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Abstract

Purpose of review—This narrative review summarizes recent insights into the role of vitamin C
in sepsis.

Recent findings—Septic shock remains a major source of morbidity and mortality in critically
ill patients. While many nutritional supplements have previously been tested unsuccessfully,
vitamins are still being explored as a therapeutic option in septic patients. In particular, vitamin C-
containing regimens as adjunctive therapy in sepsis have received much attention.

Summary—In vitro evidence supports a critical role for vitamin C in cellular mechanisms
relevant to the pathophysiology of sepsis. However, whether this justifies therapeutic use of
vitamin C in septic patients remains uncertain.
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Introduction

Sepsis and severe sepsis remain a life-threatening condition and are among the leading
causes of death in critically ill patients in non-coronary intensive care units in Western
countries. More than 750,000 new cases are diagnosed in the United States per year [1-3].
Despite significant advances in diagnostic and therapeutic capabilities, mortality from sepsis
remains high - more than 6 million deaths per year worldwide are attributed to sepsis [4].
Due to different definitions, the reported incidences and mortality of sepsis, severe sepsis,
and septic shock remain highly variable and are probably underestimated [5,6]. In a
retrospective, observational study in patients with severe sepsis from 171 ICUs in Australia
and New Zealand, Kaukonen et al. reported a decrease in sepsis mortality from 35% in 2000
to 18,4% in 2012 [7]. Yet, in Germany sepsis increased by an average of 5.7% between 2007
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and 2013 and in-hospital incidence was 335/100,000 persons per year in 2013 [73]. Here,
the mortality rate remained high with 43.6% for severe sepsis and 58.8% for septic shock.
Of note, a study from Sweden depicted the incidence of sepsis with organ dysfunction to
780/100 000,[8] again higher than what was reported for Australia and New Zealand.

Several therapeutic approaches of promising medical interventions in sepsis failed to
improve the condition, or even caused harm [9-12]. Yet, advances in supportive care have
led to a reduced case-fatality rate in the past years (e.g. implementation of 3- and 6-hour
sepsis ‘bundles’ by the Surviving Sepsis Campaign and lung-protective ventilation increased
awareness and compliance with guidelines) [13,14]. However, for the treatment of sepsis and
in particular septic shock, anti-infective agents, source control, and maintenance of
hemodynamic stability through fluid administration and vasopressors remain the
cornerstones of current sepsis therapy.

In sepsis pathophysiology, a dysregulated inflammatory response as a result of a massive
release of cytokines and tissue injury embodies one of the pathophysiological origins of
endothelial damage [15,16]. The relationship between oxidative stress and NF-xB activation
in vivo has been known for over two decades [17]. Oxidative stress, a mediator of the
systemic inflammatory response syndrome, is elevated in sepsis. Tissue hypoxia,
mitochondrial dysfunction, and depletion of adenosine triphosphate directly affect the
microcirculation, contributing to the typical symptoms such as hypotension,
cardiomyopathy, and multi-organ dysfunction. Since the beginning of the last century, it is
known that in critically ill patients, protective antioxidants, and vitamin c levels in particular,
are low [18,19]. As oxidative stress is elevated and the consumption of vitamin C as well as
thiamine is increased in sepsis, antioxidant therapy has been suggested as a potential
therapeutic approach. Recent studies focusing on vitamin ¢ (ascorbic acid), thiamine and
hydrocortisone have resurrected the debate on administration of vitamins in sepsis [20-23].

