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Making sense of early high-dose
intravenous vitamin C in ischemia/
reperfusion injury
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Abstract

This article is one of ten reviews selected from the
Annual Update in Intensive Care and Emergency
Medicine 2018. Other selected articles can be found
online at https://www.biomedcentral.com/collections/
annualupdate2018. Further information about the
Annual Update in Intensive Care and Emergency
Medicine is available from http://www.springer.com/
series/8901.
thelial dysfunction, cellular injury and multiple organ fail-
Background
In Europe, each day over 1,000 patients have a cardiac
arrest [1]. Only half of these patients arrive at the
hospital alive. Of these survivors, 50% will still die or re-
main severely disabled due to the post-cardiac arrest
syndrome [2]. Apart from targeted temperature manage-
ment, there is no effective therapy to improve prognosis.
Crucial to the post-cardiac arrest syndrome is the over-
whelming oxidative stress caused by systemic ischemia/
reperfusion injury and leading to endothelial dysfunction
with cardiovascular failure, brain damage and death.
These effects provide a strong rationale for targeting this
overwhelming oxidative stress with antioxidant therapy.
Recently, early high-dose intravenous (i. v.) vitamin C

for the treatment of sepsis has attracted a lot of atten-
tion in the critical care community as well as in the lay
press. The potential benefit of vitamin C, the main
circulating antioxidant, has indeed recently been shown
in this population. High-dose i. v. vitamin C was associ-
ated with earlier recovery from organ failure in a small
randomized controlled trial (RCT) with the most pro-
nounced effect in the highest dose group [3], and with
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earlier shock reversal and improved survival in a small
RCT in a surgical sepsis population [4]. Most impres-
sively, high-dose i. v. vitamin C combined with i. v.
thiamine and stress dose steroids substantially acceler-
ated shock reversal and improved survival in a before
and after study [5]. Of course, these results require con-
firmation, but are nonetheless thought-provoking.
Sepsis and ischemia/reperfusion injury have a common

pathophysiological pathway comprising overwhelming
amounts of reactive oxygen species (ROS) causing endo-

ure. This massive production of ROS has been
demonstrated in vitro. Plasma derived from cardiac arrest
patients induced an acute pro-oxidant state in endothelial
cells with impairment of the mitochondrial respiratory
chain activity, resulting in major endothelial toxicity [6].
Therefore, high-dose i. v. vitamin C could be beneficial in
the setting of ischemia/reperfusion as well. In particular, it
could be a promising novel therapeutic intervention to
improve clinical outcome post-cardiac arrest.
That vitamin C may protect against ischemia/reperfu-

sion injury is also supported by the finding that pond
turtles, which have a remarkable tolerance for oxygen
depletion during hours of diving under water, have ex-
tremely high vitamin C concentrations in their brain.
The high levels of vitamin C in the central nervous sys-
tem are possibly an evolutionary adaptation to protect
the brain from oxidative damage during re-oxygenation
after a long hypoxic dive [7]. Humans have lost the
capacity to make vitamin C.
An increasing number of preclinical and clinical

studies have investigated the role of vitamin C in
ischemia/reperfusion injury. In this narrative review, we
will discuss the rationale of the use of vitamin C for
post-cardiac arrest syndrome and summarize the results
of the relevant (pre)clinical studies focusing on high-
dose i. v. vitamin C for post-cardiac arrest, myocardial
and cerebral ischemia/reperfusion injury.
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Fig. 1 Plasma vitamin C concentration on day 3 categorized by
subsequent mortality. Vitamin C concentrations are markedly lower
in patients dying in the ICU. Dashed line is deficiency plasma
concentration in non-ICU patients. From [8] with permission
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Pathophysiology of ischemia/reperfusion injury
and the post-cardiac arrest syndrome
The pathophysiology of the post-cardiac arrest syndrome
is complex. During cardiac arrest, systemic ischemia
causes cellular and tissue damage by depletion of energy
and oxygen stores. Despite the low oxygen tension, ROS
are generated, mainly by the mitochondria due to uncoup-
ling of oxidative phosphorylation. After successful resusci-
tation, reperfusion of blood to ischemic organs can
paradoxically exacerbate organ damage. Being highly meta-
bolic organs, the brain and heart are particularly vulnerable
to these deleterious effects. Upon reperfusion, huge
amounts of ROS are produced within minutes from differ-
ent sources, including mitochondrial electron-transport
chain reactions; upregulation of the enzymes NADPH oxi-
dase, xanthine oxidase, lipoxygenase, cyclooxygenase and
inducible nitric oxide synthase (iNOS); and oxidation of
catecholamines. This massive release of ROS, especially
when unopposed by antioxidants such as vitamin C, can
damage proteins, membrane lipids and DNA, trigger nec-
rotic and apoptotic cell death and induce cellular and
organ dysfunction. Endothelial dysfunction results in
heterogeneity of the microcirculation and a diminished
response to endothelial-dependent vasodilators and vaso-
constrictors causing hypotension. In addition, loss of the
endothelial barrier leads to leakage of plasma fluid from
the vasculature inducing hypovolemia, hypotension and
edema. Organ edema further impedes gas exchange in the
lungs and oxygenation in other organs. Multiple organ dys-
function necessitates intensive care support.

