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Abstract

The 22 Hohenheim Consensus Workshop took place
in at the University of Stuttgart-Hohenheim. The sub-
ject of this conference was vitamin C and its role in
the treatment of endothelial dysfunction. Scientists,
who had published and reviewed scientific and regula-
tory papers on that topic were invited, among them
basic researchers, toxicologists, clinicians and nutri-
tionists. The participants were presented with eleven
questions (bold letters), which were discussed and an-
swered (italic letters) at the workshop, with the aim of
summarising the current state of knowledge. The ex-
plicatory text accompanying the short answers was
produced and agreed on after the conference and was
backed up by cosresponding references.

The therapeutic relevance of administration of the
physiological antioxidant vitamin C in high parenteral
doses in Endothelial Dependent Pathophysiological
Conditions (EDPC) was discussed. Endothelial dys-
function is defined as including disturbed endothelial
dependant relaxation of resistance vessels, breakdown
of the microvascular endothelial barrier and/or loss of
anti-adhesive function. It occurs in severe burn injury,
intoxications, acute hyperglycemia, sepsis, trauma, and
ischemie-reperfusion tissue injury and is induced by
oxidative stress. Reduced plasma ascorbate levels are a
hallmark of oxidative sttess and occur in sevetre butns,
sepsis, severe trauma, intoxication, chemotherapy/ra-
diotherapy and organ transplantation. Vitamin C di-
rectly enhances the activity of nitric oxide synthase,
the acyl CoA oxidase system and inhibits the actions
of proinflammatory lipids. There is expetimental evi-
dence that parenteral high-dose vitamin C restores en-
dothelial function in sepsis. In vitro, supraphysiologi-
cal concentrations (> 1mM) of ascorbate restore nitric
oxide bioavailability and endothelial function. Only

parenterally, can enough vitamin C be administered to
combat oxidative stress, There is no evidence that par-
enteral vitamin C exerts prooxidant effects in humans.
Theoretical concerns in relation to competitive inter-
actions between vitamin C and glucose cellular uptake
are probably only relevant for oxidised vitamin C (de-
hydroascorbate).

Key wmords: endothelial dysfunction, vitamin C, pat-
enteral, shock, trauma, oxidative stress

1. DEFINITION OF ENDOTHELIAL
DYSFUNCTION

Consensus: Depending on vessel type: resistance
vessels: disturbance of endothelial relaxation as a
result of a stimulus (either physiological or phat-
macological). Microcirculatory dysfunction of the
endothelial barrier. Loss of anti-adhesive function.

With a weight of 1.5 kg and sutface area of 700 m?,
the endothelium can be seen to represent a major ot-
gan of the body. The main function of an infact en-
dothelium is to maintain blood flow in order to supply
tissues and organs with oxygen and nutrients and to
temove metabolites. In addition, it serves an endoctine
function. It generates a number of extracellular mes-
senger molecules that mediate a variety of vital func-
tions [1]. The physiological function of the endotheli-
um varies depending on the type of vessel. As the vital
regulator of atterial vascular tone, it controls local
blood flow in response to changes in the metabolic
demands of the surrounding tissue but in certain tis-
sues this function is subordinate to its role in con-
tributing to the maintenance of the organism’s blood
pressure. The endothelium is also vital for maintaining
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blood fluidity by preventing inappropriate coagulation
while being actively involved in initiating coagulation
in response to damage of the endothelial barrier. The
permeability of the postcapillary venule endothelial
barrier is regulated in order to allow the passage of im-
mune and inflammatory cells from the blood into tis-
sue in response to tissue damage or infection. The en-
dothelium plays a part in regulating these critical steps
in immune and inflammatory processes. The growth
of new blood vessels is also a vital physiological
process that is regulated in part by the endothelium. It
is a major source of angiogenic factors and exerts
trophic effects on vascular smooth muscle cells.

Any dysfunction of the endothelium may be a pri-
mary contributor to the development of various dis-
cases including hypertension, atherosclerosis and
chronic inflammation as well as a secondary factor in
the pathophysiology of other disease such as diabetes.
The typical consequences of endothelial dysfunction
are disturbed vasodilatory function, anticoagulative
function, increased adhesivity of the vessel wall for
platelets and leucocytes, reduced fibrinolytic activity
and breakdown of batrier function causing leakage
and oedema formation [2]. Which aspect of endothe-
lial dysfunction predominates depends on the type of
the vessel involved.

A key mediator of endothelial function is nitric ox-

ide which is generated by the enzyme, nitric oxide syn-.

thase, the activity of which is under physiological con-
trol. Nitric oxide is a major mediator of endothelial in-
duced vasodilatation, it inhibits endothelial cell adhe-
sion, is antithrombotic, and inhibits smooth muscle
cell proliferation. It is regarded as serving a vital vas-
cular protective and antiatherosclerotic function. It ap-
pears that the characteristic feature of endothelial dys-
function relates to the bioavailability of nitric oxide,
which has been shown to be reduced in disorders,
such as hypertension, dyslipidemia, diabetes, and
heavy smoking, which are associated with endothelial
dysfunction.

