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ONLINE LABORATORY INVESTIGATION

Reversal of the Pathophysiological Responses
to Gram-Negative Sepsis by Megadose

Vitamin C

OBIJECTIVES: Oxidative stress appears to initiate organ failure in sepsis,
justifying treatment with antioxidants such as vitamin C at megadoses. We
have therefore investigated the safety and efficacy of megadose sodium
ascorbate in sepsis.

DESIGN: Interventional study.
SETTING: Research Institute.
SUBIJECTS: Adult Merino ewes.

INTERVENTIONS: Sheep were instrumented with pulmonary and renal
artery flow-probes, and laser-Doppler and oxygen-sensing probes in the
kidney. Conscious sheep received an infusion of live Escherichia coli
for 31 hours. At 23.5 hours of sepsis, sheep received fluid resuscitation
(80 mL/kg, Hartmann solution) and were randomized to IV sodium ascor-
bate (0.5 g/kg over 0.5 hr + 0.5 g/kg/hr for 6.5 hr; n=5) or vehicle (n =5).
Norepinephrine was titrated to restore mean arterial pressure to baseline
values (~80mm Hg).

MEASUREMENTS AND MAIN RESULTS: Sepsis-induced fever (41.4
+ 0.2°C; mean £ sE), tachycardia (141 £ 2 beats/min), and a marked de-
terioration in clinical condition in all cases. Mean arterial pressure (86 *
1 to 67 £ 2mm Hg), arterial Po, (102.1 + 3.3 to 80.5 + 3.4mm Hg), and
renal medullary tissue Po, (41 £ 5 to 24 £ 2mm Hg) decreased, and
plasma creatinine doubled (71 + 2 to 144 = 15 pymol/L) (all p < 0.01).
Direct observation indicated that in all animals, sodium ascorbate dramat-
ically improved the clinical state, from malaise and lethargy to a respon-
sive, alert state within 3 hours. Body temperature (39.3 £ 0.3°C), heart
rate (99.7 + 3 beats/min), and plasma creatinine (32.6 = 5.8 pmol/L) all
decreased. Arterial (96.5 = 2.5mm Hg) and renal medullary Po, (48 *
5mm Hg) increased. The norepinephrine dose was decreased, to zero in
four of five sheep, whereas mean arterial pressure increased (to 83 £ 2mm
Hg). We confirmed these physiologic findings in a coronavirus disease
2019 patient with shock by compassionate use of 60g of sodium ascor-
bate over 7 hours.

CONCLUSIONS: IV megadose sodium ascorbate reversed the patho-
physiological and behavioral responses to Gram-negative sepsis without
adverse side effects. Clinical studies are required to determine if such a
dose has similar benefits in septic patients.

KEY WORDS: acute kidney injury; antioxidant; coronavirus disease 2019;
hypoxia; sepsis; sodium ascorbate
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global occurrence rate of 49 million cases and

11 million deaths in 2017 (1). Standard-of-care
practice consists of antibiotics, fluid resuscitation, and
vasopressor support. There are no treatments that re-
verse the deterioration in clinical state and organ dys-
function associated with sepsis.

Oxidative stress may be responsible for inflamma-
tion and mitochondrial dysfunction, common patho-
physiologic features that contribute to sepsis-induced
renal dysfunction (2-4). Indeed, we recently demon-
strated that renal medullary tissue hypoxia develops
early after the initiation of ovine sepsis and precedes
the development of acute kidney injury (AKI) (5, 6). It
is likely that a similar scenario contributes to the dys-
function of other organs in sepsis.