Acute vitamin C depletion
The overpowering oxidative stress during the post-
cardiac arrest syndrome can quickly exhaust body stores
of vitamin C due to massive cellular consumption.
Already on the first day after cardiac arrest, vitamin C
plasma concentrations are reduced by more than 50%
compared to healthy volunteers and after 3 days more
than half the patients are deficient [8]. Plasma vitamin C
levels are decreased not only after cardiac arrest, but
also in many other critically ill patients (with sepsis,
hemorrhage, myocardial infarction or traumatic brain
injury). That low plasma levels reflect real deficiency is
supported by the finding that they are accompanied by a
significant decrease in intracellular leukocyte ascorbic
acid concentrations to scorbutic levels, and that muscle
vitamin C content follows plasma concentrations. Vita-
min C is the primary circulatory antioxidant used and
depleted during oxidative stress, thereby sparing other
endogenous antioxidants. This unique function of vita-
min C as a first-line “ROS sink” is supported by in vitro
studies on plasma vitamin C, in which various kinds of
ROS primarily cause a fast depletion of vitamin C.
Vitamin E and glutathione are oxidized only after
exhaustion of vitamin C. Decreased recycling of dehy-
droascorbate (DHA, the oxidized form of vitamin C) to
vitamin C may further contribute to low plasma vitamin C
levels post-cardiac arrest due to the altered redox state.
We found that low vitamin C levels in intensive care

unit (ICU) patients were associated with vasopressor re-
quirements, kidney injury, multiple organ dysfunction
(higher SOFA scores) and increased mortality (Figs. 1
and 2; [8]). Vitamin C deficient patients had an 8-point
higher SOFA score, corresponding to two fully failing or-
gans and 6.9 times higher odds of dying. The association
between vitamin C levels and multiple organ failure has
also been demonstrated in septic patients [9].
Vitamin C deficiency in ICU patients will often go

unnoticed. Because of the complexity and cost of its la-
boratory measurement, plasma levels of vitamin C are
not routinely available in hospitals. Furthermore, in clin-
ical practice the vitamin C content of standard nutrition
is assumed to be sufficient to normalize the vitamin C
levels. However, even after 700 mg vitamin C via enteral
nutrition for one week, plasma concentrations remained
deficient in the majority of patients [10].

Rationale of high-dose intravenous vitamin C
The administration of high-dose vitamin C is often con-
sidered as unnecessary or even alternative medicine.
This does not do justice to the strong scientific base of
the pleiotropic beneficial effects of high i. v. doses (not
enteral!) as demonstrated in multiple preclinical and
clinical studies [11]. Beyond simply preventing scurvy by



Fig. 2 Vitamin C concentration on day 3 versus sequential organ
failure assessment (SOFA) score on day 3. Blue line is an ordinary
least squares (OLS) regression fit: SOFA = 20.3 − 3.08 * log2 (Vit-C),
pcoef < 0.001, R2 = 0.31. From [8] with permission