Conversely, an enhanced release of nitric oxide may
also contribute to endothelial dysfunction. During in-
flammation, the inducible form of nitric oxide syn-
thase is expressed and nitric oxide setves as an impoz-
tant proinflammatory regulator. Duting chronic in-
flammation or acute systemic inflaimmation (e. g sep-
sis) there is an overproduction of nitric oxide. Poten-
tially toxic micromolar concentrations of nitric oxide
may be attained that cause a loss of endothelial bartier
function, release of cytokines and adhesion molecules
which are typical features of the systemic inflammato-
ry response that occurs in conditions of acute inflam-
matoty shock [3].

In clinical settings there is no parameter of en-
dothelial dysfunction that is generally accepted. Most
often an impairment of endothelial dependent vasodi-
latation is taken as an indicator of endothelial dysfunc-
tion. A reduced response to stimulation of endothelial
dependent vasodilatation has been shown to be a
prognostic marker of cardiovascular tisk [4]. Acute en-
dothelial dysfunction occuts in a number of acute con-
ditions in which there is local ot systemic disturbance
ot breakdown in endothelial function that may lead to
otgan failure and a state of shock [5, 6].
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2. WHAT CLINICAL STATES INVOLVE ACUTE
ENDOTHELIAL DEPENDENT
PATHOPHYSIOLOGICAL CONDITIONS (EDPC)?

Consensus: Burn injury, intoxications, acute hypet-
glycemia, sepsis, situations involving ischemia/
reperfusion e. g., heart failure, shock, trauma, com-
promised circulation.

There are conditions of chronic and progressive
damage to the endothelium and there are conditions
such as those listed above, in which there is acute en-
dothelial damage and dysfunction. Although it is cleat
that oxidative stress and a reduction in nitric oxide un-
derlies each of these pathological conditions, the de-
tails of the molecular events that lead to endothelial
dysfunction remain latgely unclear. In patticular,
which specific species of oxygen derived radicals are
involved in these different conditions have yet to be
identified. The recent finding of the presence of nitro-
sylated proteins in the damaged endothelium associat-
ed with severe burns provides some initial insight into

the molecular processes involved, at least in this con-
dition [7].

IscHEMIA/REPERFUSION TISSUE INJURY

Various conditions of tissue ischemia with subsequent
tissue reperfusion generate local oxidative stress that
leads to endothelial dysfunction [8]. These include var-
ious conditions of acute disturbance of local blood
flow such as apoplexia, myocardial infarct, embolisms
or acute suboptimal perfusion in the extremities or any
surgical procedure that involves short-term blockade
of blood supply.

MYOCARDIAL INSUFFICIENCY

In the special case of myocardial insufficiency, there is,
in addition to local endothelial dysfunction within the
myocardium, a resultant condition of cardiac shock
that involves ischemia within systemic organs and te-
sults in oxidative stress and consequent endothelial
dysfunction [9].

ACUTE TISSUE TRAUMA

Various factors released from cells within severely
damage tissue evoke local oxidative stress as part of a
local inflammatory reaction that can be severe enough
to cause endothelial dysfunction which is partly mani-
fest by oedema within the surrounding tissue [10].

HyPOVOLEMIC SHOCK

Hypovolemic shock involves primarily a sulqoptimal
perfusion of all target organs which alone will cause
endothelial dysfunction and which is further enhanced
by the general compensatory response of vasocon-
striction. In the case of extreme and irreversible hypo-
volemic shock a maximal oxidative stress associated
with a general state of vasodilatation causes a break-
down of vascular regulatory mechanisms and circula-
tory collapse in vital organs [11].
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SEPSIS

Acute systemic infection or toxemia can lead to severe
shock and the complete breakdown of vascular func-
tion. Endotoxins and endotoxin induced proinflam-
matory factors cvoke a systemic inflammatory re-
sponse by acting on the systemic microcirculation.
There is a breakdown of local microvascular control
that involves oxidative stress and endothelial dysfunc-
tion. The precise molecular events involved remain
unclear but it is likely that proinflammatory cytokines
and toxins are able to generate oxygen derived radicals
in endothelial cells [12].

ACUTE HYPERGLYCEMIA

Acute hyperglycemia causes endothelial dysfunction
by inducing oxygen derived radicals generation by the
endothelium [13, 14].

Burns

Severe burn refers to burn injury of a large surface
area of the body. In such conditions, endothelial dys-
function plays a special role as the severe burn syn-
drome develops as essentially a summation of a num-
ber of those factors that are discussed above as causes
of endothelial dysfunction. Within the burned tissue
there is local hypetemia, inflammation and breakdown
of the endothelial function. During the ensuing in-
flammation activation of macrophages and the non-
specific immune system occurs. This in turn leads to
the generation of humoral proinflammatory cytokines
that evoke a systemic inflammatory tesponse. This can
cause endothelial dysfunction but not the massive bar-
rier breakdown that is charactetistic within 24 hours of
severe untreated burn. The consequent leakage
through the vascular wall of proteins of size greater
than 80.000 Dalton leads to increased oncotic pressure
in the interstitium and to massive oedema. The oede-
ma in the non-damaged tissue adjacent to the burned
tissue causes hypoperfusion and ischemia. There is
also a general hypoperfusion of systemic tissue that re-
sults from the accompanying hypovolemic shock.
Even before the oedema, there is a reduced catdiac
output, probably in response to a neural reflex that is
evoked by stimulation of sensory receptors within the
burned tissue. Hence, it is assumed that the massive
breakdown of the microvascular bartier following se-
vere butns results from endothelial dysfunction fol-
lowing a combination of ischemia/reperfusion, hypov-
olemic shock, cardiac depression, and trauma.