Vitamin C has antioxidant and anti-inflamma-
tory effects (7). Patients with sepsis have subnormal
plasma levels of vitamin C that correlate inversely
with the occurrence rate of multiple-organ failure
(8). In septic patients, high doses of vitamin C (50
and 200 mg/kg/24hr) reduced the Sequential Organ
Failure Assessment (SOFA) scores and the levels of
proinflammatory biomarkers (9). In addition, in a
single-center retrospective study, combined treatment
with vitamin C (1.5g every 6 hr) with hydrocortisone
and thiamine reduced the SOFA score and mortality
(10). Another trial of IV vitamin C (1.5g, every 6hr
for 96hr) showed a numerical reduction in 28-day
mortality (11). However, in a recent randomized mul-
ticenter clinical trial in septic patients, IV infusion of
vitamin C (1.5g every 6hr), together with thiamine
and hydrocortisone, did not significantly improve
SOFA scores or mortality (12). Thus, the benefit of vi-
tamin C therapy in sepsis remains controversial.

Dose, timing, and duration of vitamin C admin-
istration are critical factors that likely determine the
response in sepsis, but these factors lack detailed in-
vestigation. We reasoned that, in the setting of estab-
lished severe sepsis, a much higher dose (megadose)
than tested so far would be needed. Since extremely
high doses of vitamin C have been given in cancer
and burn patients without major side effects (13), we
hypothesized that such a dose would be safe and might
be effective in established sepsis. We therefore deter-
mined the safety and efficacy of IV megadose sodium
ascorbate, the sodium salt of vitamin C, on cardiovas-
cular, renal, pulmonary, and hepatic functions in an

S epsis is the main cause of death in ICUs, with a
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ovine model of sepsis in the presence of clinical trig-
gers for intervention. Furthermore, compassionate use
of IV sodium ascorbate is reported in a critically ill co-
ronavirus disease 2019 (COVID-19) patient.

MATERIALS AND METHODS

Animal Preparation

Experimental protocols were approved by the
Animal Ethics Committee of the Florey Institute of
Neuroscience and Mental Health under guidelines of
the National Health and Medical Research Council
of Australia. The experiments adhered to the Animal
Research: Reporting of In Vivo Experiments guide-
lines (14). Two aseptic surgical procedures, separated
by 3-4 weeks, were performed in 12 Merino ewes
(35-45kg; 1.5-2.0 years old) under general anesthesia.
Sheep were instrumented to record arterial pressure,
heart rate, cardiac output, renal blood flow (RBF) and
renal cortical and medullary perfusion, oxygen ten-
sion (Po,), and body temperature continuously (see
Supplementary Digital Content (http://links.lww.
com/CCM/G27) for details).

Experimental Protocol

In conscious sheep, 4 days after the second surgery,
24 hours of baseline measurements commenced.
Subsequently, Gram-negative sepsis was induced by IV
infusion of live Escherichia coli, administered as a load-
ing infusion of 2.8 x 10° colony-forming units over 30
minutes followed by continuous infusion of 1.26 x 10°
colony-forming units/hr for 30.5 hours. One sheep in
each group died (17% mortality) before the interven-
tion period; data from these animals were excluded
from the analysis. At 23.5 hours of sepsis, fluid bolus
therapy with Hartmann solution (Baxter Australia,
30mL/kg over 30 min) was administered. A blocked
randomization design was used to allocate sheep to
treatment with sodium ascorbate or vehicle. At 24
hours of sepsis, a loading dose of sodium ascorbate
(0.5g/kg over 30 min; Biological Therapies, Braeside,
VIC, Australia) was given, followed by infusion of so-
dium ascorbate at 0.5 g/kg/hr for 6.5 hours (n = 5). In
the vehicle group, fluid-matched Hartmann solution
was administered from 24 to 31 hours of sepsis (n = 5).
At 25 hours of sepsis, norepinephrine (Hospira,
Melbourne, VIC, Australia) was infused at a dose to
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maintain mean arterial pressure (MAP) at baseline
values (~80mm Hg). At 31 hours of sepsis, infusions
of E. coli and sodium ascorbate were stopped and cef-
triaxone (1g in 5mL) was given intravenously, with
a repeated dose 24 hours later. All animals received a
maintenance infusion of Hartmann solution (1 mL/kg/
hr) during the 48 hours of recovery.

