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Evaluation of Vitamin C for Adjuvant Sepsis Therapy
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Abstract

Significance: Evidence is emerging that parenteral administration of high-dose vitamin C may warrant devel-
opment as an adjuvant therapy for patients with sepsis. Recent Advances: Sepsis increases risk of death and
disability, but its treatment consists only of supportive therapies because no specific therapy is available. The
characteristics of severe sepsis include ascorbate (reduced vitamin C) depletion, excessive protein nitration in
microvascular endothelial cells, and microvascular dysfunction composed of refractive vasodilation, endothelial
barrier dysfunction, and disseminated intravascular coagulation. Parenteral administration of ascorbate prevents
or even reverses these pathological changes and thereby decreases hypotension, edema, multiorgan failure, and
death in animal models of sepsis. Critical Issues: Dehydroascorbic acid appears to be as effective as ascorbate for
protection against microvascular dysfunction, organ failure, and death when injected in sepsis models, but
information about pharmacodynamics and safety in human subjects is only available for ascorbate. Although the
plasma ascorbate concentration in critically ill and septic patients is normalized by repletion protocols that use
high doses of parenteral ascorbate, and such doses are tolerated well by most healthy subjects, whether such
large amounts of the vitamin trigger adverse effects in patients is uncertain. Future Directions: Further study of
sepsis models may determine if high concentrations of ascorbate in interstitial fluid have pro-oxidant and
bacteriostatic actions that also modify disease progression. However, the ascorbate depletion observed in
septic patients receiving standard care and the therapeutic mechanisms established in models are sufficient
evidence to support clinical trials of parenteral ascorbate as an adjuvant therapy for sepsis. Antioxid. Redox
Signal. 19, 2129–2140.

Introduction

The purpose of this review is to critically examine the
role of vitamin C in sepsis. The cardinal characteristics of

this disease are a suspected or proved infection and a systemic
inflammatory response. Sepsis is a major public health issue.
In the United States alone, the combination of sepsis and acute
organ dysfunction (i.e., severe sepsis) occurs with an incidence
of 3.0 cases per 1000 population, its hospital costs total $24.3
billion annually, its mortality is 28.6%, and survivors are
at elevated risk of long-term disability (33). Death or dis-
ability often occurs despite multiple supportive therapies.
These include source control (e.g., removal of an infectious
nidus), antibiotic therapy, fluid resuscitation, vasopressor
and inotropic-vasopressor therapy, glycemic control, pro-
phylaxis for deep-vein thrombosis, prophylaxis for stress
ulcer, and supplemental oxygen and mechanical ventilation.

Although oxidative stress is elevated in sepsis, antioxidant
therapy has not become a mainstay of care.

Sepsis care bundles often include bactericidal antibiotics
that acutely increase inflammation by stimulating the release
of bacterial toxins, such as Escherichia coli lipopolysaccharide
(LPS) (1, 60). The inflammation may adversely affect the
prognosis for patients exposed to septic insults, for example,
intensive care unit patients in whom abdominal infection el-
evates the risks of septic peritonitis, severe sepsis, and death
(55). For ampicillin/sulbactam, the effect has been studied by
controlled experiments in animals subjected to cecal ligation
and puncture (CLP). Ampicillin/sulbactam is a bactericidal
antibiotic used against abdominal infections that cause septic
peritonitis; for example, it is administered prophylactically
before elective colorectal surgery. CLP is the most clinically
relevant model of septic peritonitis, because of inflammatory
responses to both the polymicrobial infections induced by
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cecal puncture and the ischemic tissue injury resulting from
cecal ligation (8). Ampicillin/sulbactam treatment of CLP rats
temporarily increases inflammation, as indicated by elevated
serum interleukin-6 concentration (44). Ampicillin/sulbactam
also exacerbates the CLP-induced acute liver and kidney
dysfunction, as shown by increased serum levels of alanine
aminotransferase and creatinine, respectively (44). These
findings suggest that a need exists for adjuvant therapies that
prevent the inflammatory and injurious effects of bactericidal
antibiotics in sepsis.

Another reason to search for novel adjuvant therapies is
that the deaths of septic patients often are attributable to mi-
crovascular dysfunction for which no specific therapy exists
(61). The microvascular dysfunction can be considered to
have 3 components, namely, arteriolar reactivity impairment,
endothelial barrier dysfunction, and capillary plugging by
microthrombi (Fig. 1).

Impairments of arteriolar reactivity and cardiac function
compromise the regulation of blood pressure and conse-
quently patients with sepsis may develop shock. Also con-
tributing to the risk of shock in these patients is endothelial
barrier dysfunction that increases the permeability of the
capillary wall to macromolecules and thereby accelerates
plasma protein extravasation (i.e., capillary leakage) and loss
of circulating blood volume (34).

When shock is prevented by supportive therapies, many
patients with severe sepsis nevertheless die of multiorgan
failure, despite adequate cardiac output and arterial blood
oxygenation (49). The progression from infection to organ
failure is precipitated by excessive accumulation of interstitial
fluid (edema) and increased heterogeneity (maldistribution)
of capillary blood flow, both of which lengthen the diffusion
distance for oxygen and allow tissues to become hypoxic (23,
34). The edema and blood flow maldistribution are conse-
quences of capillary leakage and plugging, respectively. Ca-
pillary plugging, in turn, is associated with formation of
microthrombi and is an example of disseminated intravas-
cular coagulation (Fig. 1).

It is clear that shock, edema, organ failure, and premature
death remain major issues in sepsis. Reviewed below are re-
cent findings that relate these pathologies to changes in vita-
min C levels in patients and preclinical models.

Vitamin C Depletion and Repletion in Sepsis

Infection is one of the most common health problems for
which complementary and alternative medicine (CAM)
practitioners recommend injection of high doses of ascorbate
(reduced vitamin C) (43). One possible reason for the preva-
lence of this practice is that infection may trigger a systemic
inflammatory response that depletes endogenous ascorbate.
Plasma ascorbate concentrations fall very low in patients with
sepsis or traumatic injury, and they are not corrected by
parenteral nutrition containing a moderate amount of ascor-
bate (200 mg/day) (50). Plasma ascorbate concentration does
return to normal upon resolution of the inflammatory illness
(50). The latter observation may reflect accelerated destruction
of ascorbate (e.g., oxidation at a rate that exceeds reduction).
Ferritin, redox-reactive (i.e., catalytic) iron, and ascorbate ox-
idation rate are elevated in systemic blood collected from
septic patients (19–21, 56). Extracellular ferritin or damaged
extracellular proteins may be sources of redox-reactive iron
that oxidizes ascorbate in blood and interstitial fluid (12, 14).
The use of exogenous ascorbate to raise plasma ascorbate
concentration is reviewed immediately below and the po-
tential for ascorbate repletion to alter oxidative damage in
septic patients is discussed afterward, particularly in the
section entitled ‘‘Vitamin C dosage and safety.’’