Factors atising from the burned tissue, including
postulated “burn toxins”, are thought to be the trigger
for the systemic breakdown of the microvascular bar-
tier but these remain to be identified. The recent dis-
covery of nitrosylated proteins in endothelial cells of
both the burned and non-burned tissue is direct evi-
dence of widespread oxidative stress. The oxidative
damage of cellular proteins and lipids within the en-
dothelium by oxygen derived radicals is likely to be a
major factor in causing endothelial dysfunction. Al-
though the interaction of the processes of intoxica-
tion, ischemia/reperfusion and hypovolemic shock ac-
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tivate the endothelium, this cannot be solely responsi-
ble for the systemic endothelial dysfunction that in-
creases the risk of organ failure and that oceurs within
24 houts of severe burn. It is more likely that the nos-
mal inflammatory reaction to tissue injury within the
burned tissue spills over to induce inflammatory
processes within the adjacent tissue and eventually
other tissues of the body. Thus, a “systemic inflamma-
tory reaction syndrome” (SIRS) occurs that is life
threatening since it causes widespread endothelial dys-
function and the consequent tisk of organ failure with
reduced immune competence and consequent risk of
bacterial infection. The “systemic inflammatory teac-
tion syndrome” (SIRS) is driven by widespread oxida-
tive stress [15].

3. WHAT ARE THE UNDERLYING MECHANISMS
OF AcCUTE ENDOTHELIAL DEPENDENT
PATHOPHYSIOLOGICAL CONDITIONS (EDPC)?

Consensus: Basic mechanism is oxidative stress.

Oxygen derived radicals are generated during nor-
mal oxidative metabolism and by leukocytes (mono-
cytes, granulocytes) during inflammatory reactions,
They are also important intracellular mediators of
proinflammatory responses. Since oxygen derived rad-
icals are highly reactive and can damage cell structure
and function, the organism requires antioxidant mech-
anisms to keep these molecules in check. When the
production of oxygen derived radicals exceeds the an-
tioxidant capacity of the organism, oxidative stress oc-
curs and excessive amplification of inflammatory
processes occurs. The endothelium is especially sus-
ceptible to oxidative stress [16]. Increased oxidative
stress is associated with cardiovascular risk factors (hy-
pertension, smoking, dyslipidemia, diabetes, ischemia/
repetfusion events) and the activation of leukocytes
(monocytes, granulocytes) in inflammatory states.
Stress exerted on the vessel wall or on leukocytes gen-
erally causes an increased generation of reactive oxy-
gen species. The mechanisms underlying this oxidative
stress appear to involve a variety of processes (uncou-
pling of the electron flow in mitochondtia, disturbance
of the nitric oxide synthase complex, activation of oxy-
gen derived radicals generating enzymes including
nicotinamide adenin dinucleotidephosphat oxidase,
xanthine oxidase, myelopetoxidase, lipoxygenases) that
lead to generation of oxygen derived radicals which is
always accompanied by a significant reduction of an-
tioxidant capacity.

The endothelium is an important site of regulation
of normal inflammatoty teactions. During inflamma-
tion oxygen derived radicals activate redox sensitive
proinflammatory transcription factors and genes in
the endothelium (e. g. the transcription factor Nucleat
Factot-kB), cytokines (Interleukin-6, Monocyte
Chemotactic Protein-1) and adhesion molecules (Vas-
cular Cell Adhesion Molecule-1, Intercellular Cell Ad-
hesion Molecule-1). These processes are inappropri-
ately activated during oxidative stress and, in addition,
the vasodilatory, antithrombotic and anti cell adhesion
properties of the endothelium are disturbed [5, 17, 18].
These additional disturbances are vety likely to be a di-
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rect conscquence of the reduced bioavailability of ni-
tric oxide caused by oxidative stress [19]. There is a de-
crease of nitric oxide due to its interaction with oxy-
gen derived radicals and the generation the peroxyni-
trite radical which further incteases the oxidative
stress. Furthermore oxygen derived radicals are con-
sidered to uncouple the cofactor biopterin from nitric
oxide synthase and so inhibit the enzyme’s nitric oxide
generating activity [20].

Oxidative stress is associated with a number of im-
pottant conditions in which endothelial dysfunction is
considered a common pathophysiological factor and
these include hypertension, atherosclerosis, diabetes,
and ischemia/repetfusion tissue damage [21]. Acute
endothelial dysfunction occurs when a localised in-
flammatory reaction develops into a systemic inflam-
matory response. In such circumstances there is an
overspill from the original site of inflammation of
proinflammatory cytokines and a dramatic reduction
of the organism’s antioxidant capacity. The vascular
endothelium becomes exposed to an acute oxidative
stress and the processes outlined above are induced
and there is a subsequent increased risk of organ fail-
ure.

4, WHAT ARE THE THERAPEUTIC APPROACHES
BASED ON THE MECHANISMS OF ACUTE
ENDOTHELIAL DEPENDENT
PATHOPHYSIOLOGICAL CONDITIONS (EDPC)?

Consensus: Stimulation of anti-inflammatory re-
sponse, improvement of antioxidant defences, re-
duction of toxins including oxidants, improvement
of circulation, preconditioning of ischemia/reper-
fusion situations are the therapeutic approaches
based on the mechanisms of acute Endothelial De-
pendent Pathophysiological Conditions (EDPC).
In cases of elective surgery: improvement of nutri-
tional status, especially of antioxidants.