To examine the effect of administering an equiva-
lent amount of sodium to that in the sodium ascorbate
infusion, using a similar protocol, two septic sheep
were infused with a loading dose of NaHCO, (8.4g/
kg over 30 minutes) followed by an infusion (8.4 g/kg/
hr for 6.5hr).

Analog signals of cardiovascular and renal variables
and temperature were continuously monitored and
blood and urine samples were collected at set intervals
(6, 15) (see Supplementary Digital Content (http://
links.lww.com/CCM/G27) for details of Methods and
Statistical Analysis). At 48 hours of recovery from
sepsis, animals were euthanized with IV pentobar-
bital (100 mg/kg) and the left kidney was collected for
histology (see Supplementary Digital Content, http://
links.lww.com/CCM/G27, for Histological Methods).

Treatment of One COVID-19 Patient With
Sodium Ascorbate

While the sheep studies were being performed, as com-
passionate use and considering reports of high-dose
vitamin C use (16, 17), attending clinicians adminis-
tered megadose vitamin C to an extremely ill patient
with COVID-19 acute respiratory distress syndrome,
AKI, and hypotension. This decision was made by an
independent clinical team of ICU and infectious dis-
eases clinicians aware of the sheep experiments. They
administered sodium ascorbate (Biological Therapies)
as a loading dose (30g over 30min) followed by a
maintenance dose (30g over 6.5 hours) once on ICU
day 3. The treatment of this patient adhered to the
CARE guidelines (for CAse REports) (18) and the pa-
tient gave informed consent to use the data.

RESULTS

Septic sheep demonstrated malaise and lethargy, were
drowsy and unresponsive to external stimuli, mostly
lay down, and did not eat or drink. They all developed
a persistent high fever (41.4 + 0.2°C) and tachycardia
(141 * 2 beats/min) (Fig. 1, D and F). Fluid bolus
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therapy had no effect on this clinical state. After infu-
sion of sodium ascorbate for 3 hours, the clinical state
of all sheep dramatically improved. They stood up, were
alert and responsive to external stimuli, and began to
drink water and eat. They looked well and similar to a
normal, healthy animal. This improvement in clinical
condition remained during the sodium ascorbate infu-
sion and the 2 recovery days. Furthermore, body tem-
perature decreased to normal levels (~39°C in sheep)
during sodium ascorbate therapy (Fig. 1F).

The septic clinical state was associated with a hy-
potensive, hyperdynamic circulatory state and stage 1
AKI (Table S1, http://links.lww.com/CCM/G27) (19).
The deterioration in renal function occurred despite
increased RBF and increased renal oxygen delivery.
Renal hyperemia was associated with increased renal
cortical tissue perfusion and Po,, but large reductions
in renal medullary tissue perfusion and Po,. Sheep also
developed moderate arterial hypoxemia (Pao, ~80 mm
Hg) and hyperlactatemia (~2.0 mmol/L) (Table S1,
http://links lww.com/CCM/G27).

Cardiovascular Function

Fluid bolus therapy caused a small improvement in
MAP and further increased cardiac output (Fig. 1, A
and C). During the subsequent infusion of sodium
ascorbate, from 24 to 31 hours of sepsis, the dose of
norepinephrine required to maintain MAP progres-
sively decreased, such that by 4 hours of sodium ascor-
bate infusion, norepinephrine was not required in four
of five sheep (Fig. 1B). Despite the reduced norepi-
nephrine dose, to zero in four of the five sheep, the level
of peripheral vasoconstriction increased, accompanied
by significant, progressive decreases in cardiac output
and heart rate toward baseline values (Fig. 1C-E).
In contrast, in the vehicle group, the dose of norepi-
nephrine had to be continuously increased, and by 30
hours of sepsis, responsiveness to norepinephrine had
declined to a such degree that it was not possible to
maintain the target MAP (Fig. 1A).