Fig. 3 Pleiotropic effects of vitamin C. 1. Vitamin C scavenges free radical
oxidase and of 3, NADPH oxidase. 4. Vitamin C protects the mitochondria
the dysfunctional electron transport chain. 5. Vitamin C recovers tetrahyd
nitric oxide synthase (eNOS) activity and increasing eNO bioavailability. 6. Vita
production and peroxynitrite (ONOO−) generation. 7. Vitamin C scavenges ON
8. Vitamin C recovers α‐ tocopherol, which protects against lipid peroxidation
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the correction of vitamin C deficiency, supraphysio-
logical vitamin C levels can exert very strong multifa-
ceted effects. With enteral supplementation, maximally
tolerated dosages (3–4 g/day) cannot achieve plasma
levels of > 250 μmol/l because of saturable absorption
[12]. Intravenous vitamin C administration can generate
much higher plasma levels, thus yielding more potent
antioxidative effects. The underlying pathophysiological
mechanisms have now been well elucidated (Fig. 3).
High plasma levels of vitamin C not only limit the

generation of ROS, repair other oxidized scavengers
such as glutathione, urate and vitamin E, and modulate
numerous enzyme reactions, but can also act as a direct
radical scavenger. The low electron reduction potential
of both vitamin C (282 mV) and its one-electron oxida-
tion product, the ascorbyl radical (−174 mV), enable
them to reduce virtually all clinically important radicals
and oxidants. In addition, vitamin C maintains NO-
mediated endothelial integrity and vasomotor control.
Furthermore, as a necessary cofactor, vitamin C supple-
mentation can also recover endogenous vasopressor syn-
thesis. In addition, and very relevant for post-cardiac
arrest patients, vitamin C may protect the brain. Neu-
rons in the brain have high rates of oxidative metabolism
s from superoxide (O2∙-). 2. Vitamin C inhibits activation of xanthine
from oxidative stress caused by increased leakage of electrons from
robiopterin (BH4) from dihydrobiopterin (BH2), restoring endothelial
min C inhibits inducible NOS (iNOS) activation, preventing profuse iNO
OO−, preventing loosening of the tight junctions of the endothelium.
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and contain some of the highest concentrations of
vitamin C. Intracerebral vitamin C provides protection
against oxidative stress and glutamate toxicity and sup-
ports peptide amidation, myelin formation, synaptic po-
tentiation and catecholamine synthesis.

Pharmacokinetics of vitamin C
Normal plasma vitamin C levels are around 60 μmol/l
(deficiency < 20 μmol/l, severe deficiency < 11 μmol/l). En-
teral uptake via the vitamin C transporter (SVCT1) is sat-
urable and intestinal uptake during critical illness may be
even more limited. Without supplementation, baseline low
plasma concentrations (6–20 μmol/l) in critically ill
patients further declined and a minimum of 3 g vitamin C
i. v./day was necessary just to normalize plasma con-
centrations [13]. In clinical studies in ICU patients, infu-
sion of 66 mg/kg/h vitamin C for 24 h in burn patients
[14] and 200 mg/kg/day for 4 days in septic patients [3]
attained plasma vitamin C concentrations of up to 600 μmol/l
on day 1 and 5,700 μmol/l on day 4, respectively. Vitamin C
is filtered by the glomerulus, and actively reabsorbed in the
proximal tubule (SVCT1). Urinary excretion is low in defi-
cient patients and increases at higher plasma levels.
Uptake from plasma into cells occurs via vitamin C

transporters (SVCT2) or as dehydroascorbate across the
blood-brain barrier via glucose transporters. As a result
of active transport, cerebrospinal fluid concentrations
are about 4-fold and intracellular concentrations are up to
25- to 80-fold higher than in plasma, especially in leuko-
cytes and neurons, protecting them against oxidative in-
jury. High plasma concentrations facilitate cellular entry
and the vitamin C content of granulocytes, erythrocytes
and platelets is significantly related to plasma concentra-
tion and oxidative stress-induced transporter expression.