Parenteral supplementation can restore plasma ascorbate
concentrations to normal in critically ill patients if the ad-
ministered dose of ascorbate is sufficiently high. For example,
parenteral ascorbate at a dose of 300 mg/day fails, but
1000 mg/day is minimally effective on average (35). Since
200 mg/day is the amount of ascorbate administered by
parenteral nutrition typically (50), 1000 mg/day mg obvi-
ously qualifies as a high dose. Although parenteral adminis-
tration of high-dose ascorbate achieves a level of repletion that
is statistically significant, the plasma ascorbate response to
this adjuvant therapy may be confounded by unknown fac-
tors. The variability of the response to parenteral ascorbate is
exemplified by the interindividual differences in septic shock
patients after the injection of a mixture of antioxidants con-
taining a nominal dose of 1000 mg ascorbate (21). Serial blood
sampling at 30 min intervals shows that i.v. injection of this
mixture raises the plasma ascorbate concentration in most of
these patients but has no detectable effect in some (21). It is not
known if this variability is due to interindividual differences

FIG. 1. Microvascular dysfunction during sepsis pro-
gression. A septic insult, such as infection by virulent bac-
teria, triggers a systemic inflammatory response that can
cause microvascular dysfunction if it is too exuberant. One
component of this dysfunction is an impairment of arteriolar
reactivity to vasoconstrictors (e.g., norepinephrine and an-
giotensin II) that contributes to loss of blood pressure control
and eventually to shock. Another component is a disruption
of the endothelial barrier that allows extravasation of plasma
proteins and fluid from capillaries; this leakage leads to the
development of tissue edema and it may also contract blood
volume and thereby contribute to shock. A third component
of septic microvascular dysfunction is an accumulation of
platelets and microthrombi in capillaries that alters the dis-
tribution of blood flow, as has been observed in skeletal
muscles of septic mice. The edema and maldistribution of
capillary blood flow cause tissue hypoxia that may lead to
organ failure. Death may result from multiorgan failure even
if shock is prevented by interventions such as fluid resusci-
tation and vasopressor or inotropic-vasopressor therapy.
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in the rates of urinary excretion of ascorbate, extracellular
oxidation of ascorbate, or cellular uptake of ascorbate and its
oxidation products (e.g., dehydroascorbic acid [DHAA]).
However, it is clear that clinical testing of ascorbate treatment
for sepsis should include monitoring of plasma or serum
ascorbate concentration.

Mortality and Morbidity

Oral administration of ascorbate (1500 mg/day) in combi-
nation with other antioxidants (vitamin E, beta carotene, zinc,
and selenium) failed to decrease mortality in critically ill
adults who had multiorgan failure, but it is not known if
plasma ascorbate concentration was restored to normal by the
enteral ascorbate administration (27). Parenteral ascorbate
administration can normalize plasma ascorbate (21, 35), but
little is known about the clinical outcomes of this intervention.
Two small, randomized clinical trials have given parenteral
ascorbate at high doses as an adjuvant therapy to patients at
high risk of becoming septic. The first of these 2 trials found
that infusion i.v. of ascorbate [1584 mg/(kg.day)] decreases
edema and improves respiratory function in severely burned
patients (57). This trial is relevant because, first, there are
similarities between the systemic inflammatory responses to
septic insults and burn injury, and second, a major cause of
death in severely burned patients is multiorgan failure due to
sepsis. The other trial reported that a combination of ascorbate
(3000 mg/day i.v. for up to 28 days) and vitamin E decreases
organ failure incidence and shortens intensive care unit stay in
patients after traumatic injury or major surgery (39). How-
ever, the effect of parenteral vitamin C on clinical outcome has
not been tested in patients with sepsis who do not have burn
injury or vitamin E supplementation.

Preclinical studies of sepsis models indicate that mortality
depends on vitamin C. For example, when mice deficient in l-
gulono-c-lactone oxidase (Gulo - / - ), the rate-limiting enzyme
in ascorbate synthesis, are depleted of ascorbate and then
infected with the virulent bacterium Klebsiella pneumoniae,
they are three times more likely as ascorbate-replete Gulo - / -

mice to die from infection (22). This apparent effect of en-
dogenous ascorbate on mortality was not accompanied by
any detectable change in the levels of oxidized amino acids
and of F2-isoprostanes (markers of lipid oxidation) in peri-
toneal lavage fluid (22). Further evidence of the importance of
vitamin C is that its parenteral administration decreases
mortality in wild-type mice that are ascorbate-replete before
exposure to septic insults. For example, bolus injection of
ascorbate (10–200 mg/kg) improves survival in mice made
septic by either CLP or fecal stem solution injection into
peritoneum (FIP) (18, 59, 64) (Fig. 2). Injection of DHAA (i.e.,
the oxidized state of vitamin C that cells take up and reduce to
ascorbate) (200 mg/kg) also prolongs survival in FIP mice
(18). Similarly, injection of ascorbate or DHAA (200 mg/kg)
increases survival in mice made endotoxemic by exposure to
LPS (17).

While the results of these experiments are dramatic, they
are derived from studies of mice and not humans. Further, a
major experimental design issue that affects extrapolation to
clinical settings is the omission of antibiotics and other sup-
portive interventions that are typical of sepsis care bundles.
For example, the effect of ascorbate on survival after CLP has
been tested in mice receiving buprenorphine analgesia and

fluid resuscitation but not antibiotic therapy (64) (Fig. 2).
Addition of antibiotic therapy increases survival in CLP mice
(29) but it is not known if this addition decreases the survival
benefit conferred by ascorbate treatment. Nevertheless, the
results currently available provide a strong impetus for in-
vestigations of the mechanism of action of vitamin C. The
results of published mechanistic studies are reviewed in the
following sections.

Bacterial Replication

Ascorbate protects microvascular function and improves
survival in septic mice (18, 59, 64). It is not certain to what
extent, if any, this protection is an indirect result of bacterio-
stasis. Ascorbate (5 mM) completely inhibits the growth of
Staphylococcus aureus in vitro, even when any effect of the
vitamin on extracellular acidity is prevented by neutralization
(31). A lower concentration of ascorbate (100 lM), which
protects endothelial cells from injury by exogenous hydrogen
peroxide, is sufficient to inhibit replication in vitro of bacteria
obtained from the cecum (2). It is possible that the bacterio-
static mechanism may involve production of hydrogen per-
oxide during oxidation of ascorbate in culture medium.
Ascorbate reduces the valence of free transition metals and
then the reduced metals catalyze the production of hydrogen
peroxide, which is a potent antibacterial agent. For instance,
E. coli replication is inhibited by 25–50 lM hydrogen peroxide
(bacteriostatic action) and significant killing of the bacteria
occurs at 500 lM hydrogen peroxide (bactericidal action) (30).
It remains to be determined if the amount of hydrogen per-
oxide generated during ascorbate oxidation is sufficient to
explain the vitamin’s bacteriostatic effect.