Renal Function, Perfusion, and Oxygenation

Sepsis caused increases in RBF and renal vascular con-
ductance (RVC) that were maintained from 24 to 31
hours of sepsis in the vehicle-treated group, whereas
both RBF and RVC decreased toward healthy levels in
the sodium ascorbate-treated group (Fig. 2, A and B).
el81
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Figure 1. Changes in systemic hemodynamics in response to sodium ascorbate (Na Asc) (closed squares, n = 5) or vehicle
(open circles, n = 5) treatment during ovine sepsis and during recovery from Gram-negative infection. Mean arterial pressure (A),
norepinephrine dose (B), cardiac output (C), heart rate (D), total peripheral conductance, and core temperature (F) during infusion
of Escherichia coli from O to 31 hr of sepsis and then recovery over 48 hr following antibiotic therapy. All animals were initially
resuscitated with fluid bolus therapy (fluid BT, 30-mL/kg balanced crystalloid over 30 min) from 23.5 to 24 hr of sepsis. Animals
were randomized to receive Na Asc (0.5 g/kg) or vehicle, crystalloid BT, from 24 to 24.5 hr of sepsis followed by an infusion of
sodium ascorbate (0.5 g/kg/hr) or vehicle crystalloid from 24.5 to 31 hr of sepsis. Norepinephrine doses were titrated to maintain
mean arterial pressure at baseline levels (756-80mm Hg) from 25 to 31 hr of sepsis. All animals received IV antibiotics at 31 hr

of sepsis (1-g ceftriaxone), with a repeated dose at 24 hr, and their recovery from infection was monitored over 48 hr. Time O

is the mean of the 24th hr of baseline and times 23-31 hr of sepsis and 48 hr of recovery are means of 0.5-hr periods. Data

are presented as treatment group-specific mean % sb. p values represent treatment-time interactions from a two-way repeated
measures analysis of variance from 23 to 31 hr of Gram-negative sepsis. Following antibiotic therapy and cessation of Escherichia
coli infusion, significant differences between the baseline (time 0) time point and the 16-, 24-, 40-, and 48-hr time points are
indicated by *p < 0.05 in the vehicle treatment group. p values represent the results of a Dunnett test using absolute values.
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Figure 2. Changes in renal hemodynamics, intrarenal tissue perfusion, and oxygenation in response to sodium ascorbate (Na Asc)
(closed squares, n = b) or vehicle (open circles, n = 5) treatment during ovine sepsis and during recovery from Gram-negative infection.
Renal blood flow (A), renal vascular conductance (B), medullary perfusion (C), cortical perfusion (D), medullary oxygen tension (Po,) (E),
and cortical Po, (F) during infusion of Escherichia coli from 0 to 31hr of sepsis and then recovery over 48 hr following antibiotic therapy.
Fluid and drug infusions and statistical analyses are as detailed in Figure 1. BT = bolus therapy.

Fluid bolus therapy transiently improved both medul-
lary perfusion and Po,, but the levels decreased during
infusion of vehicle and norepinephrine (Fig. 2, Cand E).
In contrast, with sodium ascorbate, the increase in
medullary perfusion improved toward preseptic levels
and medullary Po, increased further throughout the
infusion (Fig. 2, C and E). These beneficial changes
were maintained for the following 2 days. The eleva-
tions in renal cortical perfusion observed in the vehicle

Critical Care Medicine

group after fluid and norepinephrine therapy were ab-
sent in sheep treated with sodium ascorbate (Fig. 2D).
Neither fluid bolus therapy, sodium ascorbate, nor
norepinephrine had significant effects on renal cortical
tissue Po, (Fig. 2F).