Pathophysiology of Sepsis

The new definition characterizes sepsis as life-threatening organ dysfunction caused by a
dysregulated host response to infection and septic shock “as a subset of sepsis in which
underlying circulatory and cellular metabolism abnormalities are profound enough to
substantially increase mortality” [24]. Despite the new definition, sepsis includes a complex
host response, which is not fully understood [13,14,25]. In sepsis, significant changes in
glycocalyx structure, vascular integrity and vasotonus result in capillary leakage,
microvascular thrombosis, systemic hypotension and tissue hypo-perfusion, with subsequent
multi-organ dysfunction. Glycocalyx disruption is a result of the liberation of several
mediator substances including TNFa., oxidized lipoproteins, lipopolysaccharide, and
thrombin. Furthermore, an overwhelming production of reactive nitrogen species (RNS) and
reactive oxygen species (ROS) in microvascular endothelial cells, and microvascular
dysfunction are responsible for glycocalyx shedding, damage of the cellular membranes, and
inter-cellular junctions [16,26-28]. This leads to a catecholamine-refractive vasodilation,
endothelial barrier dysfunction, and disseminated intravascular coagulation.
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Current therapy of Sepsis

Septic patients respond differently to a variety of agents, e.g. bacteria, toxins, and products
released from damaged tissues. Therefore, fundamental treatment strategies include
intravenous fluid replacement, timely antibiotic therapy, and surgical source control, and
have been well known for decades. However, several strategies targeting modulation of
systemic inflammation failed [12]. Fluid resuscitation using crystalloids, vasopressor
therapy, and ventilation are integral to supportive care of severe sepsis and septic shock
patients and are administered using a “do no harm” approach [29-32]. Recent studies
suggest that fluid resuscitation is most effective within the first 24 to 48 hours of septic
shock onset [33]. The first line vasopressor for the therapy of septic shock is norepinephrine
[31]. Vasopressin has been found not to be superior to norepinephrine [34]. Yet, as a
secondary agent, vasopressin is commonly used to increase peripheral vascular tone [35,36].
The Surviving Sepsis Campaign Guidelines grade the use of hydrocortisone as a weak
recommendation in septic shock unresponsive to fluid resuscitation and vasopressor therapy
[37]. In addition, established principles of lung-protective ventilation using low tidal
volumes and appropriate levels of PEEP, as well as current ARDS treatment are also
recommended in septic patients [31]. While intensive glucose control, based on one single
center randomized controlled trial [38], had become widespread, a larger multi-center
randomized trial found that a glucose target from 82—-108 mg/dL resulted in higher mortality
than a more conservative goal of 180 mg/dL or less [39]. Hence, a target glucose levels of
180 mg/dL or less are now recommended [31]. Of note, antioxidant supplementation is not
part of current sepsis therapy recommendations.

Vitamin C — History

Since vitamin C (ascorbic acid) was first identified in the 1920s, it has been recommended
and applied for the treatment of many diseases, most often without evidence from
randomized controlled trials. Indeed, one of its strongest and most controversial proponents
was Linus Pauling, Ph.D. (1901-1994), the winner of two Nobel prizes: chemistry and
peace. Subsequently though, proposed beneficial effects of vitamin C to prevent the common
cold [40] or to treat cancer [41] were all refuted. Indeed, caution in the use of vitamin C
concurrently with anti-neoplastic drugs may be advised, as vitamin C can reduce their
therapeutic efficacy [42]. While the tale of vitamin C is not over, the prevention of scurvy
remains the only proven clinical benefit of vitamin C administration, even though
investigated in only twelve sailors [43].

Vitamin C — Proposed Effects

Antioxidants as an adjuvant therapy in critically ill patients have been described for many
decades, mainly as immune nutrition to restore deficits in severe illness. It is widely
accepted that the organism requires a complex interacting mixture of endogenous and
exogenous antioxidants to protect itself from ROS and RNS. Because humans and some
animals like guinea pigs are incapable of synthesizing their own vitamin C in the liver, they
depend on exogenous sources. In healthy organisms, this is sufficient to replenish the
demand of vitamin C. In critically ill patients, vitamin C is markedly decreased [18,44].
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Therefore, the rationale for parenterally administering vitamin C is to supplement an
enhanced metabolic turnover of vitamin C in severe sepsis and septic shock [45].