Incubation of ascorbate with dilute fecal samples obtained
from rat cecum shows that the vitamin inhibits bacterial
replication in vitro, with the maximal inhibitory concentration
being 100 lM ascorbate (2). In contrast, incubation with 100–
1000 lM ascorbate does not kill microvascular endothelial
cells but, on the contrary, confers protection against the in-
jurious actions of exogenous hydrogen peroxide (2). These

FIG. 2. Parenteral ascorbate increases survival in experi-
mental sepsis. Sepsis was induced by CLP in anesthetized
mice that also received analgesia with buprenorphine and
fluid resuscitation with saline. Ascorbate (200 mg/kg) or
saline vehicle was injected i.v. at 30 min before CLP. Subse-
quently, Kaplan–Meier survival analysis showed the sur-
vival rate was greater in the mice that were administered
ascorbate than in the septic controls ( p < 0.05). Reprinted by
permission (63). CLP, cecal ligation and puncture.

VITAMIN C THERAPY FOR SEPSIS 2131



findings suggest the bacteriostatic and curative effects of
ascorbate may be related.

CLP rats have an accumulation of purulent peritoneal fluid
and inflammation of the intestine, evident by swelling of the
intestinal wall, at 24 h after surgery. In contrast, nonseptic
control rats and ascorbate-injected (76 mg/kg i.v.) CLP rats
have a normal peritoneal cavity (2). These autopsy results
suggest that ascorbate may exert wound-healing and bacte-
riostatic actions in septic animals. Although prophylactic in-
jection i.v. of ascorbate (200 mg/kg) in mice does not alter the
number of bacterial colony forming units in peritoneal lavage
fluid at 6 h post-CLP (6.5 h after injection of ascorbate) (64), it
is possible that the vitamin may cause bacteriostasis at other
times or locations.

Most patients with severe sepsis have bacteria circulating
in their blood (7). It is unlikely that vitamin C acts through
blood-borne neutrophils to enhance bacterial killing, since
injection of 2000 mg ascorbate in human subjects does not
alter superoxide production by neutrophils isolated from
blood (16). However, infected patients often have bacteria in
their interstitial fluid, too. It is in interstitial fluid that the
concentrations of ascorbate and hydrogen peroxide rise most
after parenteral administration of an extremely high dose of
ascorbate (4000 mg/kg) (10). Perhaps the same increase in
interstitial fluid hydrogen peroxide concentration may be
achieved with lower ascorbate doses in septic patients be-
cause of an abundance of redox-reactive transition metals that
may generate hydrogen peroxide through oxidation of
ascorbate. Another possible source of hydrogen peroxide is
extravasated neutrophils because this cell type accumulates
ascorbate and raises the extracellular concentration of reactive
oxygen specis (9). Ascorbate and DHAA (300 lM) do not alter
phagocytosis of E. coli by isolated neutrophils but do enhance
subsequent generation of reactive oxygen species (52), which
may include hydrogen peroxide. Further investigation is re-
quired to determine if bacteriostatic levels of hydrogen per-
oxide are produced in the interstitial fluid after injection of
ascorbate in patients whose rate of ascorbate oxidation is ac-
celerated, as it is in septic patients (19). Meanwhile, the al-
ternative possibility that the improvement in survival
induced by vitamin C in sepsis models is principally due to
protection against nitric oxide (NO) imbalances, protein ni-
tration, and microvascular dysfunction will be discussed next.

Ascorbate Preserves Arteriolar Reactivity

One component of microvascular dysfunction in sepsis is
diminished arteriolar reactivity to vasoconstrictors. This de-
fect causes refractory vasodilation that contributes to hypo-
tension and shock. The mechanism underlying the
impairment of vasoconstriction in sepsis includes activation
of soluble guanylate cyclase, activation of cyclic guanosine
3¢,5¢-monophosphate-dependent protein kinase, stimulation
of large conductance potassium channels, and subsequent
smooth muscle cell membrane hyperpolarization that coun-
teracts the depolarizing effects of vasoconstrictors (64). A key
mediator of impaired arteriolar reactivity is inducible nitric
oxide synthase (iNOS), because this enzyme is the source of
high levels of NO that activate soluble guanylate cyclase.

Prophylactic bolus injection i.v. of ascorbate (76–200 mg/
kg) attenuates the loss of arteriolar and blood pressure re-
sponsiveness to the vasoconstrictors norepinephrine and an-

giotensin II in CLP rats and mice (2, 40, 63, 64). An important
mechanism for the protection of arteriolar reactivity by
ascorbate is inhibition of iNOS expression in endothelial cells.
Part of the evidence for this mechanism is that injection of
ascorbate (200 mg/kg) prevents CLP from elevating the con-
centration of NO metabolites in plasma (64). Further, ascor-
bate injection blocks the increase by CLP of iNOS mRNA
expression in microvascular endothelial cells at 3 h after CLP,
apparently due to inhibition by ascorbate of NADPH oxidase
activity (63, 65). Parenteral ascorbate also blocks the increases
in total NOS, iNOS, and neuronal NOS (nNOS) activities in
skeletal muscle of CLP mice (68) (Fig. 3). Finally, iNOS defi-
ciency (i.e., iNOS knockout) is as effective as ascorbate injec-
tion for protecting the vasoconstrictor and vasopressor
responses to angiotensin II and norepinephrine in CLP mice
(64).

Low baseline values of mean arterial blood pressure de-
velop in animals made endotoxemic by LPS injection or made
septic by CLP or FIP. Bolus injection i.v. of ascorbate blocks
hypotension from developing in endotoxemic rats (53) As-
corbate also prevents hypotension for 24 h in CLP rats (2, 58),
attenuates the fall in baseline blood pressure for 6 h in CLP
mice (63), and fails to protect baseline blood pressure in FIP
mice (59). The reasons for this variation between the different
septic peritonitis models may be that, compared to saline-
vehicle injected CLP rats (75% survival at 24 h), sepsis

FIG. 3. Parenteral ascorbate prevents septic changes in
NOS activities. Injection i.v. of ascorbate (200 mg/kg) in
mice at 30 min before CLP prevented increase in total NOS
activity in skeletal muscle at 12 h post-CLP (A). Ascorbate
also blocked the increases in iNOS and nNOS activities, and
the decrease in eNOS activity (B). *p < 0.05 compared with
control within the group. #p < 0.05 compared with CLP
within the group. Reprinted by permission (67). eNOS, en-
dothelial nitric oxide synthase; iNOS, inducible nitric oxide
synthase; nNOS, neuronal nitric oxide synthase.
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progresses more rapidly in saline vehicle-injected CLP and
FIP mice (9% and 19% survival, respectively, at 24 h). Further,
it is possible that myocardial depression lowers blood pres-
sure in the septic mice despite ascorbate administration (59). It
is clear from studies of CLP animals that (i) hypotension is
associated with falls in plasma ascorbate concentration and
arteriolar reactivity and also with increases in iNOS protein
and activity levels; (ii) iNOS knockout blocks the effects of
CLP on arteriolar reactivity and baseline arterial blood pres-
sure; and (iii) injection of ascorbate prevents the CLP-induced
changes in iNOS, arteriolar reactivity and blood pressure (2,
29, 40, 58, 59, 64). The identities of the molecular targets of
iNOS-derived NO that mediate the effects of septic insult and
ascorbate therapy on arteriolar reactivity are unknown. More
information is available about the mechanisms of action of
vitamin C in other components of microvascular dysfunction,
and it is presented in the following sections.