In septic sheep, infusion of sodium ascorbate dra-
matically increased urine flow, to greater than 10mL/
kg/hr, within 30 minutes. Urine flow remained at these
high levels throughout the infusion (Fig. 3A). The
e183

www.ccmjournal.org



Lankadeva et al

A Fluid| Na | Sodium ascorbate / vehicle infusion Recovery
BT |Asc | Norepinephrine
20
PTrealmenl x Time < 0.001
15
2~
oL
w
5 < 10+
c J
£E
S5 =
5
0
C Fluid| Ma | Sedium ascorbate / vehicle infusion Recovery
BT |Asc | Norepinephrine
500 i
PTrealmenl xTime < 0.001
§ 400
&5
D =< 300
O £
o £
E 3 200+
£E
g 100
(&)
O T T T T T T T T T
E Fluid| Na Sodium ascorbate / vehicle infusion RECUVETV
BT |Asc \ Norepinephrine
25+
PTreatmenl xTime < 0.001
c
T~
g 2
o]
=
o E
- E
T =
SE
&5
e}

B Fluid| Na | Sodium ascorbate / vehicle infusion| Recovery
BT |asc| | Norepinephrine
200+
Prrreatment x Time < 0.001

()]
£ 150+
=
T~
o=
G2 1004
= E

3
=
@ h
8 50+ i
o H

0= I — L L

o

IFluid| Na | Sedium ascorbate / vehicle infusion|
BT [Asc | Norepinephrine

Recovery

[s-}
]

Prreatment x Time < 0.001

(o2}
1

Fractional Sodium Excretion
(%)
i

-

Fluid| Na | Sodium ascorbate / vehicle infusion
BT |Asc

Recovery

Norepinephrine

Fractional Potassium Excretion

T T T : T T T T
S N A

& -
&
&

Time (h)

Figure 3. Changes in renal functional and plasma osmolar gap in response to sodium ascorbate (Na Asc) (closed squares, n =5) or
vehicle (open circles, n = b) treatment during ovine sepsis and during recovery from Gram-negative infection. Urine output (A), plasma
creatinine (B), creatinine clearance (C), fractional sodium excretion (D), plasma osmolar gap (E), and fractional potassium excretion (F)
during infusion of Escherichia coli from O to 31 hr of sepsis and then recovery over 48 hr following antibiotic therapy. Significant differences
between the baseline (time 0) time point and the 16-, 24-, 40-, and 48-hr time points are indicated by *p < 0.05 in the vehicle-treatment
group and #p < 0.05 in the Na Asc—treatment group. Fluid and drug infusions and statistical analyses are as detailed in Figure 1.

BT = bolus therapy.

following 2 days, urine flow remained at normal base-
line levels. Treatment with sodium ascorbate corrected
the increased plasma creatinine to below baseline levels
(Fig.3B)andsignificantlyincreased creatinine clearance
and fractional excretion of sodium (Fig. 3, C and D),
but did not alter fraction excretion of potassium
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(Fig. 3F). Consistent with the predicted high levels of
vitamin C in plasma, the plasma osmolar clearance
increased (Fig. 3E). In contrast, in the vehicle group,
AKI persisted: plasma creatinine remained elevated,
and creatinine clearance and urine flow remained at
low levels (Fig. 3).
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Blood Gases and Biochemistry

By 23 hours of sepsis, arterial lactate had tripled in
both groups (0.6 + 0.1 to 2.0 = 0.2 mmol/L) (Table
S1 [http://links.lww.com/CCM/G27]). In the vehi-
cle-treated group, arterial lactate remained increased
throughout the intervention period. In contrast, with

sodium ascorbate, there was a significant, progressive
reduction in lactate (Fig. 4A).