Safety of high-dose vitamin C
Significant adverse events from high-dose vitamin C
have not yet been reported [11]. In critically ill patients
with sepsis, 200 mg/kg/day was well tolerated [3] as were
megadoses up to 1,500 mg/kg i. v. vitamin C three times
weekly in cancer patients [15]. Risks comprise a paradox-
ical pro-oxidative effect in case of iron overload and
oxalate kidney stones. However, these risks are limited to
susceptible patients and only reported as cases. Vitamin C
can reduce catalytic metals such as Fe3+ (to Fe2+)
facilitating generation of ROS by subsequent Fenton
cycles and cause pro-oxidative effects in patients with
hemochromatosis. Patients with hemochromatosis have
been excluded in most studies. High-dose vitamin C
increases urinary oxalate excretion. However, oxalate
nephrocalcinosis and calcium oxalate stones take months
to years to develop and none of the studies with short-
term vitamin C administration reported kidney stone for-
mation [3–5, 14].
High-dose vitamin C post-cardiac arrest
The effect of high-dose i. v. vitamin C on the systemic
ischemia/reperfusion injury post-cardiac arrest has only
been investigated in three preclinical studies and not in
a clinical setting. All studies used a rat model of ven-
tricular fibrillation and electrical shock. During cardiac
arrest, the myocardium is harmed not only by the under-
lying ischemic heart disease and ischemia/reperfusion
injury, but also by ventricular fibrillation and electrical
shocks. The resulting myocardial injury is an important
cause of in-hospital mortality post-cardiac arrest. Of
note, the electrical shock doses used in the rat cardiac
arrest models are large when converting to humans on a
weight basis.
In two rat studies, vitamin C (50 and 100 mg/kg i. v.)

decreased myocardial damage and improved survival
rate and neurological outcome [16, 17]. Oxidative stress
of the myocardium, estimated by malonaldehyde con-
centrations, was significantly reduced. These beneficial
effects were not only observed when vitamin C was ad-
ministered at the start of cardiopulmonary resuscitation
(CPR), but also when given after return of spontaneous
circulation. In contrast, another study using both vita-
min C and DHA, the oxidized form of vitamin C, in a
much higher dose of 250 mg/kg i. v. showed compro-
mised resuscitability [18].

High-dose vitamin C and myocardial ischemia/
reperfusion injury
Acute myocardial ischemia followed by reperfusion ther-
apies, such as thrombolysis, percutaneous coronary inter-
vention (PCI) or coronary bypass surgery, can also cause
substantial myocardial ischemia/reperfusion injury.

Preclinical studies
Myocardial ischemia/reperfusion injury can induce four
types of major cardiac dysfunction: lethal reperfusion in-
jury (infarction), reperfusion arrhythmias, microvascular
damage (no-reflow phenomenon) and contractile dys-
function (myocardial stunning).
Reperfusion injury accounts for up to 50% of the final

myocardial infarction. In animal studies, high-dose i. v.
vitamin C mostly reduced infarct size [19–22]. However,
some studies showed no reduction [23–25], or only re-
duction in diabetic hearts [19] or when vitamin C was
administered in the oxidized form, DHA [26], or when
combined with glutathione [27]. Ischemia/reperfusion
arrhythmias contribute to many episodes of sudden
death in humans [28]. The burst of ROS caused by re-
perfusion leads to peroxidation of lipids in the cell mem-
brane, which can result in an influx of calcium through
the damaged sarcolemma. Furthermore, ROS inhibit cal-
cium uptake in the sarcoplasmatic reticulum. These fac-
tors increase intracellular free calcium which can lead to
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abnormal impulse formation/conduction and initiation
of arrhythmias. High-dose i. v. vitamin C reduced
reperfusion arrhythmias, such as ventricular fibrillation,
ventricular tachycardia and premature ventricular com-
plexes [27–31], although not all changes were significant
[28]. In some studies a significant reduction was only
present when vitamin C was combined with deferox-
amine [29] or glutathione [27]. Post-ischemic reperfu-
sion induces endothelial cell swelling and luminal
membrane blebbing in the myocardial microcirculation.
These factors contribute to decreased microcirculatory
flow (the ‘no-reflow’ phenomenon). In addition, swollen
myocytes compress neighboring capillaries. Vitamin C
prevented endothelial cell and myocyte swelling and re-
duced membrane blebbing [32].
Even when damage is not irreversible and coronary

flow is completely restored after myocardial ischemia,
contractile dysfunction can persist after reperfusion
(myocardial stunning). This can lead to systolic and dia-
stolic failure and even cardiogenic shock. Vitamin C
improved left ventricular function in many [19–21],
although not all studies [23].

