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ABSTRACT

Intravenous infusion of high dose (>10 g) vitamin C (IVC) is a common alternative cancer therapy. IVC results in
millimolar levels of circulating ascorbate, which is proposed to generate cytotoxic quantities of HoO5 in the
presence of transition metal ions. In this study we report on the in vitro and in vivo effects of millimolar ascorbate
on erythrocytes. Addition of ascorbate to whole blood increased erythrocyte intracellular ascorbate approxi-
mately 35-fold. Within 10 min of ascorbate addition, we detected increased oxidation of erythrocyte peroxir-
edoxin 2 (Prx2), a major thiol antioxidant protein and a sensitive marker of HyO, production. Up to 50% of Prx2
was present in the oxidised form after 60 min. The presence of extracellular catalase, removal of plasma or the
addition of a metal chelator did not prevent ascorbate-induced Prx2 oxidation, suggesting that the HzO9
responsible for Prx2 oxidation was generated within the erythrocyte. Ascorbate is known to increase the rate of
haemoglobin autoxidation and HO, production. Through spectral monitoring of oxidised haemoglobin we
estimated a generation rate of 15 pM H202/min inside erythrocytes. We also investigated changes in erythrocyte
ascorbate concentration and Prx2 oxidation following IVC infusion in a cohort of patients with cancer. Plasma
ascorbate levels ranged from 7.8 to 35 mM immediately post infusion, while erythrocyte ascorbate levels reached
1.5-3.4 mM 4 h after beginning infusion. Transient oxidation of erythrocyte Prx2 was observed. We conclude
that erythrocytes accumulate ascorbate during IVC infusion, providing a significant reservoir of ascorbate, and
this ascorbate increases HyO2 generation within the cells. The consequence of increased erythrocyte Prx2
oxidation warrants further investigation.

1. Introduction

millimolar range and hence IVC is thought to promote oxidative stress in
cancer cells [6-10].

For many decades patients with cancer have been receiving high-
dose intravenous vitamin C infusions as an adjunctive or alternative
therapy. Whilst plasma ascorbate concentrations following oral intake
rarely exceed 200 pM [1], intravenous administration can result in
hundred-fold higher levels [2-5]. Ascorbate is cleared by the kidneys
with a half-life of approximately 90 min, therefore normal plasma
concentrations are restored within hours of intravenous administration
[2,3]. In the presence of oxygen and transition metal ions, ascorbate
oxidation can result in the generation of hydrogen peroxide (H202). This
reaction becomes significant when ascorbate concentrations are in the

Erythrocytes constitute ~40-50% of the blood volume, with levels in
males generally higher than in females. We were therefore interested to
investigate the impact of high concentrations of plasma ascorbate on
these cells. Haemoglobin (Hb) is the predominant protein in erythro-
cytes, with the reduced form acting as an oxygen carrier (oxy-
haemoglobin, Hb2+02). Electron transfer from the haem to bound
oxygen can occur (Hb>*03), resulting in the slow release of superoxide
(02) [11]. Ascorbate (AscH™) accelerates the rate of autoxidation by
donating an additional electron to the Hb®*Oz complex, generating
Hy0, [12] (Eq (1)). The methaemoglobin (Hb*) produced during
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autoxidation is either reduced back to oxyhaemoglobin by meth-
aemoglobin reductase, or can be further oxidised to unstable products
that denature and form Heinz bodies [13].

Hb*'0, & HbT05 + AscH™ + 2H' - Hb** + H,0, + AscH™ @)

Erythrocytes have high levels of superoxide dismutase to protect
against O3, and catalase, glutathione peroxidase and peroxiredoxin 2
(Prx2) to reduce HpO; to water [14,15]. Erythrocyte Prx2 reacts with
H0; (Eq (2)) with a rate constant of 1 x 108 M 17! [18], and a slow
rate of reduction results in accumulation of the oxidised form, detectable
as a disulfide-linked intermolecular dimer. It is difficult to determine
the contribution of the different erythrocyte peroxidases in removing
intracellular HyO5 [47], but accumulation of oxidised Prx2 indicates
either an increase in HyO5 levels or impaired reductive mechanisms. We
have observed increased Prx2 oxidation in erythrocytes treated with as
little as 0.5 pM H03 in vitro [14], upon storage of whole blood for
transfusion [19], and upon activation of neighbouring neutrophils, both
in in vitro and in vivo models [16]. The redox status of erythrocyte Prx2
has not been assessed following exposure to high plasma ascorbate
concentrations.