Extravasation of Plasma Proteins and Fluid

A second component of septic microvascular dysfunction is
increased permeability of the endothelium in perfused capil-
laries. This endothelial barrier dysfunction increases the ex-
travasation of plasma proteins and fluid. By causing tissue
edema, endothelial barrier dysfunction leads to tissue hyp-
oxia and organ failure. By contracting the plasma volume, it
also impairs blood volume and pressure regulation.

The lung is a critical organ in which to study this compo-
nent because many septic patients develop pulmonary edema
(36). In the lungs of FIP mice without vitamin C supplemen-
tation, an absence of plasma protein leakage suggests that the
endothelial permeability barrier remains intact, whereas in-
creased permeability to fluorescent dextran (average molec-
ular mass 4 kDa) and accumulation of fluid indicate that the
epithelial barrier is dysfunctional (18). Injection of either
ascorbate or DHAA (200 mg/kg) lessens both dextran (4 kDa)
leakage and fluid accumulation in the lungs of FIP mice (18). It
is not clear if altered expression of tight junction proteins
mediates these effects. In lung tissue of FIP mice, the expres-
sion of the tight junction protein claudin-4 rises but that of the
cytoskeletal connector protein zona occludens-1 falls, and
these responses to FIP are prevented by ascorbate but not
DHAA (18). Ascorbate also prevents fluid accumulation in
septic lungs by improving alveolar fluid clearance, because
the infusion of the vitamin induced the expression of aqua-
porin 5, cystic fibrosis transmembrane conductance regulator,
epithelial sodium channel, and Na + -K + -ATPase (18).

The lung injury in animal models of endotoxemia is also
mitigated by vitamin C. For instance, parenteral administra-
tion of ascorbate [1000 mg/kg bolus injection followed by
200 mg/(kg.h) continuous infusion] decreases protein ex-
travasation in the lungs of LPS-exposed sheep (15). Also, bo-
lus injection of ascorbate or DHAA (200 mg/kg) decreases the
concentration of protein in bronchoalveolar lavage fluid of
LPS-exposed mice (17). Prevention by vitamin C of LPS-
induced endothelial barrier dysfunction is a likely explanation
for these findings.

Because LPS and proinflammatory cytokines (e.g., inter-
feron c [IFNc]) are mediators of the systemic inflammatory
response to virulent bacterial infection, the mechanism of
action of LPS + IFNc in monolayer cultures of murine micro-
vascular endothelial cells has been investigated. This septic

insult increases the expression of NADPH oxidase 1 (Nox1)
and iNOS proteins, the nitration of other proteins by perox-
ynitrite (assessed as 3-nitrotyrosine immunoreactivity), and
the paracellular permeability to albumin (24, 62, 66) (Fig. 4).
The increased production of peroxynitrite may also result
from increased superoxide synthesis by uncoupled iNOS.
Taken together, these findings support using cultures of mi-
crovascular endothelial cells to study in vitro the mechanisms
underlying septic microvascular dysfunction, because CLP
similarly raises Nox1, iNOS, peroxynitrite, protein nitration,
and plasma protein extravasation levels in vivo (40, 64, 68).

An essential mediator of endothelial barrier dysfunction in
sepsis is protein phosphatase 2A (PP2A). Tyrosine residues in
the catalytic subunit of PP2A (PP2Ac) become nitrated in
microvascular endothelial cells exposed to LPS + IFNc, be-
cause this insult increases NADPH oxidase synthesis of su-
peroxide, iNOS synthesis of NO, and consequently the
production of peroxynitrite from superoxide and NO (62, 65).
The tyrosine nitration of PP2Ac increases the phosphatase
activity of PP2A, which dephosphorylates serine and threo-
nine residues in occludin (24, 41). This dephosphorylation
causes a redistribution of occludin away from tight junctions
and consequently increases paracellular permeability to al-
bumin (24, 62, 66) (Fig. 4). The essential role of PP2A is sup-
ported by observations that inhibition of this phosphatase
by okadaic acid (OA) or siRNA knockdown prevents the

FIG. 4. Prevention by ascorbate of endothelial barrier
dysfunction in sepsis. Exposure of microvascular endothe-
lial cells to septic insult (LPS + IFNc) causes endothelial bar-
rier dysfunction. Ascorbate blocks septic increases in
NADPH oxidase expression and activity, superoxide, and
peroxynitrite. These effects of ascorbate attenuate septic
stimulation of PP2A nitration and activation, so that phos-
phorylation and distribution of the tight junction protein
occludin remain normal. OA inhibits PP2A activity and thus
prevents occludin dephosphorylation. As consequences of
these actions, ascorbate and OA prevent endothelial barrier
dysfunction. LPS, lipopolysaccharide; IFNc, interferon c;
PP2A, serine/threonine protein phosphatase 2A; PP2Ac,
serine/threonine protein phosphatase 2A catalytic subunit;
OA, okadaic acid.
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LPS + IFNc-induced changes in occludin and permeability
(62). Occludin dephosphorylation may increase tight junction
permeability independently of the changes in surface charge
and actin cytoskeleton that also are associated with endo-
thelial barrier dysfunction (28, 54).

Incubation of microvascular endothelial cells with 500 lM of
either ascorbate or DHAA prevents the LPS + IFNc-induced
increase in paracellular permeability to albumin observed in
ascorbate-deficient cells. This concentration is equal to the
plasma ascorbate concentration achieved by an ascorbate in-
fusion protocol that lessens edema formation in burn patients
(57). For the ascorbate and DHAA treatments in cell cultures,
the protection of the endothelial barrier is associated with in-
creased intracellular ascorbate concentration and it depends on
inhibition of both peroxynitrite formation and PP2A nitration/
activation (24). Administration of ascorbate prevents the in-
duction by septic insult of NAPDH oxidase, and consequently
blocks induction of iNOS, in microvascular endothelial cells
(65). Thus, ascorbate slows peroxynitrite formation and nitra-
tion of PP2Ac. The ascorbate-deficient endothelial cells in these
experiments contained no detectable ascorbate, which is a de-
gree of ascorbate depletion unlikely to occur in vivo. However,
subsequent in vivo experiments confirmed the protective
mechanism of ascorbate, as is described next.

CLP causes NADPH oxidase activation and endothelial NOS
(eNOS) uncoupling that produce superoxide, and CLP also
induces activations of iNOS and nNOS that generate NO, in
skeletal muscles (68). The superoxide and NO combine to form
peroxynitrite, which then nitrates multiple proteins (Fig. 5).