Clinical studies
Few clinical studies have investigated i. v. vitamin C dur-
ing PCI for myocardial ischemia. Periprocedural myocar-
dial injury occurs in about 15–35% of PCI procedures and
ranges from obvious clinical myocardial infarction to a
mild increase in cardiac enzymes [33]. It is associated with
increased long-term mortality, recurrent infarction and re-
vascularization at follow-up. Periprocedural myocardial
injury can take place as a result of side branch occlusion
near the intervention site or because of structural and
functional microvascular dysfunction in the downstream
territory of the treated artery with persistent no-reflow.
Two studies with vitamin C have been performed in pa-
tients undergoing elective PCI for stable angina pectoris.
Infusion of vitamin C before elective PCI reduced oxida-
tive stress in both studies [34, 35] and periprocedural
myocardial injury in the larger study (n = 532) [35].
Vitamin C administered before PCI strongly improved
microcirculatory reperfusion, with 79% of the patients
reaching TIMI myocardial perfusion grade III versus 39%
in controls [34]. The potential mechanism for better
microcirculatory perfusion due to vitamin C is increased
bioavailability of NO. Vitamin C prevents the oxidation of
tetrahydrobiopterin (BH4), a cofactor of NOS that is
highly sensitive to oxidation. When BH4 is oxidized, endo-
thelial NOS activity becomes uncoupled, resulting in the
production of superoxide instead of NO, thus enhancing
the oxidative damage.
Only one very small study (n = 21) estimated the effect

of vitamin C administered just before PCI for acute
myocardial infarction on oxidative stress (estimated as
8-epi prostaglandin F2α in urine) and showed no effect.
However, this may have been a type II error [36].

Cardiac surgery with cardiopulmonary bypass
During cardiac surgery with cardiopulmonary bypass
(CPB), myocardial ischemia is induced during cross-
clamping of the aorta. Re-exposure to oxygen produces
ischemia/reperfusion injury in the myocardium, but also
a whole-body inflammatory reaction to the CPB itself.
The generation of ROS was associated with decreased
vitamin C levels after cardiac surgery [37], which had
not returned to preoperative concentrations in most pa-
tients at hospital discharge. This suggests massive vita-
min C consumption and depletion of body stores likely
including the myocardium. Vitamin C may be consumed
by direct reaction with ROS, by regeneration of other
antioxidants (vitamin E, glutathione) or by massive syn-
thesis of catecholamines during CPB.
Oxidative stress after cardiac surgery contributes to

myocardial stunning and arrhythmias. High-dose i. v.
vitamin C administered before CPB and after aortic
declamping decreased oxidative stress and myocardial
injury [38]. Preoperative ingestion of vitamin E and C
supplements attenuated markers of oxidative stress and
inhibited ischemic electrocardiographic alterations [39].
The most frequent type of heart rhythm disturbance
after cardiac surgery is atrial fibrillation with an inci-
dence of 10% to 65% and an increased risk of morbidity
and mortality. In a recent meta-analysis, vitamin C ther-
apy significantly decreased the incidence of paroxysmal
atrial fibrillation with an OR of 0.47 (95% CI: 0.36–0.62;
p < 0.00001) [40].

High-dose vitamin C and cerebral ischemia/
reperfusion injury
Ischemia/reperfusion injury of the brain results in
blood-brain barrier disruption with inflammatory and
oxidative damage, brain edema and necrosis. Brain tissue
is highly sensitive to oxidative damage because of its
high need for oxygen and its high content of polysatu-
rated fatty acids. Stored at millimolar concentrations in
brain cells, vitamin C is the most important antioxidant
in the brain. During ischemia, large amounts of vitamin
C are released into the extracellular compartment in the
ischemic area and brain vitamin C levels decline mark-
edly and rapidly in the intracellular compartment [41].
Vitamin C (= ascorbate) crosses the blood-brain bar-

rier via the glucose receptor GLUT1 in the oxidized
form, DHA. In the brain, DHA is converted back to
vitamin C by glutathione and other intracellular thiols
(Fig. 4). Intravenous administration of DHA, but not of
vitamin C, generates supraphysiological concentrations
of vitamin C in the brain, due to the more efficient up-
take of DHA compared to vitamin C. Therefore, most