The pivotal observation that guides the therapeutic
approaches detived herein from the knowledge of En-
dothelial Dependent Pathophysiological Conditions
(EDPC) pathophysiology is the pathological reduction
of antioxidant defence mechanisms observed in criti-
cally ill patients including patients with adult respirato-
ry distress syndrome ot septic shock [22, 23, 24]. Also,
antioxidant defence mechanisms are sevetly compro-
mised in patients with diabetes, other antioxidant con-
suming diseases, and patients awaiting organ trans-
plantation [25]. This latter situation is particularly
problematic since these patients not only suffer from
the burden of a defective organ system (i e. renal fail-
ure), the challenges of ongoing medical interventions
(i. e. dialysis, drugs, etc), but are also faced with the
unavoidable trauma related to the surgical interven-
tion, multiple transfusions, and in particular the is-
chemia/repetfusion injury of the transplanted organ.
Recently, a group of surgeons from Seattle have re-
ported on their observations in almost 600 crin'.cally'ﬂl
sutgical patients where antioxidant prophylaxis with
vitamins C and B significantly lowered the duration of
mechanical ventilation and the incidence of multiple
organ failure [26]. These data confirm the previous re-
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pott by Porter and cowotkers, in which administration
of an antioxidant cocktail including vitamin C and E as
well as selenium and N-acetyleysteine at the time of
resuscitations significantly reduced the incidence of
later infections complications and multiple organ fail-
ure [27]. The putative beneficial action of antioxidants,
in particular of vitamin C will be discussed later in this
manuscript. In the search for a link between antioxi-
dant plasma and tissue levels and the consecutive pro-
tection from otgan injury, several authors have docu-
mented reduced levels of inflimmatory mediators, in
particularity tumor necrosis factors and interleukins, in
patients with antioxidant prophylaxis [26]. This brings
us to a complementary, albeit significantly more frus-
trating approach to the management of critically ill pa-
tients: the elemination of inflammatory mediators. The
basic rationale is to restore the balance between ag-
gressive, pro-inflammatory mechanisms and  the
body's intrinsic defence mechanisms. In the context
of Endothelial Dependent Pathophysiological Condi-
tions (EDPC), these include the antiadhesive and anti-
aggregatory propertics of the endothelium, its control
of transendothelial fluid exchange, and the orchestra-
tion of vasodilatory and vasoconstrictive functions,
Since virtually all of these mechanisms are defective in
septic shock and since animal models have document-
ed a dramatic rise in inflammatotry mediators, includ-
ing tumor necrosis factors and Interleukin-I proceed-
ing the microvascular collapse, a robust effort was un-
dertaken to eliminate inflammatory mediators from
the blood stream [28]. As much as these efforts using
pharmacological agents, plasmaphoresis and eventually
antibodies and receptor antagonists resulted in impres-
sive beneficial effects in animal models of septic
shock, the translation into the clinical situation in criti-
cally ill patients was and still is until today a frustrating
chapter of medical history.

A much more effective approach has been derived
from the observation that a high consumtion of n-3
fatty acids from maritime sources (fish oil) appeats to
protect from cardiovascular diseases. Lt has been pro-
posed that n-3 fatty acids replace n-6 fatty acids, in-
cluding arachidonic acid and that the generation of
proinflammatory Leukottiene-B4 and proaggregatory
leukotriene is shifted to a generation of biologically in-
effective lipoxygenase products. Indeed, feeding ani-
mals for 4 - 6 weeks with fish oil supplemented diets
resulted in a significant improvement of ischemia/
reperfusion injury in striate muscle [29]. Another im-
portant aspect to keep in mind trying to keep the mi-
crocirculation of a critically ill patient is to prevent mi-
crovascular thrombosis and fibrin deposition, as a
consequence of a pathological activation of the coagu-
lation cascade. In this respect, particular attention has
focused on Protein C, especially when converted to its
active form [30].

As much as we can — and now start to actually do —
improve the balance between oxidants and antioxi-
dants and as effectively as we succeed in lowering the
burden of inflammatory mediators in the systemic cit-
culation, there still remains the microcitculation per se
as a target for protective interventions. Particularly
ischemia/reperfusion injuty is a pathophysiological
condition in which tissue injury stands at the end of
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an impressive effort of the microcirculation to remain
patent. A time honored, albeit curtently challenged
concept of microcirculatory perfusion salvage is ex-
treme hemodilution. Even though the teduction of
the red cell mass theoretically reduces the oxidant
transport to tissue, the benefit of improved tissuc per-
fusion clearly outweighs this problem. Other inter-
ventions to improve tissue perfusion have included
the exogenous administration of nitric oxide donots —
with enormous clinical benefit in primary pulmonary
hypertension, or nitric oxide synthase inhibitors — to
treat endotoxin associated hypotension [31], Whethet
or not hyperbaric oxygen has the potential to improve
postischemic microcirculatory blood flow as suggest-
ed from animal experiments remains to be shown
[32]. Finally, small volume resusitation aims at rapid
restoration of critical nutritional blood flow following
ischemia, especially in rapid — and effective reperfu-
sion [33]. In summaty, therapeutic and/ ot prophylac-
tic targets to improve acute Endothelial Dependent
Pathophysiological Conditions (EDPC) include rapid
and effective restoration of nuttitional microcirculato-
1y blood flow at the same time cotrecting the balance
of inflammatory/anti-inflammatory and oxidant/an-
tioxidant mechanisms.