PP2Ac is one of the proteins that becomes nitrated and conse-
quently PP2A becomes activated. Immunoblot analysis of
freshly harvested endothelial cells of the septic skeletal muscles
reveals dephosphorylation of serine and threonine in occludin
(68), similar to the observation made in microvascular endo-
thelial cell cultures exposed to LPS + IFNc (24). Moreover, the
systemic inflammatory response of mice to CLP is associated
with a very reproducible extravasation of fluorescent dextran
(average molecular mass 70 kDa) in cremaster muscle and
Evans blue-conjugated albumin in hindlimb skeletal muscles
within 12 h, at which time survival is 100% (64, 68) (Fig. 6).
Prophylactic injection i.v. of ascorbate (200 mg/kg), given
30 min prior to CLP, prevents eNOS uncoupling, iNOS and
nNOS activation, peroxynitrite formation, PP2A activation,
occludin dephosphorylation, and dextran (70 kDa) and plasma
protein extravasation at 12 h post-CLP. A delayed ascorbate
injection, given 3 h after CLP, also attenuates the endothelial
barrier dysfunction (68).

For the effects of sepsis and ascorbate on endothelial barrier
dysfunction, more is known about the role of iNOS than
eNOS. Genetic or pharmacological interventions that specifi-
cally inhibit iNOS prevent the increase in vascular perme-
ability to macromolecules in CLP mice (29). High levels of
ascorbate are effective for inhibiting the induction of iNOS
protein and elevation of iNOS activity by septic insult in
cultures of microvascular endothelial cells (24, 62, 66). In CLP

FIG. 5. Parenteral ascorbate inhibits protein nitration in
septic mouse skeletal muscle. Injection i.v. of ascorbate
(200 mg/kg) in mice at 30 min before CLP prevented increase
in 3-nitrotyrosine formation. Shown are representative
western blots of 3-nitrotyrosine and tubulin for 3 nonseptic
mice, 3 CLP mice, and 3 ascorbate-treated CLP mice at 12 h
post-CLP (A). Also shown is the summary of 3-nitrotyrosine
band intensities, for 6 mice per group, at 12 h post-CLP;
*p < 0.05 compared with control; #p < 0.05 compared with
CLP (B). Reprinted by permission (67).

FIG. 6. Parenteral ascorbate decreases plasma protein
extravasation in septic mouse skeletal muscle. Injection i.v.
of ascorbate (200 mg/kg) in mice at either 30 min before (A)
or 3 h after CLP (B) prevented the increase in plasma protein
extravasation assessed by Evans blue leakage at 12 h post-
CLP. The leakage is expressed as percent control. *p < 0.05
compared with control; #p < 0.05 compared with CLP. Rep-
rinted by permission (67).
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animals, too, ascorbate (200 mg/kg) injection blocks CLP-
induced increases in iNOS mRNA in freshly harvested
microvascular endothelial cells, iNOS protein and activity in
skeletal muscles, and NO metabolites in plasma (63, 64). This
may explain, at least in part, the observation that ascorbate
treats septic endothelial barrier dysfunction in cell culture and
animal models of sepsis.

The identity of the enzyme that synthesizes NO (whether
eNOS or iNOS) may determine where NO and peroxynitrite
are produced. Peroxynitrite has a short half-life of appearance
and thus the site of its production dictates which tyrosine
residues it can access. iNOS is known to interact with PP2Ac
directly (42). If eNOS does not interact with PP2Ac similarly,
then the discrepant interactions of the NOS isoforms with
PP2Ac may account for the increase in PP2A nitration that
occurs in sepsis, when iNOS activity is elevated and eNOS
activity is depressed. Further, inhibition of iNOS expression
may be the effect of ascorbate that accounts for all of the de-
crease in PP2A activity and defense of the endothelial barrier.
Nevertheless, it remains a possibility that some of ascorbate’s
protection of endothelial barrier function may be due to the
fact that the vitamin also attenuates the loss of eNOS activity
during sepsis (68) (Fig. 3), since experiments with nonseptic
endothelial cells indicate that ascorbate-dependent tightening
of the endothelial barrier involves maintaining NO through
the eNOS/guanylate cyclase pathway (37).

Coagulopathy and Capillary Plugging

A third component of septic microvascular dysfunction is
the stoppage of blood flow in many capillaries. The extent of
this maldistribution of capillary blood flow correlates with
organ failure and mortality in patients with severe sepsis (49).
The capillary blood flow impairment is due to coagulopathy
and, more particularly, disseminated intravascular coagula-
tion (13). Blood coagulation involves platelet aggregation and
adhesion to endothelial cells, fibrin deposition, and formation
of microthrombi (26). The sensitivity of these phenomena to
vitamin C has been studied in endotoxemic, CLP and FIP mice
(18, 45, 51, 59).

The systemic blood of septic human patients with dissem-
inated intravascular coagulation becomes hypocoagulable
because of accelerated consumption of clotting factors. Simi-
larly, when mice are made endotoxemic by injection of LPS,
blood samples obtained from them by cardiac puncture show
prolonged prothrombin times and activated partial throm-
boplastin times (17). Ascorbate (200 mg/kg) or DHAA
(200 mg/kg) injection mitigates this LPS-induced hypocoa-
gulability in systemic blood (17). Histological analysis of the
lungs shows extensive microvascular thrombosis in en-
dotoxemic mice, except those treated with ascorbate or
DHAA (17). Ascorbate and DHAA also blunt the induction by
LPS of tissue factor mRNA in lung tissue, although whether
they change the concentration of tissue factor protein at po-
tential sites of blood clotting is unknown (17).

Septic peritonitis also causes hypocoagulability in the sys-
temic blood of FIP mice, as indicated by thromboelastography
that measures the viscoelastic properties of blood samples
that have been collected by cardiac puncture (18). Ascorbate
(200 mg/kg) injection prevents the FIP-induced hypocoagul-
ability in systemic blood (18). To explain these changes,
mRNA expression of procoagulant and anticoagulant factors

has been examined in lung tissue. FIP increases mRNA ex-
pression of tissue factor and decreases that of thrombomo-
dulin, and both these changes are countered by ascorbate (18).
The mRNA expression of tissue plasminogen activator (t-PA)
is not significantly affected by FIP but it is increased by the
combination of FIP and ascorbate (18). These effects of
ascorbate injection on mRNA expression in lung suggest the
vitamin may modulate procoagulant, anticoagulant, and fi-
brinolytic pathways beneficially (18). However, it is not
known if the changes observed in lung tissue mRNA levels
are indicative of alterations in the proteins and their regula-
tory activities in the microvasculature.

In contrast to the hypocoagulability of systemic blood,
capillary blood becomes hypercoagulable as maldistribution
of capillary blood flow (e.g., increased proportion of capil-
laries with stopped-flow) develops in FIP mice (51). The evi-
dence for this localized hypercoagulability comes from
examination of vascular beds in skeletal muscles by intravital
microscopy, which shows platelet adhesion and fibrin depo-
sition are localized to capillaries (51, 59). Further, the capillary
plugging in skeletal muscles is prevented by prophylactic
depletion of platelets and also by i.v. injection of either
P-selectin blocking antibody or antithrombin (51). Therefore,
this component of septic microvascular dysfunction arises
because a localized procoagulant state causes many capillar-
ies to be plugged by microthrombi (51, 59), while systemic
blood is depleted of clotting factors (18).