Fig. 4 Ascorbate (Asc) can enter the cerebrospinal fluid (CSF) directly through the choroid plexus via the sodium-dependent vitamin C transporter
(SVCT)2. Ascorbate enters the neuron also via SVCT2. This route is a slow, saturable, controlled process. Dehydroascorbate (DHA) is transported
directly and fast into the brain via the abundant glucose transporter (GLUT)1 transporters on the endothelial cells of the blood brain-barrier and
via the GLUT1 or GLUT3 on the neurons. Inside the neurons, DHA can be reduced back to ascorbate
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studies in cerebral ischemia have focused on the effects
of DHA. When DHA is converted back to vitamin C, it
has a potential polymechanistic neuroprotective effect.
Glutamate uptake into astrocytes is blocked by ROS and
vitamin C can prevent this. Furthermore, vitamin C can
prevent the formation of catechol-protein conjugates from
oxidized dopamine (which is notoriously neurotoxic) and
may block dopamine receptors.

Preclinical studies
Most preclinical studies investigated the effect of DHA
on cerebral ischemia/reperfusion injury. In preclinical
cerebral ischemia models in mice, rats and monkeys,
DHA decreased mortality [42] and, in multiple studies,
infarct size [42–47]. DHA administered 15 min, but also
as late as 3 h post-ischemia produced a 6- to 9-fold re-
duction in infarct size, improved post-ischemic cerebral
blood flow and decreased neurological impairment [42].
DHA 100 mg/kg (intra-peritoneally [i. p.]) given 10 min
after occlusion decreased infarct size by 50% after 24 h.
In addition, i. v. DHA rapidly replenished the signifi-
cantly declined vitamin C levels in the brain after ische-
mic stroke, and reduced cerebral oxidative injury and
edema [43, 44].
A few studies have investigated the effect of vitamin C

on cerebral ischemia/reperfusion injury. In monkeys pre-
treated with 2 g i. v. vitamin C just before occlusion,
infarct size decreased from 22% to 7%, and in gerbils
vitamin C protected the striatum [48]. The cerebral cor-
tex, hippocampus and corpus striatum are the most vul-
nerable regions of the brain to ischemic insult. Vitamin
C slowed the rate of dopamine release in the striatum in
a concentration-dependent fashion. However, in contrast
to the uniform results with DHA, vitamin C did not
exert beneficial effects in two other studies [42, 49].

Clinical studies
Only a few clinical studies have been performed investi-
gating the effects of i. v. vitamin C or DHA on cerebral
ischemia. A placebo-controlled trial in patients with
stroke showed no benefit of vitamin C 500 mg/day i. v.
for 10 days. There was no effect on neurological status
after 10 days or 3 months [50]. A possible explanation
could be the relatively low dose used and the start of
vitamin C one day after stroke when irreversible damage
was already done.

Variability in the results of the effects of
high-dose i. v. vitamin C on ischemia/reperfusion
injury
Although many studies investigating the effect of high-
dose i. v. vitamin C in ischemia/reperfusion showed a
positive effect, not all did so. Several factors could have
influenced this controversy.
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First, the specific experimental conditions can have a
major impact on the effects of vitamin C on ischemia/re-
perfusion injury. The dosage, the route, duration and tim-
ing of administration were highly variable among studies.
The dosage varied widely from a bolus of 500 mg vitamin
C to a dose of 1 g vitamin C per kg bodyweight. The route
of administration could be i. v., i. p., oral or intracoronary.
Vitamin C was applied as a single bolus or as a continuous
infusion, sometimes preceded by a bolus. The half-life of
parenteral vitamin C is short, so bolus vitamin C will attain
higher plasma levels for only a short period. All these
aforementioned factors affect the achieved plasma concen-
trations and antioxidative capacity. The direct scavenger
activity of vitamin C is only reached with plasma concen-
trations of 1 to 10 mmol/l or higher. Furthermore, timing
of the administration of vitamin C in the studies is crucial.
The huge burst of ROS is generated within minutes after
the start of reperfusion. Therefore, a late start of vitamin C
infusion may lead to negative results [50].
Second, there is a delicate balance between protective

