% less AA than the
wild type, showed that also in plants, AA deficiency has
much to do with impaired activity of 2-ODDs. Expres-
sion profiling of vtcl plants, which are smaller than the
wild type and show delayed flowering, demonstrated that
lower vitamin C content significantly upregulates the ex-
pression of genes coding for NCEDs and two 2-ODD
(At4g10500 and At2g36690), which may be involved in
gibberellin synthesis. Increased expression of genes cod-
ing for AA-dependent enzymes in the AA-deficient vtcl
mutant is likely to be due to a compensation mechanism
that counteracts the inadequate supply of AA itself. The
balance between ABA and gibberellin content, a key
issue in the control of plant growth and responses to en-
vironmental stresses, could be therefore regulated by
AA availability.

An important consequence of AA-dependent regulation
of the different metabolic pathways involving the activity
of dioxygenases is that, upon decrease in AA availability,
AA-dependent enzymes cannot work below a threshold
value of AA concentration. This threshold is likely to be
different for different dioxygenases, depending on their
K, for the cosubstrate AA. In principle, the order of inac-
tivation of the different 2-ODDs will depend on their
affinity for AA: the ones with lower affinity (higher K|,)
are supposed to sense AA deficiency first (fig. 2).
Quantitative consumption of AA occurs as a consequence
of the activity of different 2-ODDs. In plant tissues, inhi-
bition of P4H activity induced a significant increase in
AA content [67, 69], suggesting that in physiological
conditions, P4H consumes AA at high rates. In animals,
collagen is known to be the most abundant protein, so its
hydroxylation necessarily requires large amounts of AA
[61]. Little information is available concerning the
amount of AA actually consumed by other 2-ODDs, al-
though it is conceivable that they also contribute quanti-
tatively to AA utilization.
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Figure 2. Scheme of the progressive drop in the activity of AA-dependent dioxygenases in AA deficiency. In conditions of normal AA
availability, all AA-dependent dioxygenases (for clarity, only four hypothetical enzymes are represented in the scheme) can properly work.
As far as AA concentration decreases, dioxygenases with higher K, (lower affinity) for AA are inactivated first. Progressive inactivation
of AA-dependent dioxygenases causes dramatic drawbacks to cell metabolism (scurvy).

The possibility of controlling the activities of different
dioxygenases by modulating AA availability could have
significant implications in many important issues, such
as the control of cell proliferation.

AA is required for progression of the cell cycle

Cell division is a basic characteristic of all living organ-
isms. In eukaryotes, the DNA replication phase (the S
phase) is separated from cell division (the M phase) by a
resting phase (G,) and two gap phases (G, and G,). Pro-
gression or block of cell division is regulated at the level
of a number of different checkpoints [70]. This control
mechanism operates at the G,—S transition, and is mainly
regulated by cyclin-dependent kinases. Experimental
data indicate that AA is also implicated in the control of
the G,—S transition.

In plant cells, when the AA content of actively proliferat-
ing cells is experimentally lowered with the alkaloid ly-
corine [71, 72], cell division is blocked in G, but restored
by supplying exogenous AA [31]. When AA content is
experimentally increased, quiescent G, cells are induced
to enter the S phase [73, 74]. This demonstrates that AA
exerts a regulatory role in cell proliferation, and it has
been suggested that cells with low AA content could have
a longer G, and those with high AA content could be fast
cycling [73, 75]. In other words, AA is a factor that, mod-
ulating the G, phase, regulates the duration of the cell cy-
cle. Available evidence indicates that AA is involved in
cell proliferation in enabling already competent cells to
progress through the cell cycle, but not in inducing non-
competent cells to overcome proliferation arrest [31, 76].

AA also stimulates cell cycle progression in animal cells,
where it apparently stimulates the entry of quiescent 3T3
cells into S phase [12]. Moreover, AA influences the pro-
liferation of human leukaemic and preleukaemic cells
[77]. Both AA and AFR stimulate the proliferation of HL-
60 cells in serum-limiting media by shortening the over-
all length of the cell cycle [78]. Lycorine treatment in-
duced a decrease in AA content in rats, in parallel with a
significant decrease in the number of polymorphonuclear
leukocytes (PMNs) in both peripheral blood and in peri-
toneal exudates. Upon interruption of lycorine treatment,
anew increase in the PMN number occurred (fig. 3) [79].
What is the molecular mechanism underlying AA in-
volvement in cell division? A redox regulation mecha-
nism has been suggested [80], but, as discussed previ-
ously, this hypothesis has not yet been fully substantiated.
On the other hand, an increasing number of data point at
a specific role of AA-dependent dioxygenases in the con-
trol of cell division at the G,—S transition.

Inhibitors of the activities of AA-dependent dioxyge-
nases, and namely of P4H, also result in inhibition of cell
cycle progression [67, 81—-82]. Conversely, exogenous
AA stimulates both P4H and cell proliferation [83—85].
Also, the activity of dehydrohypusine hydroxylase, a
dioxygenase that catalyzes the posttranslational modifi-
cation of the eukaryotic initiation factor SA (elF-5A), is
involved in the control of cell proliferation [86], although
AA dependency of the hydroxylation reaction has not
been demonstrated [87].