As described in an earlier section of this review, overpro-
duction of NO by excessive iNOS activity may explain re-
fractory arteriolar dilation in sepsis, since that component of
microvascular dysfunction is absent in iNOS knockout mice
(64). However, septic insult causes maldistribution of capil-
lary blood flow to similar extents in iNOS-deficient and wild-
type mice (51). Whether a capillary lumen remains patent may
depend on the NO concentration at the potential site of mi-
crothrombus formation instead of on global levels of NO.
Insufficient NO production by eNOS in capillaries, and in-
creased NO consumption by reactive oxygen species there,
may account for increases in platelet aggregation, platelet
adhesion and microthrombus formation that plug septic
capillaries (51).

The antithrombotic effects of NO in capillaries may diminish
as the systemic inflammatory response to infection progresses.
Part of the explanation for this change is increased production
of superoxide that reacts with NO to form peroxynitrite.
NADPH oxidase is the principal source of superoxide in septic
microvascular endothelial cells (62). Consistently, platelet ad-
hesion and capillary plugging in FIP mice are prevented by
NADPH oxidase deficiency or injection i.v. of ascorbate (51,
59). Cell culture experiments show that high concentrations of
ascorbate prevent increases in the activity of NADPH oxidase
and the production of superoxide and related oxidants in mi-
crovascular endothelial cells exposed to septic insult (24, 65). By
lowering reactive oxygen species levels, either NADPH oxi-
dase deficiency or ascorbate administration may increase the
effective concentration of NO within capillaries and thus pre-
vent microthrombus formation during sepsis (59).

Ascorbate Reverses Capillary Plugging

In FIP mice, blood flow in plugged capillaries is restored by
delayed treatment with ascorbate (51, 59). Injection i.v. of
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ascorbate (10 mg/kg) in anesthetized wild-type mice at 6 h
post-FIP decreases the density of stopped-flow capillaries and
increases the density of perfused capillaries within 10–30 min.
The effect of ascorbate injection on capillary flow persists for
at least 12 h postinjection (i.e., 18 h post-FIP) (59) (Fig. 7A).
This ascorbate treatment does not reverse hypotension in FIP
mice, so it is evident that reperfusion of capillaries is not
caused by increased arterial pressure (59) (Fig. 7).

Local superfusion of the capillary bed with either an NO
donor or tetrahydrobiopterin (BH4) also improves capillary
blood flow distribution after FIP, although the responses to
these agents are transitory compared to the response to ascor-
bate injection (51). Presumably, BH4 acts as an antioxidant and
eNOS cofactor to increase local concentrations of NO suffi-
ciently to restore patency in plugged capillaries. The reversal of
capillary plugging by ascorbate injection and BH4 superfusion
does not occur in eNOS knockout FIP mice. In contrast, ascor-
bate does improve capillary blood flow distribution in nNOS
knockout and iNOS knockout FIP mice (51) (Fig. 8).

Relevant information is also available from studies of CLP
mice. Neither CLP nor ascorbate injection alters the eNOS
mRNA levels measured in endothelial cells at 3 h post-CLP,
which is a time when the iNOS mRNA levels in these cells are
elevated (63). However, the eNOS activity in skeletal muscle is
decreased by CLP and parenteral ascorbate (200 mg/kg)
blocks this loss of activity (68) (Fig. 3).

Taken together, the observations reviewed here indicate
that the NO synthesized by eNOS is a necessary mediator in
the mechanism of action of ascorbate that regulates micro-
vascular thrombosis in sepsis. How does ascorbate stimulate
eNOS to synthesize NO? Ascorbate stabilizes the eNOS co-
factor BH4 (e.g., ascorbate reduces the products of BH4 oxi-
dation) and thus prevents eNOS uncoupling in endothelial
cells (25). But ascorbate also enhances eNOS activity in these
cells through a rapid phosphorylation at eNOS-Ser1177 (32).

eNOS activity is controlled by multiple kinases and phos-
phatases, including protein kinase C (PKC), Akt, AMP-
activated kinase (AMPK), protein phosphatase 1, and PP2A
(32). For the effect of ascorbate on eNOS phosphorylation,
AMPK is the responsible upstream kinase (32). AMPK and
eNOS are dephosphorylation targets of PP2A, and inhibition of
PP2A by OA induces the same pattern of eNOS phosphoryla-
tion as does ascorbate (32). Further, PP2A overexpression pre-
vents the effects of ascorbate on eNOS phosphorylation and
activity. These observations indicate that ascorbate stimulates
eNOS activity by decreasing PP2A activity and thereby in-
hibiting the dephosphorylation of eNOS by PP2A (32).

Ascorbate alters eNOS phosphorylation in endothelial cells
within 5 min (32), which is fast enough to support the rapid,
eNOS-dependent reversal of capillary plugging that is ob-
served when ascorbate is injected into septic mice (59). The
effect of ascorbate on eNOS phosphorylation does not require
the production of hydrogen peroxide, because it is not pre-
vented by the peroxide-reducing enzyme catalase, and it is

FIG. 7. Parenteral ascorbate improves capillary blood
flow distribution independently of blood pressure in septic
wild-type mice. Injection i.v. of ascorbate (10 mg/kg) into
anesthetized wild-type mice at 6 h post-FIP altered the den-
sities of perfused and stopped-flow capillaries (CDPER and
CDSTAT, respectively) in skeletal muscle at 7 h and 18 h
post-FIP; *p < 0.05 compared with respective control (A).
However, ascorbate did not alter the decrease in mean ar-
terial blood pressure (MAP) at 6.5–7 h post-FIP; *p < 0.05
compared to 0 h (B). Reprinted by permission (58). FIP, fecal
stem solution-injected into peritoneum.

FIG. 8. eNOS deficiency prevents improvement of septic
capillary blood flow distribution by ascorbate. The densi-
ties of perfused and stopped-flow capillaries (CDPER and
CDSTAT, respectively) were measured at 7 h post-FIP in
skeletal muscle of anesthetized NOS-deficient mice. Ascor-
bate (10 mg/kg injected i.v. at 6 h post-FIP) prevented im-
pairment of capillary blood flow in nNOS knockout and
iNOS knockout mice (nNOS - / - and iNOS - / - ) but not in
eNOS knockout mice (eNOS - / - ). *p < 0.05 compared with
respective control. Reprinted by permission (58).
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specific for ascorbate because it is not elicited by other anti-
oxidants (e.g., N-acetylcysteine, trolox) (32). These observa-
tions indicate a mechanism through which ascorbate is more
effective than other antioxidants for treatment of septic mi-
crovascular dysfunction.

Fibrinolysis may be decreased in septic patients (26). Ex-
periments with mice show that bolus i.v. injection of ascorbate
at 6 h post-FIP (i.e., when capillary plugging is prevalent)
improves capillary blood flow distribution during the next
10 min to 18 h (51, 59) (Fig. 7). Since FIP increases fibrin de-
position in capillaries as microthrombi form (51), it is possible
that ascorbate restores capillary patency by enhancing fibri-
nolysis locally.