5, WHAT IS THE POTENTIAL THERAPEUTIC
VALUE OF PARENTERAL VITAMIN C ON ACUTE
ENDOTHELIAL DEPENDENT
PATHOPHYSIOLOGICAL CONDITIONS (EDPC)?

Consensus: Sealing the endothelium., Reduce adhe-
siveness. Improvement of tissue perfusion. Break-
ing the viscous circle of inflammation.

A principal mode of action of vitamin C in restos-
ing endothelial dysfunction seems to be in increasing
the bioavailability of nitric oxide by regeneration of
the nitric oxide synthase cofactot, tetrahydrobiopterin,
and preventing the oxidative conversion of nitric oxide
to peroxynittite [34, 35]. Through this mechanism the
anti-adhesive, antithtombotic, vasodilatatory and anti-
atherosclerotic properties of nitric oxide are ensured
and proper tissue perfusion is re-established.

Consistent with this notion are the reported obser-
vations that intraarterial infusion of vitamin C acutely
restores endothelium dependent vasodilatation in
heavy smokers, diabetic, hypercholesterolemic and es-
sential hypettensive patients [36, 37, 38, 39, 40 41].
These groups of patients have obvious endothelial
dysfunction which underlies their hypertensive state
and lower than normal plasma ascorbate levels [42,
43]. Restoration of normal endothelial function is now
recognised as a key target in reducing the risk of car-
diovascular disease. Physiological concentrations of vi-
tamin C can inhibit the oxidative modification of low
density lipoprotein, a critical event in initiation of en-
dothelial dysfunction and atherosclerosis [44], In addi-
tion, there is evidence that vitamin C directly inhibits
inflammation by suppressing activation of Nuclear
Factor-kB, which is a key transcription factor that trig-
gets the endothelium to express pro-inflammatory
molecules [45, 46].
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6. Is THERE EVIDENCE FOR A DOSE-RESPONSE
RELATIONSHIP?

Consensus: There is no evidence.

There has been so far no systematic testing of the
dose-efficacy relationship of parenteral vitamin C in
treating acute Endothelial Dependent Pathophysio-
logical Conditions (EDPC), and hence no evidence
for a clear dose-response relationship. Since critically
ill patients experience different degrees of oxidative
stress and due to the difficulty of quantifying theta-
peutic outcomes, it is probably not easy to obtain evi-
dence in a clinical setting of such a dose-response te-
lationship. However, both clinical and pharmacologi-
cal studies indicate that supraphysiological doses in
the gram range arc necessary in order to achieve ther-
apeutic benefit,

The oxidative stress that causes the acute Endothe-
liall Dependent Pathophysiological — Conditions
(EDPC) reduces the ascorbate levels and antioxidant
capacity of the body [47]. It was actually reported
many yeats ago by different research groups that trau-
ma paticnts as well as surgical patients have reduced
plasma levels of ascorbate and that supplementation
with high doses of vitamin C is requited in order to
restore ascorbate levels to normal [48, 49, 50, 51].
These findings have been confirmed more recently.
Schorah and cowotkers have reported abnormally low
plasma ascorbate concentrations in critically ill pa-
tients [22]. Long and coworkers tested various doses
of parenteral vitamin C and demonstrated that supra-
physiological doses are required to rapidly restore
ascorbate levels [52]. They showed that two days of
1000 mg/day restored plasma levels to the low not-
mal range and that a more significant increase was
achieved with 2 days of 3000 mg/day. These authors
recommended an early and rapid repletion of the
body’s ascorbate pool in order to allow the critically ill
patient to effectively combat the oxidative stress. This
was emphasized by the findings of a randomised
prospective study of critically ill surgical patients
demonstrating that 3000 mg vitamin C/day (given
in combination with 2000 IU a-tocopherol/day)
leads to a reduced risk of pulmonaty morbidity, of
multiple organ failure and a shorter duration of me-
chanical ventilation and of stay in the intensive care
unit [26].

Recent pharmacological studies further emphasize
the need for supraphysiological doses of ascorbate for
restoring endothelial function. Furthermore, they sug-
gest that doses must be sufficient to achieve mM-con-
centrations of plasma ascorbate and that simply
restoring physiological ascorbate levels (70-100 pM) is
inadequate. Endothelial Dependent Pathophysiologi-
cal Conditions (EDPC) ate due to oxidative stress
causing a teduction of the bioavailability of nitric ox-
ide and the generation of petoxynittite. Abnormally
low levels of nitric oxide cause a breakdown of en-
dothelial homeostasis wheteas the generation of pet-
oxynitrite adds to the oxidative stress that directly
damages the endothelium, Jackson and coworkers
have used an in vitro model in which isolated arterial
vessels wete exposed to an oxidative stress that was
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generated chemically [53]. They measured the plasma
levels of superoxide and peroxynitrite as well as arteri-
al relaxation in response to acetylcholine, which is an
endothelial and nitric oxide dependant process.
Ascorbate was found to inhibit the generation of per-
oxynitrite by the endothelium and to restore oxidative
stress-impaired arterial relaxation which is an indica-
tor of a recovered nitric oxide bioavailability. These
effects were found to be dose-dependent but required
pharmacological doses (millimolar) well above normal
physiological levels (70-100 uM). A virtually complete
attenuation of oxidative stress induced peroxynitrite
levels was achieved with 10 mM ascorbate although
100 uM was sufficient to completely quench superox-
ide levels. The recovery of impaired arterial relaxation
was not complete at 10 mM ascorbate but this proba-
bly reflects the brief time course of the experiments
which was 20 minutes. These results are consistent
with studies petformed in hypertensive patients [37,
54, 55]. In these patients, an impaired arterial en-
dothelial function can be demonstrated pharmacolog-
ically and this could be restored by acute intra-venous
infusion of vitamin C. Each of these studies demon-
strated that local levels of ascotbate must attain supra-
physiological levels (> 1 mM) to affect any improve-
ment while having no effect in healthy subjects with
normal endothelial function [37, 54, 55].