The connection between the posttranslational hydroxyla-
tion of proline residues by P4H and the cell cycle has not
yet been fully understood. However, recent data showing
that hydroxylation of specific proline residues in the tran-
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Figure 3. Effect of AA deficiency on rat polymorphonuclear
leukocytes (PMN). The number of PMNs from peripheral blood
(upper panel) and peritoneal exudates (lower panel) was analyzed in
rats inoculated daily with the AA biosynthesis inhibitor lycorine
(10 pg/g). Open bars: untreated controls; closed bars, rats treated
5 days with lycorine; grey bars, rats 1 week after interruption of ly-
corine treatment. Redrawn from [79].

scription factor hypoxia-inducible factor 1-a (HIF-1ex) is
necessary for its targeting to ubiquitination and degrada-
tion, demonstrate that P4H (and other AA-dependent 2-
ODDs) can have a fundamental role in cell signalling [88,
89]. When P4H is not active, due to lack of any of its co-
substrates, unhydroxylated HIF-1« is stable and activates
a number of target genes [49, 90]. Recently, Knowles et
al. [91] demonstrated that AA at physiological concentra-
tions reduces the levels of HIF-1a by influencing the ac-
tivity of P4H. Notably, although HIF-1« is also included
in the long list of redox-regulated proteins [49], it has
been clearly demonstrated that AA-dependent regulation
of the stability of this transcription factor depends exclu-
sively on AA involvement in the P4H reaction, since in-
hibition of P4H by an oxoglutarate homolog circumvents
the effect of AA [91].

Function of ascorbic acid

There is mounting evidence that the activity of P4H could
be part of a general dynamic system controlling protein
stability and turnover, and it is conceivable that in the
near future, more and more targets will be discovered. For
instance, it has been reported that ubiquitination and
degradation of the large subunit of RNA polymerase II in
response to UV radiation follows a similar mechanism
[92]. Notably, the activities of other AA-dependent
2-ODDs besides P4H are apparently involved in impor-
tant signal transduction pathways: this is the case of tyro-
sine hydroxylase [93] and aspartyl hydroxylase [94].

It is important to underline that HIF-1« is involved in an-
giogenesis, a process known to have a key role in cancer
development [95]. This brings to mind the long and
scathing debate on the function of AA in cancer treat-
ment. Over the years, contrasting results have been ob-
tained on this important issue [3, 96], and no reasonable
conclusion could be drawn [97]. Once more, the antioxi-
dant/prooxidant function of AA is invoked by the sup-
porters of AA utilization in cancer therapies. However,
studies on a presumptive selective cytotoxicity of AA
against some cancer cell lines have been hampered by the
observation that depending on the culture medium used,
AA can contribute to the generation of H,0O, [98], thus
triggering apoptotic responses. On the other hand, it has
also been demonstrated that cancer cells are apparently
more efficient than normal cells in accumulating AA,
suggesting that their increased rate of cell proliferation
could also be related to higher AA availability [99].
Could a basket of oranges be beneficial to cancer pa-
tients? We have no definitive response yet, but most
likely it will not be very helpful. Perhaps now is the time
to attempt an interpretation of these puzzling results
based on our increased understanding of the role of AA in
the activity of AA-dependent dioxygenases involved in
the control of cell signalling. The above-mentioned HIF-
la is involved in angiogenesis [90] and constitutively
highly expressed in cancer cells [100]. AA can suppress
HIF-1a protein levels and transcriptional targets [91].
AA is also required for the hydroxylation, by aspartyl-f-
hydroxylase (AAH), of aspartyl and asparaginyl residues
in epidermal growth factor (EGF)-like domains [101]
present in different signalling proteins involved in pro-
tein-protein interactions [102]. Some of these target pro-
teins (Notch and Notch homologs) have roles in cell mi-
gration [103]. Interestingly, antisense suppression of
AAH resulted in lower migration of cholangiocarcinoma
cells [94]. In this case, increased expression and AA-de-
pendent activity of AAH would result in increased infil-
trative growth patterns of carcinoma cells.

These hypothetical contrasting actions of AA open the way
to a completely new interpretation of its biochemical role
in cancer and to strategies to be used in the near future.
Perhaps the main problem with the therapeutical use of
AA in cancer is that AA delivery can be alternatively use-
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ful or noxious, depending on the physiological state of the
target cells. In some cases, it seems that our cells can live
neither with AA, nor without it. The identification of spe-
cific AA transporters and/or chaperones that are likely to
be present in biological systems will possibly allow us to
target AA to the right place in the right quantity, thus
overcoming possible problems resulting from inappropri-
ate delivery.

Much research on AA has been done so far. All this ex-
perimental work seems to proceed following cycles of
hope and deception. Maybe it is time to end the cycle
characterized by excessive attention to antioxidant func-
tion and start a fascinating new one, based on careful in-
vestigation of AA involvement in cell signalling mecha-
nisms.
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