Fibrinolysis involves regulatory factors, such as the pro-
fibrinolytic t-PA and urokinase plasminogen activator (u-PA),
and the anti-fibrinolytic plasminogen activator inhibitor 1 that
inhibits t-PA and u-PA. If ascorbate affects these regulatory
factors in septic capillaries selectively then it may enhance
fibrinolysis there, without having a pro-fibrinolytic effect in
systemic blood or parenchymal cells of tissues. However, the
hypothesis that ascorbate stimulates fibrinolysis in capillaries
selectively is hard to determine because it is technically dif-
ficult to access capillaries without greatly modifying them.
For example, to analyze regulatory factors expressed selec-
tively in microvascular endothelial cells, it may be necessary
to isolate the cells by immunoseparation procedures that in-
troduce confounding variables. To the best of our knowledge,
there are no published studies of ascorbate on either fibrino-
lysis in capillaries or fibrinolytic regulators in freshly isolated
microvascular endothelial cells.

Parenteral ascorbate is a useful means to rebalance NO pro-
duction and protein nitration, and thereby restore capillary
patency in the lungs and skeletal muscles of septic mice.
However, confirmation that ascorbate exerts a similar action
throughout the body awaits future studies of additional organs.

Vitamin C Dosage and Safety

The low plasma ascorbate concentration in septic patients
(6, 20, 35) and the decreased morbidity and mortality ob-
served in animal models of sepsis (18, 59, 64) indicate that
parenteral vitamin C may be a beneficial adjuvant therapy in
sepsis. Allometric dose translation is useful for extrapolating
findings from animals to humans. A published formula for
normalization to body surface area (47) indicates that the
mouse dose of 200 mg/kg is equivalent to a human dose of
16 mg/kg, which corresponds to 1120 mg for a typical 70 kg
adult person. This approximates the minimal dose of paren-
teral ascorbate (1000 mg ascorbate/day) that raises the plas-
ma ascorbate concentration of septic patients into the range of
normal plasma levels (35). The dose should be tolerated well,
judging from clinical trials that injected 1000–2000 mg ascor-
bate every 8–24 h for up to 7 days in critically ill surgical or
acutely injured patients (5, 11, 16, 39).

Generally, ascorbate is not a dangerous intervention for
most subjects. However, concerns have been raised that high-
dose ascorbate may induce pro-oxidant effects in patients (38).
One basis for this concern is that ascorbate reduces the valence
of free transition metals, such as iron (e.g., ascorbate reduces
FeIII to FeII), which then catalyze the formation of hydrogen
peroxide. Hydrogen peroxide is generated in the interstitial
fluid by oxidation of large amounts of exogenous ascorbate

(10) and this may alter the function of some cells. Another
source of hydrogen peroxide is extravasated neutrophils, be-
cause ascorbate enhances reactive oxygen species production
by neutrophils exposed to E. coli (52). Indeed, ascorbate kills
cancer cells in culture and the underlying mechanism involves
promotion hydrogen peroxide formation in the culture me-
dium, because the cell killing can be suppressed by extracel-
lular catalase (46). However, the validity of these concerns is
not supported by observations in most of the subjects and
patients who have been studied. Repeated i.v. injection of
750–7500 mg/day of vitamin C for 6 days in healthy volun-
teers does not induce a pro-oxidant change in plasma markers
(38). Further, i.v. infusion of high-dose ascorbate [1584 mg/
(kg.day) for 3 days] lowers serum malondialdehyde concen-
tration in severely burned patients, indicating that the vitamin
decreases the oxidative stress associated with the systemic
inflammatory response to burn injury (57). High-dose ascor-
bate also decreases postsurgical oxidative stress. The evidence
for the latter statement is, in patients who undergo gastroin-
testinal surgery, the urinary excretion of 8-isoprostane (an-
other marker of oxidative stress) is lower after infusion of
ascorbate at a high dose (500 mg/day) compared to a low
dose (100 mg/day) (67). Nevertheless, because the removal of
hydrogen peroxide from blood requires NADPH generated
by glucose-6-phosphate, high-dose ascorbate increases the
risk of intravascular hemolysis in patients with glucose-6-
phosphate dehydrogenase deficiency (14).

Formation of calcium oxalate stones in the kidneys is a
potential adverse effect of long-term administration of high-
dose ascorbate (3). However, less than 0.5% of the i.v. dose of
ascorbate is recovered as oxalate in the urine of human sub-
jects with normal renal function (48). Septic patients may re-
quire high-dose vitamin C therapy for only a few days, until
source control and antibiotic therapy have eliminated virulent
bacteria and the adverse effects of bactericidal antibiotics have
ceased. Such a brief course of ascorbate therapy may not el-
evate the risk of oxalate stone formation, except in patients
with impaired kidney function. However, clinical trial will be
necessary to determine the safety of ascorbate in sepsis. Until
clinical testing is completed, large doses of ascorbate should
not be given to patients with glucose-6-phosphate dehydro-
genase deficiency, renal disease, renal insufficiency or renal
failure, a history of oxalate nephrolithiasis, or paroxysmal
nocturnal hemoglobinuria (43).

Conclusions and Future Directions

Sepsis remains a major cause of death and long-term dis-
ability despite multiple supportive therapies. Poor outcome is
associated with ascorbate depletion, unreactive arterioles, and
leaky or plugged capillaries. Ascorbate repletion in septic
patients occurs only after resolution of the disease or paren-
teral ascorbate administration at higher doses than current
clinical practice. Studies of animal models of sepsis have
discovered that parenteral ascorbate improves survival. As-
corbate also prevents refractory vasodilation and plasma
protein extravasation in experimental sepsis, although its
ability to avert hypotension greatly varies between rat and
mouse models. Prophylactic ascorbate prevents, and delayed
ascorbate reverses, the maldistribution of capillary blood flow
caused by disseminated intravascular coagulation in experi-
mental sepsis.
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The therapeutic mechanism of ascorbate involves rebalan-
cing NO production and utilization. It is clear that changes in
arteriolar reactivity are mediated by septic stimulation of iNOS
and the inhibition of that process by ascorbate, although the
molecular targets of iNOS-derived NO that drive this compo-
nent of microvascular dysfunction remain to be identified.

The mechanistic understanding of other components of
septic microvascular dysfunction is very detailed already.
During the systemic inflammatory response to infection, ex-
pression of NADPH oxidase and iNOS accelerates the pro-
duction of peroxynitrite. The latter nitrates PP2Ac and
consequently activates PP2A. This phosphatase dephos-
phorylates occludin and thus increases the paracellular per-
meability of the microvascular endothelium, which permits
extravasation of plasma proteins and fluid. PP2A also inhibits
eNOS and thereby increases blood coagulability, micro-
thrombus formation, and capillary plugging. By attenuating
the septic increases in NADPH oxidase and reactive oxygen
species, high levels of ascorbate normalize the NOS enzymes,
peroxynitrite, PP2A, occludin, endothelial barrier function,
and capillary patency.

Future experiments with sepsis models may determine if
ascorbate improves outcome through pro-oxidant and bac-
teriostatic actions localized to the interstitial fluid, and
through the microvascular effects reviewed in detail here.
Also, since most information about those microvascular ef-
fects is derived from investigations of lung and skeletal
muscles, confirmation that ascorbate exerts similar actions
throughout the body awaits future studies of other organs.