7. IS THERE ANY EVIDENCE THAT CLINICAL
ConDITIONS CAUSE A DECREASE OF PLASMA
ViTaMmiN C?

Consensus: Yes, there is evidence in cases of: burn,
sepsis, severe trauma, intoxication, chemotherapy/
radiotherapy, otgan transplantation.

Therte is sufficient evidence that surgical stress in-
creases ascorbic acid requirements and that plasma
levels are drastically reduced [52]. Long and cowork-
ets showed that plasma ascorbic acid levels following
trauma and infection are extremely low and are not
normalized with 300 or even 1000 mg of parenteral
ascorbic acid supplementation. From their results the
authors conclude that thete is an increased turnover
and catabolism of ascorbic acid in the presence of
trauma and infection, ascorbic acid at 3000 mg should
be given for at least the first three days following se-
vere stress from trauma and infection [52]. Schorah
and coworkers found median ascorbic acid concentra-
tions in critically ill reduced to below one forth of the
values found in healthy control subjects as well as in
two other clinical conditions (diabetes, gastritis) in
which reactive oxygen species are reported to be in-
creased [22]. In patients suffering from burn injury,
the initial plasma vitamin C levels are very low and
tend to increase over time [5G, 57]. Intensive cate pa-
tients with sepsis have been shown to have extremely
low concentrations of antioxidants including vitamin
C [24]. Duting tadiotherapy and chemotherapy of
tumour patients, an oxidative stress is generated
that increases the demand for antioxidants such as vit-
amin C,
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8. WHICH STATES OF ACUTE ENDOTHELIAL
DEPENDENT PATHOPHYSIOLOGICAL
Conbpi1TIONS (EDPC) REQUIRE INTRAVENOUS
VITAMIN C THERAPY?

Consensus: Clinical conditions leading to low plas-
ma vitamin C require intravenous supply to over-
come vitamin C deficiency.

For diseases involving acute endothelial dysfunction
— severe burns, critical illness and trauma — there is ev-
idence of drastic decline in blood levels of ascorbate,
However, so far only preliminary evidence exists to in-
dicate that parenterally administration of vitamin C in
otder to achieve supraphysiological levels is of benefit.
In a number of chronic diseases — diabetes, heavy
smoking, hypertension — reduced blood levels of
ascorbate have been reported as well as endothelial
dysfunction. In such conditions, human pharmacolog-
ical studies have demonstrated that high parenteral
doses of vitamin C acutely restore normal endothelial
vasodilator function without causing inappropriate va-
sodilatation [58, 59, 60].

An oral supply of vitamin C or low parenteral doses
in critically ill patients to overcome the decrease of
ascorbic acid plasma concentration is ineffective re-
garding improvement of low plasma levels and effects
of vitamin C on endothelial dysfuncton, According to
Crandon and coworkers, the low levels of vitamin C in
surgical patients were not corretced by parentral ad-
ministration of 100 mg day [61]. Shorah and cowork-
ers reported that the decreased plasma vitamin C lev-
els in critically ill patients cannot be prevented by the
use of parenteral nutrion containing ascorbic acid (200
mg/day for 13 days) [22]. Parenteral administration of
3.5 g ascorbic acid per week or more than 5 g/week
did not increase the low plasma levels above the mid-
normal range {62, 63].

A number of clinical studies have investigated pat-
enteral vitamin C administration in critically ill pa-
tients. Several clinical status has been postulated using
vitamin C to prevent oxidant mediated tissue injury.
Nathens and coworkers have reported on a ran-
domised prospective study which demonstrated that
3000 IU tocopherol plus 3000 mg intravenous ascot-
bic acid during 28 days in patients in an intensive care
unit was more effective than routine treatment in at-
tenuating the alveolar inflaimmatory response, in re-
ducing the incidence of less multiple organ failure
score, and in reducing the petiod of stay in the inten-
sive care unit [26].

Also, in animal models, ascorbic acid prevents lung
oxidant injury and inhibits polymorphonuclear leuko-
cytes influx into the pulmonasry tissue [64]. Similar
findings have been obtained in asbestos induced lung
disease [65]. Ascorbic acid has also been shown to re-
duce liver damage caused by oxidative stress following
paraquat intoxication [66].

Vitamin C could attenuate the neurological symp-
toms observed in 2 mouse model of amyotrophic lat-
eral sclerosis which is a disease in which oxidative
stress is a major pathophysiological factor [67].

The results of investigations by Tanaka and cowotk-
ers indicate that high-dose patenteral vitamin C (1 g/
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hout), administered in third degree burns affecting
70% of body surface area in guinea pigs is able to
maintain adequate hemodynamic stability, even in the
presence of a reduced resuscitation fluid volume [68].
The fluid volume could be reduced by up to 75% of
the Parkland Volume without depression in cardiac
output. Tanaka and coworkers also reported that high-
dose vitamin C counteracts the negative interstitial flu-
id hydrostatic pressure and eatly oedema development
in thermally injured rats [69].