Arterial Po, was significantly reduced at 23 hours of
sepsis (102 £ 2 to 80 + 3mm Hg) and remained at this
moderately hypoxic level during infusion with vehicle.
In contrast, sodium ascorbate progressively improved
arterial Po, (to 96.5 + 3.4mm Hg) (Fig. 4C), but had
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Figure 4. Changes in arterial blood biochemistry in response to sodium ascorbate (Na Asc) (closed squares, n = b) or vehicle
(open circles, n = 5) treatment during ovine sepsis and during recovery from Gram-negative infection. Arterial blood lactate (A),
arterial blood pH (B), oxygen tension (Po,) (C), arterial blood sodium (D), partial pressure of carbon dioxide (Pco,) (E), and arterial
blood potassium (F) during infusion of Escherichia coli from O to 31 hr of sepsis and then recovery over 48 hr following antibiotic
therapy. Significant differences between the baseline (time 0) time point and the 16-, 24-, 40-, and 48-hr time points are indicated
by #p < 0.05 in the Na Asc—treatment group. Fluid and drug infusions and statistical analyses are as detailed in Figure 1.

BT = bolus therapy.
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no effects on pH or partial pressure of carbon dioxide
(Fig. 4, B and D).

Arterial blood levels of sodium and potassium were
unchanged by sepsis or infusion of vehicle. Infusion
of sodium ascorbate, however, caused hypernatremia
(153.6 + 1.7 mmol/L) and hypokalemia (3.14 + 0.16
mmol/L) (Fig. 4, E and F). Potassium chloride (16
mmol/hr) was infused if arterial potassium decreased
below 2.5 mmol/L.

The increases in plasma bilirubin and plasma aspar-
tate aminotransferase during sepsis were significantly
reduced by sodium ascorbate (Fig. S8, http://links.
lww.com/CCM/G27).

Renal Histology

There was no acute tubular necrosis or interstitial fi-
brosis within the renal cortex, corticomedullary junc-
tion, or medulla in either treatment group (Fig. S9 and
Table S2 [http://links.Iww.com/CCM/G27] for details
of interstitial mononuclear infiltrate, granular, cellular
and hyaline casts, birefringent crystal deposits, and
polymorphonuclear cells, which were not different be-
tween the groups).

Infusion of NaHCO,

Infusion of hypertonic NaHCO,, at a dose to equal the
sodium load with sodium ascorbate, did not repro-
duce the effects of sodium ascorbate: MAP decreased
and increasing doses of norepinephrine were required,
heart rate and RBF were not reduced, there was no
improvement in arterial Po, or renal medullary per-
fusion or Po,, and no reduction in plasma creatinine
or increase in creatinine clearance was observed, al-
though urine flow increased. There was a large increase
in blood pH, with hypernatremia and hypokalemia.
During the infusion of NaHCO,, there was intermit-
tent shivering and large increases in body temperature.
Due to the exacerbated level of sickness in these sheep,
for ethical reasons, this experiment was not completed
in further animals (Figs. S10-S16, http://links.lww.
com/CCM/G27).

Case Report of One COVID-19 Patient

The patient was weaned off norepinephrine imme-
diately after the loading dose of sodium ascorbate.
During the maintenance infusion, MAP increased
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from 65 to 90mm Hg without restarting vasopressors
or fluid bolus therapy (Fig. 5, A and C). Plasma creat-
inine decreased (118-84 umol/L), whereas urine flow
increased (10-400 mL/hr) during the treatment (Fig. 5,
D and F). Heart rate dropped (130-105 beats/min) (Fig.
5E) and lactate decreased (2.6-1.9 mmol/L). Arterial
Po, increased, although F1o, dropped (0.45-0.30) with
the same setting of positive end-expiratory pressure
(14cm H,O) and without prone-positioning (Fig. 5B).
The patient was extubated on intensive care day 15 (12
days after the treatment) and discharged from hospital
without any complications at 22 days after the treatment.

DISCUSSION

IV megadose sodium ascorbate reversed the patho-
physiological and behavioral changes of established
ovine sepsis. The clinical improvement was dramatic:
from sepsis-induced sickness behavior to normal alert
behavior in 3 hours. There were marked improve-
ments in cardiovascular, renal, pulmonary, and he-
patic functions and decreases in arterial lactate and
body temperature. The only observed side effects were
hypernatremia and hypokalemia, both of which could
be managed in intensive care settings.