Hypotension refractory to catecholamines is a hallmark of septic shock. Apart from fluid
resuscitation, it is routinely managed by administration of vasopressors (norepinephring,
vasopressin). Vitamin C increases endogenous synthesis of norepinephrine and vasopressin
as a cofactor of dopamine B-hydroxylase and tyrosine hydroxylase in the synthesis of
norepinephrine [20,46]. Furthermore, parenteral administration of vitamin C may improve
micro-vascular function in septic patients [47]. The detailed effects of vitamin C, however
are complex [48]. Its contribution to endothelial cell proliferation and apoptosis, smooth
muscle-mediated vasodilation, and endothelial barrier permeability render vitamin C an
important agent in the treatment of pathophysiological changes in septic shock. Moreover,
vitamin C has bacteriostatic activity [43].

Pre-Clinical Studies on Vitamin C

It is known from in-vitro studies, that ascorbic acid binds to the a-adrenergic receptor,
enhancing its activation by epinephrine. May et al. summarized the beneficial role for
vitamin C in endothelial growth, survival, and ability to maintain vascular responsiveness
and integrity [49]. Using a human umbilical endothelial cell line, Mo et al. showed that
vitamin C may prevent inflammatory (TNF-alpha)-induced increases in intercellular
adhesion molecule-1 (ICAM-1) [50]. There is also some evidence that corticosteroids
increase cellular vitamin C uptake, and that vitamin C may restore glucocorticoid receptor
function [51,52], but in vivo data are lacking. In several animal models of endotoxemia,
ARDS, and reperfusion injury, supplementation of antioxidants could substantially reduced
metabolic alterations. Experimental data in an animal sepsis model demonstrated that
vitamin C diminishes pro-inflammatory and pro-coagulant changes that induce lung vascular
injury [53]. Parenterally administered vitamin C infusion preserved lung barrier function in a
murine sepsis model [54]. In yet another animal study in septic rats, Bark et al. investigated
the hypothesis that vitamin C decreases plasma volume loss in sepsis. Admittedly, they did
not find either significant differences in plasma volume or physiological parameters, but a
significantly larger urine production in the single bolus dose group (200 mg/kg), compared
to the control group [55]. ROS-generated vascular damage in sepsis may be attenuated by
vitamin C through prevention of increased microvascular permeability, edema formation,
and tissue injury seen in a rodent burn model. In thermally injured rats, the generation of
early edema was reduced by application of high dose vitamin C [56]. In a sheep burn model,
a substantial reduction of early fluid requirements was observed with vitamin C [57]. In
summary, there is experimental data for potentially beneficial effects of vitamin C when
applied to experimental models of increased vascular permeability (Figure 1)

Clinical Studies of Vitamin C in Sepsis

Sepsis is associated with enormous stress to the organism [58]. In animals exposed to stress,
an increased endogenous synthesis of ascorbate was found as a compensatory mechanism to
maintain the homeostasis [44,59]. However, for critically ill patients, neither do we know an
optimal vitamin C plasma concentration nor is it known whether supernormal plasma
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concentrations are more beneficial [60,61]. However, a number of studies demonstrated that
parenteral administration of vitamin C is more effective to increase plasma levels and reduce
multi-organ failure.

Currently there are no large randomized controlled trials for vitamin C in sepsis and septic
shock. In a recent, phase I trial in 24 medical ICU patients with severe sepsis, high dose
administration of vitamin C reduced the extent of multiple organ failure and attenuated
circulating injury biomarker levels [19]. In a cohort of 595 critically ill surgical patients
Nathens et al. examined the effect of vitamin E and C in preventing the development of
pulmonary morbidity and organ failure. They found a reduced incidence of organ failure and
shortened ICU length of stay after early enteral supplementation of vitamins [62]. In a
double-blinded randomized clinical trial, 28 adult surgical patients with septic shock had a
significantly decreased vasopressor requirement and a faster weaning of vasopressors. In
addition to these findings, 28-day mortality was significantly lower in the ascorbic acid,
compared to the placebo group [63].