In another controlled clinical study, Tanaka and
coworkers investigated patients with more than 30%
burns and treated with a dose of 66 mg/kg/hour vita-
min C for 24 hours. The aim of this prospective, ran-
domized study was to assess whether high-dose vita-
min C treatment attenuates post-burn lipid peroxida-
tion, resuscitation fluid volume requitements, and
oedema generation in severely burned patients [57].
Thirtyseven patients with burns over more than 30%
of their total body sutface area (TBSA), and hospital-
ized within 2 hours of the butn injury, were randomly
divided into ascorbic acid and control groups. In the
ascorbic acid group, ascotbic acid was infused duting
the initial 24-hour study petiod. In the control group,
no ascorbic acid was infused. Hemodynamic parame-
ters, respiratory function, lipid peroxidation, and fluid
balance were assessed for 96 hours after burn injury.
Heart rate, mean arterial pressure, central venous
pressure, arterial pH, base deficit, and urine outputs
were equivalent in both groups. The 24-hour total flu-
id infusion volumes in the control and ascorbic acid
groups were 5.5 £ 3.1 and 3.0 £ 1.7 mL/kg per pet-
centage of burn atea, respectively (p < 0.01). In the
fitst 24 hours, the ascorbic acid group gained 9.2% *
8.2% of pre-treatment weight; controls, 17.8% =
6.9%. Burned tissue water content was 6.1 = 1.8 vs.
2.6 + 1.7 mL/g of dry weight in the control and
ascorbic acid groups, respectively (p < 0.01). Fluid re-
tention in the second 24 hours was also significantly
reduced in the ascotbic acid group. In the control
group, the ratio of partial oxygen pressure to fraction
of inspired oxygen at 18, 24, 36, 48, and 72 hours af-
ter injury was less than that of the ascorbic acid group
(p < 0.01). The length of mechanical ventilation in the
control and ascotbic acid groups was 21.3 £ 15.6 and
12.1 £ 8.8 days, respectively (p < 0.05). Serum malon-
dialdehyde levels were lower in the ascorbic acid
group at 18, 24, and 36 hours after injury (p < 0.05).
Administration of high-dose vitamin C duting the
first 24 houts after thermal injury also significantly re-
duced resuscitation fluid volume requirements, body
weight gain, and wound oedema. A reduction in the
severity of respiratory dysfunction was also apparent
in these patients [57].,

Reperfusion-associated tissue injury is thought to
be caused by oxygen radicals. Rhee and coworkers re-
potted that vitamin C combined with vitamin E re-
duced the oxidative stress in a rat experimental model
of hepatic ischemia-reperfusion injury [70]. Also high-
dose patenteral vitamin C significantly reduces my-
ocatdial damage in a dog model of myocardial infarc-
tion [71].
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9. WHAT ARE THE MECHANISMS OF VITAMIN C
wITH RESPECT TO ACUTE ENDOTHELIAL
DEPENDENT PATHOPHYSIOLOGICAL
ConNDITIONS (EDPC)?

Consensus: From animal experiment there is evi-
dence that vitamin C interacts with nitric oxide
synthase, the acyl CoA oxidase system and with
proinflammatory lipid mediated effects.

On the basis of experimental and clinical studies, vi-
tamin C has been proposed to act via different mecha-
nisms to restore endothelial dysfunction. Ascorbate
activates endothelial nittic oxides synthase probably by
stabilising tetrahydrobiopterin which is a necessary co-
factor in the conversion of arginine to nitric oxide[34,
35]. This is supported by the pharmacological obser-
vations of the effects of infusion of vitamin C in im-
proving endothelium-dependent  vasodilatation  in
smokers, diabetics, hypetcholesterolemic and hyper-
tensive patients [36, 37, 38, 39, 40, 41]. Ascorbate acts
to prevention oxidative stress-induced lipid peroxida-
tion, which potently impairs endothelial function. In
addition, they are patt of the system maintaining the
generation of oxidative stress. Lipid peroxidation can
be prevented by vitamin C [44, 72, 73]. Endothelial
dysfunction is associated with the activation of the
Nuclear Factor-kB by reactive oxygen species which
redox-sensitive proinflammatory genes (cytokines, ad-
hesion molecules) and inflammatory breakdown the
endothelial barrier. Reactive oxygen species activated
Nuclear Factor-kB can be blocked by vitamin C [45,
46]. In an animal model of sepsis ascotbate was shown
to be excreted in the urine during sepsis and parenteral
ascotbate was shown to prevent microvascular dys-
function in the skeletal muscle of septic animals [74].
In healthy human subjects, Pleiner and coworkers
demonstrated that high doses of parenteral vitamin C
reverses endotoxin induced endothelial dysfunction

[75].

10. CAN VITAMIN C IN PARENTERAL EXERT
PROOXIDATIVE EFFECTS?

Consensus: 'There is no firm evidence in humans.