Vitamin C has numerous actions that would be ex-
pected to decrease the deleterious consequences of
sepsis. It has antioxidant properties that counteract
oxidative stress and reduce mitochondrial dysfunction
and cellular damage. Vitamin C accumulates in neutro-
phils, lymphocytes, monocytes, and platelets leading to
improved immune function and reduced coagulation,
and it prevents the loss of endothelial and epithelial
functions and increases the synthesis of endogenous
vasopressors (reviewed in [20] and [21]). However,
patients with sepsis have low plasma levels of vitamin
C (22, 23), due to reduced uptake and increased met-
abolic consumption. These effects are compounded by
the inability of humans to synthesis vitamin C.

Clinical Response

Sepsis-induced typical sickness behavior: all sheep
exhibited malaise, lethargy, and somnolence, and they
were unresponsive to external stimuli, lay down, and
did not eat or drink. In all cases, within 3 hours of infu-
sion of sodium ascorbate, sheep became alert, respon-
sive, and mobile. They stood up, started drinking and
eating, and looked well. This remarkable improvement
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Figure 5. Changes in systemic hemodynamics and renal function in response to megadose sodium ascorbate (Na Asc) treatment in one
septic patient with a severe case of coronavirus disease 2019 (n = 1). Norepinephrine dose (A), oxygen tension (Po,) (filled squares)
and inspired oxygen fraction (open circles) (B), mean arterial pressure (C), serum creatinine (D), heart rate (E), and urine output (F) are
presented at pretreatment (time 0), after a 30-min infusion of Na Asc bolus therapy (BT, 30 g), and then at hourly intervals during an
infusion of Na Asc for 6.5 hr (4.6 g/hr).

was maintained throughout the sodium ascorbate infu-
sion and the 2-day recovery period. Over 18 years of ex-
perimentation with our model of ovine sepsis, we have
not seen such an improvement in clinical state with

Critical Care Medicine

any other treatment, including different vasopressors,
diuretics, sympatholytics, and fluids (6, 15, 24-30). We
are unaware of any treatment that has similar effects in
any model of experimental sepsis or in septic patients.
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Cardiovascular Changes

Sodium ascorbate increased MAP and reduced nor-
epinephrine requirements, with complete withdrawal
in four of five sheep. Despite such withdrawal, there
was increased systemic vasoconstriction, suggesting
enhanced vascular sensitivity to endogenous vasopres-
sors. The improvement in MAP was accompanied by a
reduction in the high levels of cardiac output and heart
rate to normal.

These findings are in accord with the reported
effects of vitamin C in septic patients (10, 31) and in
septic mice in which sodium ascorbate restored the
vascular responsiveness to norepinephrine (32). As
high levels of catecholamines may have detrimental
effects in sepsis (15, 33), such reduced requirements
may be beneficial.

Renal Effects

Treatment with sodium ascorbate returned RVC and
RBF to normal and corrected the substantial decreases
in renal medullary perfusion and Po, that are hallmarks
of microvascular dysfunction in ovine septic AKI (5,
15). There are multiple mechanisms by which vitamin
C might cause these beneficial effects. Ascorbate can
prevent microvascular dysfunction in septic rats (34)
and reduce inflammation by inhibiting tumor necrosis
factor alpha-induced activation of necrosis factor-kB
(35). There is also evidence that ascorbate is taken up
by endothelial cells and increases endothelial nitric
oxide synthase (36), which is reduced in the renal me-
dulla in ovine septic AKI (37). Thus, ascorbate may
improve medullary nitric oxide bioavailability and
improve renal medullary perfusion and oxygenation.
The reduction in renal tubular sodium reabsorption
induced by sodium ascorbate may also reduce oxygen
utilization and contribute to the improvement in med-
ullary Po,.