Although repletion protocols that require high doses of
ascorbate have been described for critically ill and septic pa-
tients, and similar doses are tolerated well by most healthy
subjects, whether such doses have adverse effects in patients
is uncertain. Nevertheless, enough facts are known about the
ascorbate depletion in septic patients receiving standard care,
and the therapeutic mechanisms established in models, to
support the design of clinical trials of parenteral ascorbate as
an adjuvant therapy for sepsis. Preclinical studies indicate
that ascorbate and DHAA each protect against microvascular
dysfunction, organ failure, and death in experimental sepsis.
Presumably, DHAA is reduced to ascorbate without lowering
the concentrations of electron donors (e.g., NADPH, gluta-
thione) below critical levels. However, clinical trials should
focus on ascorbate because of the relative abundance of in-
formation about pharmacodynamics and potential adverse
effects for this redox state of vitamin C.
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12. Deubzer B, Mayer F, Kuçi Z, Niewisch M, Merkel G,
Handgretinger R, and Bruchelt G. H(2)O(2)-mediated cyto-
toxicity of pharmacologic ascorbate concentrations to neu-
roblastoma cells: potential role of lactate and ferritin. Cell
Physiol Biochem 25: 767–774, 2010.

13. Dhainaut JF, Shorr AF, Macias WL, Kollef MJ, Levi M, Re-
inhart K, and Nelson DR. Dynamic evolution of coagulo-
pathy in the first day of severe sepsis: relationship with
mortality and organ failure. Crit Care Med 33: 341–348, 2005.

14. Du J, Cullen JJ and Buettner GR. Ascorbic acid: chemistry,
biology and the treatment of cancer. Biochim Biophys Acta
1826: 443–457, 2012.

15. Dwenger A, Pape HC, Bantel C, Schweitzer G, Krumm K,
Grotz M, Lueken B, Funck M, and Regel G. Ascorbic acid
reduces the endotoxin-induced lung injury in awake sheep.
Eur J Clin Invest 24: 229–235, 1994.

16. Ellis GR, Anderson RA, Lang D, Blackman DJ, Morris RH,
Morris-Thurgood J, McDowell IF, Jackson SK, Lewis MJ, and
Frenneaux MP. Neutrophil superoxide anion- generating
capacity, endothelial function and oxidative stress in chronic
heart failure: effects of short- and long-term vitamin C
therapy. J Am Coll Cardiol 36: 1474–1482, 2000.

17. Fisher BJ, Seropian IM, Kraskauskas D, Thakkar JN, Voelkel
NF, Fowler AA 3rd, and Natarajan R. Ascorbic acid atten-
uates lipopolysaccharide-induced acute lung injury. Crit
Care Med 39: 1454–1460, 2011.

18. Fisher BJ, Kraskauskas D, Martin EJ, Farkas D, Wegelin JA,
Brophy D, Ward KR, Voelkel NF, Fowler AA 3rd, and

2138 WILSON



Natarajan R. Mechanisms of attenuation of abdominal sepsis
induced acute lung injury by ascorbic acid. Am J Physiol
Lung Cell Mol Physiol 303: L20–L32, 2012.

19. Galley HF, Davies MJ, and Webster NR. Ascorbyl radical
formation in patients with sepsis: effect of ascorbate loading.
Free Radic Biol Med 20: 139–143, 1996.

20. Galley HF, Davies MJ, and Webster NR. Xanthine oxidase
activity and free radical generation in patients with sepsis
syndrome. Crit Care Med 24: 1649–1653, 1996.

21. Galley HF, Howdle PD, Walker BE, and Webster NR. The
effects of intravenous antioxidants in patients with septic
shock. Free Radic Biol Med 23: 768–774, 1997.

22. Gaut JP, Belaaouaj A, Byun J, Roberts LJ 2nd, Maeda N, Frei
B, and Heinecke JW. Vitamin C fails to protect amino acids
and lipids from oxidation during acute inflammation. Free
Radic Biol Med 40: 1494–1501, 2006.

23. Goldman D, Bateman RM, and Ellis CG. Effect of sepsis on
skeletal muscle oxygen consumption and tissue oxygena-
tion: interpreting capillary oxygen transport data using a
mathematical model. Am J Physiol Heart Circ Physiol 287:
H2535–H2544, 2004.

24. Han M, Pendem S, Teh SL, Sukumaran DK, Wu F, and
Wilson JX. Ascorbate protects endothelial barrier function
during septic insult: Role of protein phosphatase type 2A.
Free Radic Biol Med 48: 128–135, 2010.

25. Heller R, Unbehaun A, Schellenberg B, Mayer B, Werner-
Felmayer G, and Werner ER. L-ascorbic acid potentiates
endothelial nitric oxide synthesis via a chemical stabilization
of tetrahydrobiopterin. J Biol Chem 276: 40–47, 2001.

26. Helling H, Schenk HJ, Pindur G, Weinrich M, Wagner B, and
Stephan B. Fibrinolytic and procoagulant activity in septic
and haemorrhagic shock. Clin Hemorheol Microcirc 45: 295–
300, 2010.

27. Heyland D, Muscedere J, Wischmeyer PE, Cook D, Jones G,
Albert M, Elke G, Berger MM, and Day AG; Canadian Cri-
tical Care Trials Group. A randomized trial of glutamine and
antioxidants in critically ill patients. N Engl J Med 368: 1489–
1497, 2013.

28. Hirase T, Kawashima S, Wong EY, Ueyama T, Rikitake Y,
Tsukita S, Yokoyama M, and Staddon JM. Regulation of
tight junction permeability and occludin phosphorylation by
Rhoa-p160ROCK-dependent and -independent mechanisms.
J Biol Chem 276: 10423–10431, 2001.

29. Hollenberg SM, Guglielmi M, and Parrillo JE. Discordance
between microvascular permeability and leukocyte dynam-
ics in septic inducible nitric oxide synthase deficient mice.
Crit Care 11: R125, 2007.

30. Hyslop PA, Hinshaw DB, Scraufstatter IU, Cochrane CG,
Kunz S, and Vosbeck K. Hydrogen peroxide as a potent
bacteriostatic antibiotic: implications for host defense. Free
Radic Biol Med 19: 31–37, 1995.
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Abbreviations Used

AMPK¼AMP-activated kinase
BH4¼ tetrahydrobiopterin

CAM¼ complementary and alternative medicine
CLP¼ cecal ligation and puncture

DHAA¼dehydroascorbic acid
eNOS¼ endothelial nitric oxide synthase

FIP¼ fecal stem solution-injected into
peritoneum

Gulo-=-¼ l-gulono-c-lactone oxidase
iNOS¼ inducible nitric oxide synthase

LPS¼ lipopolysaccharide
nNOS¼neuronal nitric oxide synthase

NO¼nitric oxide
Nox1¼NADPH oxidase 1

OA¼ okadaic acid
PKC¼protein kinase C

PP2A¼ serine/threonine protein
phosphatase 2A

PP2Ac¼ serine/threonine protein
phosphatase 2A catalytic subunit

t-PA¼ tissue plasminogen activator
u-PA¼urokinase plasminogen activator

2140 WILSON