The continual generation of oxygen derived free
radicals is a key pathophysiological factor in inflamma-
tory diseases and leads to the reduction of the protec-
tive antioxidant reserves of the body. This is reflected
in the reduced blood levels of ascorbate in patients
with such diseases, In other words, chronic and acute
inflammation involves oxidative stress which causes a
reduction in the body’s ascorbate levels. This general
reduction in the body’s antioxidant capacity we believe
to be a major pathophysiological factor in diseases
such as rheumatoid arthritis, gastritis, diabetes, pancre-
atitis, and ctitical illness {76, 77, 78, 79, 80].

Fisher and Naughton have recently claimed that
supplementation with vitamin C only serves to add to
the burden of oxidative stress in chronic inflammatoty
diseases such as theumatoid arthritis and Crohn’s Dis-
ease [81]. There is considerable published evidence
that contradicts this hypothesis. Fisher and Naughton
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base their claim on the premise that ascorbate acts as a
prooxidant in the presence of free ions of transition
metals such as those of iron and copper [81]. Levels of
such free ions are thought to increase to abnormal lev-
els in inflamed tissues. Several in vitro studies support
the notion that ascorbate can exert oxidative effects
and is thus potentially damaging to the organism such
as by causing damage to desoxytibonucleic acid [82,
83]. Fisher and Naughton cite Rehmann and cowork-
ers as providing evidence that vitamin C supplementa-
tion in healthy people can cause oxidative damage [81,
84]. However, in their studies Rehmann and coworkers
showed only a transient increase in oxidised desoxyri-
bonucleic acid when vitamin C was combined with
iron. These authors point out that it is not possible to
assess whether this response is due to iron alone or in
combination with ascorbate. Also they speculate that
this transient increase in oxidised desoxyribonucleic
acid may reflect a potential harmful effect or a protec-
tive response [84]. With respect to protein and lipid
oxidation due to iron ovetload, ascorbate has been
shown in vitro to be antioxidant [85, 86]. Antioxidant
effects appeat to predominate at high levels of vitamin
C supplementation [87, 88]. In in vivo genotoxicity ex-
periments, high concentrations of vitamin C have been
tested without any toxicity being observed [89, 90, 91].

11, Is THERE ANY REASON FOR CONCERN WITH
REGARD TO INTERACTIONS AND SIDE BEFFECTS
wiTH HIGH-DOSE VITAMIN C?

Consensns: From in vitro data there is evidence for a
competitive interaction of cellular glucose and vita-
min C uptake.

Vitamin C in its reduced form, ascorbate, is trans-
ported ino cells via a sodium-dependent transportef
which is present in variable amounts in different cell
types [92]. In contrast, oxidised vitamin C, dehy-
droascorbate, enters the cell via certain glucose trans-
porters (GLUT-1 and GLUT-3) [93, 94]. This is ex-
plained by the similar molecular structure of dehy-
droascorbate and glucose and means that all cells are
able to take up dehydroascorbate. The rate of trans-
port of dehydroascorbate into cells is much more
rapid than the energy- and sodium-dependent uptake
of ascorbate [93]. Dehydroascotbate is normally pre-
sent in low extracellular concentrations [95]. This is
probably explained by its rapid uptake into cells fol-
lowing its formation due to oxidation of ascorbate.
The uptake of dehydroascotbate into cells is thought
to be followed by reduction to ascotbate which can
then be released from the ccll. This is considered to be
an important mechanism for recycling ascorbate fol-
lowing oxidation [96]. Also it has been recently shown
that the rapid uptake of dehydroascorbate and its re-
duction intracellularly allows the accumulation of
ascorbate intracellularly and serves to protect cells
during oxidative stress [96].

Can glucose interfere with DH.A uptake into cells and |
or vice versa? Since ascotbate is not transported by glu-
cose transporters, the possible interaction of vitamin C
with glucose relates to possible competition between
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glucose and dehydroascorbate for specific glucose
transporters. A large number of glucose transporters
have now been identified. These include sodium de-
pendent transporters (SGLT-1 — SGLT-6) as well as
many transporters (a total of 12 have so far been iden-
tified) that facilitate cellular glucose uptake indepen-
dently of sodium. Thus the cellular uptake of glucose
is complex and varies between tissues and under dif-
ferent physiological conditions. So far the transport of
dehydroascorbate via glucose transportets has been
tested for the glucose transporters GLUT-1, GLUT-2,
GLUT-3, GLUT-4, GLUT-5 and the sodium depen-
dent transporter SGLT-1. Only GLL.UT-1 and GL.UT-3
which ate both present in all tissues, exhibited high
affinity for dehydroascorbate (apparent values of the
Michaelis Menten Constant are 1.1 and 1.7 mM re-
spectively) while GLUT-2, GLUT-5 and SGLT-1 did
not transport dehydroascorbate. GLUT-4 exhibits very
low affinity for dehydroascorbate which is physiologi-
cally insignificant. The high affinitdes of GLUT-1 and
GLUT-3 for dehydroascorbate suggest possible com-
petition between dehydroascorbate and glucose (glu-
cose affinities of GLUT-1 and GLUT-3 are both about
1 mM). Since systemic levels of dehydroascorbate
rarely attain levels greater than 10uM and never more
than 100 pM, a significant interference of dehy-
droascorbate with glucose uptake is unlikely [95].
However, it is theoretically possible that glucose can
interfere with the recycling of ascorbate in conditions
of oxidative stress, It is speculated that the hyper-
glycemia of Type-II-Diabetes causes such an impair-
ment of ascotbate recycling and that the resultant re-
duced antioxidant capacity is of pathophysiological
significance.
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