A further important finding was the ability of sodium
ascorbate to reverse established AKI at 23 hours of sepsis,
with function being maintained above premorbid levels
until the end of the 2-day recovery period. The increase
in urine flow is probably an osmotic diuresis in response
to the high circulating levels of sodium and ascor-
bate overloading the renal tubular uptake mechanism.
Microvascular dysfunction, reduced medullary perfu-
sion, and medullary hypoxia appear to be significant
early contributors to the development of septic AKI (2,
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38). Thus, the ability of ascorbate to improve microvas-
cular function, together with its antioxidant action, likely
contributed to the shunting of perfusion from the renal
cortical to the medullary circulation and improvement
in medullary Po,. In ovine septic AKI, norepinephrine
causes further worsening of the underlying medullary
hypoperfusion and hypoxia (15, 29, 30). Thus, the reduc-
tion in the dose of norepinephrine during infusion of so-
dium ascorbate likely contributed to the improvement in
medullary perfusion and Po..

Effects on Pulmonary and Hepatic Function

Sodium ascorbate attenuated the level of arterial hy-
poxemia, suggesting that it may reduce lung injury.
This is in accord with findings that ascorbic acid atten-
uated the proinflammatory and procoagulant state that
induced vascular lung injury in mice challenged with
lipopolysaccharide (39, 40). Treatment with sodium
ascorbate also reduced the sepsis-induced increases in
plasma bilirubin and aspartate aminotransferase, in-
dicative of reduced liver injury (Fig. S8 [http://links.
lww.com/CCM/G27]).

Side Effects

No overt adverse events were observed with megadose
IV sodium ascorbate. As expected, the infusion caused
hypernatremia; however, the peak sodium level was
less than 154 mmol/L and was transient. Megadose
vitamin C may cause oxalate nephropathy, but no ox-
alate crystals or any other adverse renal effects were
observed on renal histology (Fig. S9 and Table S2
[http://links.lww.com/CCM/G27]).

Effects of NaHCO,

Infusion of NaHCO, did not reproduce the benefi-
cial effects of sodium ascorbate, implying that these
depend on ascorbate, not the sodium load. In fact,
NaHCO, had several deleterious effects: increases in
blood pH and body temperature, with a deterioration
in the clinical state of animals with no improvement
in cardiovascular, renal, pulmonary, or liver function.

There are some limitations to this study. Sheep,
unlike humans, synthesize vitamin C, so during sepsis,
they may have a smaller decrease in the plasma level
than human septic patients. The lactate levels were
lower than those seen in humans, because sheep do
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not generate high lactate levels during sepsis and
typically die at lactate levels greater than 3 mmol/L.
Although we collected samples for measurement of
plasma ascorbate and cytokines, because of labora-
tory closures due to the COVID-19 crisis, we were
unable to analyze these samples (see Supplementary
Digital Content, http://links.lww.com/CCM/G27, for
strengths and limitations of the study).

Treatment of a Patient With COVID-19 With
Megadose Sodium Ascorbate

We present data on the treatment of a COVID-19 pa-
tient with megadose IV sodium ascorbate. Such data
lack experimental validity but are presented to high-
light that a large dose of sodium ascorbate (approx-
imately 1g/kg over 6 hours) has similar beneficial
effects to those seen in ovine sepsis.

CONCLUSIONS

In established ovine sepsis, treatment with IV megadose
sodium ascorbate was highly effective and safe. It caused
a remarkable improvement in clinical state, reversed the
pathophysiological decreases in cardiovascular, renal,
pulmonary, and hepatic functions, and reduced the
hyperlactatemia and body temperature. Importantly, we
observed no adverse effects beyond hypernatremia and
hypokalemia. It is now important to determine the op-
timal dose and treatment duration of sodium ascorbate
and to investigate further the mechanisms of action. In
addition, clinical studies are warranted to resolve the
issue of whether megadose vitamin C has acute and
long-term benefits in septic patients.
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