oxidant signaling and the detrimental effects of ROS.
Vitamin C can, in the presence of metallic ions such as iron,
act as a pro-oxidant (Fenton reaction). Free iron (Fe3+) is an
abundant ion in myocardial and endothelial cells. During is-
chemia, a large number of iron ions may be released during
ischemia, over-saturating the serum’s iron-binding capacity,
especially in patients with hemochromatosis.
Third, vitamin C could potentially interfere with the

beneficial signaling of adaptive responses by lowering
ROS levels. Redox signaling is useful for cell survival,
but excessively high ROS is one of the most critical trig-
gers for necrotic and apoptotic cell death. Therefore, it
is essential to stop the administration of high-dose i. v.
vitamin C after the massive burst of ROS has subsided.
Fourth, the drug combinations used can affect the re-

sults. A negative interaction between antioxidants can
occur [25]. It is possible that some antioxidant combina-
tions interfere with this balance and abolish not only the
detrimental effects, but also some protective effects of
oxidant signaling.

Future trials
Given the preclinical and clinical signals of a beneficial ef-
fect of high-dose i. v. vitamin C in ischemia/reperfusion
injury and sepsis, the extensive clinical safety data in ICU
patients and the convincing mechanistic understanding, it
is time for a clinical RCT in post-cardiac arrest patients.
There are several prerequisites to maximize the chances
of revealing potential beneficial effects of vitamin C in
such a trial.
To accomplish maximal pleiotropic beneficial effects

of vitamin C, supraphysiological plasma levels have to
be attained. This is only possible when vitamin C is ad-
ministered i. v. at a dose of at least 3 g/day (≥ 3 g/day is
necessary to correct deficiency in ICU patients). Further-
more, although vitamin C enters the brain mainly as
DHA, which is converted to vitamin C in the neurons,
for cardiac arrest we believe the more stable reduced
form of vitamin C is preferable. The overwhelming oxi-
dative stress post-cardiac arrest will convert a substantial
amount of the administered vitamin C to DHA, thereby
ensuring sufficient vitamin C in the brain.
In addition, it is essential that infusion with vitamin C

is started as early as possible. Huge amounts of ROS are
created within minutes after reperfusion, and the oxida-
tive damage of patient plasma to cultured endothelial
cells is highest early after resuscitation [6]. ICU admis-
sion likely indicates the moment at which where the
pro/antioxidant balance is lost and the oxidative stress
response becomes uncontrolled. Starting the infusion
before this point seems crucial. Finally, we suggest ad-
ministering high-dose vitamin C for a short course of
four days only, e.g., during the overwhelming oxidative
stress when organ damage occurs. After four days,
plasma concentrations will be supranormal and vitamin
C can be continued in a low (nutritional) dose to allow
generation of low concentrations of ROS, which are es-
sential for physiological signaling and repair.
Conclusion
An increasing number of preclinical and clinical studies
show that high-dose i. v. vitamin C can mitigate systemic,
cerebral and myocardial ischemia/reperfusion injury.
Vitamin C administration has been associated with re-
duced oxidative stress, myocardial injury and arrhythmias
and improved microcirculation, neurological outcome and
survival, although not all studies showed benefit. Because
of the common pathophysiological pathway of sepsis and
ischemia/reperfusion injury, the potential role of vitamin
C for ischemia/reperfusion injury is further supported by
the results of preliminary sepsis studies, showing earlier
recovery from organ failure and higher survival rates.
Therefore, early, high-dose i. v. vitamin C is a promising
therapeutic intervention after cardiac arrest to diminish
the systemic ischemia/reperfusion injury due to over-
whelming oxidative stress. The supportive evidence from
preclinical and clinical studies is too large to continue
considering early high-dose i. v. vitamin C as alternative
medicine. An RCT is urgently required to provide defini-
tive proof as to whether this cheap and safe therapy does
indeed improve outcome.
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