Burns are associated with enormous inflammation, followed by endothelial leakage. In a
prospective RCT in 37 severely burned patients, the administration of high-dose vitamin C
during the first 24 hours of injury significantly reduced fluid requirement, and was
associated with a higher urine output and less wound edema [64,65].

New information on the role of vitamin C in septic shock is derived from a retrospective
before-and-after clinical study in 94 patients [23]. Patients receiving vitamin C in
combination with thiamine and hydrocortisone had a significantly reduced mortality.
However, design features such as small study size, before-and-after study design, singe-
center, lack of blinding, and the presence of three simultaneous interventions limit
generalizability of these findings. While potentially useful for generating future hypotheses,
they are insufficient to introduce changes into clinical practice.

It has been shown in healthy volunteers that high-level ascorbic acid plasma concentrations
could only be achieved by intravenous administration, not by enteral intake [66]. In most
studies, doses as high as 1 to 2 g q8h of ascorbate were administered intravenously. In
burned patients, a very high dose of ascorbate (1,584 mg/kg/day) was well tolerated, and
associated with a significant reduction in fluid intake, pulmonary dysfunction, and tissue
edema [67]. In the recent study mentioned above, Marik et al. administered 1500 mg vitamin
C IV g6, thiamine 200 mg q12 for 4 days, or until ICU discharge, and 50 mg hydrocortisone
IV g6 (optional 50 mg bolus, followed by a 24-hour continuous infusion of 200 mg) for 4
days [23].

Adverse Effects of High Dose Vitamin C

High-dose vitamin C has been administered by complementary and alternate medicine
practitioners for many years [68]. Apart from renal impairment and glucose-6-phosphate
dehydrogenase deficiency, several potentially toxic effects were reported. A calcium oxalate
nephropathy as a result of metabolization into oxalic acid is one known complication of
high-dose administration of vitamin C. Indeed, this effect is dose-dependent, but no adverse
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clinical impact was observed in healthy volunteers [69]. Of note, pro-oxidative mechanisms
mediated by vitamin C are discussed, along with anti-oxidant effects, in human volunteers
[70,71]. Taken together, prior human studies employing pharmacologic ascorbic acid
administration reported no adverse events. However, if vitamin C were to be administered in
high doses clinically, point-of-care blood glucose measurements may become inaccurate,
since the molecular structures of vitamin C and glucose are somewhat similar — such
measurements should therefore be approached with caution [72].

Conclusion

In critically ill patients, vitamin C deficiency is frequently observed. After almost one
century of in vitro-experiments and animal models, there is an abundance of plausible data
for the protective effects of vitamin C against oxidative-stress-mediated cell damage and
organ dysfunction in sepsis and septic shock, respectively. Only with parenteral high-dose
administration, vitamin C deficiency can be restored efficiently. The lack of randomized
controlled trials and the uncertainty regarding optimal dose, timing and possible adverse
effects impeded the clinical acceptance, and preclude a recommendation for vitamin C in the
clinical care of septic patients. Thus, further research is needed to investigate the benefit of
vitamin C in sepsis and septic shock.
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Key points
. Oxidative stress is a mediator of systemic inflammatory response syndrome
and is elevated in sepsis.
. Vitamin C deficiency is associated with increased morbidity in critically ill
patients.
. Ascorbic acid is a co-factor for the synthesis of dopamine, norepinephrine and

serotonin. Vitamin C plays an important role in limiting oxidative stress and
maintaining endothelial integrity.

. Careful monitoring for adverse effects if vitamin C administration is
paramount for future clinical studies.

. Randomized controlled trials are needed prior to routine use of Vitamin C in
the therapy of sepsis.
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Figure 1.
In animal models of increased vascular permeability, vitamin C restores endothelial integrity

and capillary function.
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