Prx2educed) + H202 + 2H' — Prx2oxidised) + 2H20 (2)

A number of studies have shown that the ascorbate concentration in
erythrocytes is very similar to that observed in plasma [20-24]. Mature
erythrocytes do not express the sodium-dependent vitamin C trans-
porters SVCT1 and SVCT2 that actively transport vitamin C into many
different cell types [24]. Instead, they are thought to be reliant on
glucose transporters (GLUTSs) for obtaining vitamin C from circulation
[25,26]. In this situation, the oxidised form of ascorbate, dehy-
droascorbate (DHA), enters cells by facilitated diffusion through GLUT1,
GLUT3 and GLUT4 [27-29], and is reduced by glutathione-dependent
mechanisms that use NADPH derived from the hexose monophosphate
shunt [30,31]. The reducing power of NADPH is also required for the
thioredoxin and glutathione-based systems responsible for turnover of
oxidised Prx2 [15].

In this study we measured the accumulation of ascorbate in human
erythrocytes following exposure to the plasma concentrations observed
following high-dose IVC treatment. Alongside, we monitored the redox
status of erythrocyte Prx2 following exposure to high-dose vitamin C,
both in vitro and in patients receiving IVC.

2. Materials and methods
2.1. Invitro experiments

Peripheral blood was collected into lithium heparin vacutainers from
healthy volunteers at the University of Otago, Christchurch. Ethical
approval was granted by the Southern Health and Disability Ethics
Committee (URA/06/12/083/AMO5) and all donors provided written
informed consent. Whole blood, or isolated erythrocytes resuspended in
Hanks’ balanced salt solution at the original blood volume, were treated
with the stated doses of ascorbate at 37 °C with rotation. Aliquots were
removed at indicated time points and processed for ascorbate analysis,
Prx2 oxidation and haemoglobin analysis.

Some in vitro experiments were conducted in a hypoxia chamber to
allow manipulation of the oxygen concentration. Whole blood (1 mL)
was incubated in a 12-well dish and placed in a H35 Hypoxystation (Don
Whitley Scientific Limited, Shipley, UK) at 2% oxygen for 1 h to equil-
ibrate, prior to the addition of the stated doses of ascorbate for 1 h. The
control was performed in a regular incubator (21% oxygen) for the same
time (i.e. 2 h total).

2.2. Patient samples

Non-fasting blood samples were collected from patients receiving
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IVC infusions at a general practice in Christchurch, New Zealand. The
study was approved by the Northern A Health and Disability Ethics
Committee (18/NTA/5), and the 15 participants recruited provided
written informed consent. The cohort included 7 females, 8 males; me-
dian age 64 y; age range 42-76 y. The participants had a range of di-
agnoses: multiple myeloma (1), metastatic mesothelioma (2), metastatic
breast (4), non-small cell squamous lung carcinoma (2), cervical carci-
noma (1), adenocarcinoma metastatic bowel carcinoma (2), prostatic
carcinoma (2) and cholangiocarcinoma (1).

The participants received IVC infusions at the doses indicated in the
figures, ranging from 25 to 100 g IVC (Ascor L 500®, McGuff Pharma-
ceuticals, Santa Ana, CA, USA). The participants received different
doses, based on the recommendation of the clinician. Vitamin C was
administered in 250 mL or 500 mL water bags with a 30-120 min
infusion time depending on the dose. The body weights of eleven par-
ticipants were available to determine calculation of the dose as grams of
ascorbate administered per kg body weight.

Baseline and post-infusion blood samples were drawn from the
cannulated port used for vitamin C infusion after flushing with saline.
For later time points (4 and 24 h), blood samples were collected by
venepuncture. Samples for ascorbate analysis were collected into
lithium heparin vacutainers (BD Biosciences, Franklin Lakes, NJ, USA).
For erythrocyte Prx2 oxidation analysis, N-ethylmaleimide (NEM;
Sigma-Aldrich, St. Louis, MO, USA) sufficient to give a final concentra-
tion of 100 mM was added to the lithium heparin vacutainers prior to
blood collection, thereby avoiding any post-collection oxidation of the
reduced Prx2 monomer [32]. The blood samples for ascorbate analysis
were placed on ice until processing, while those for Prx2 analysis were
incubated at ambient temperature for 15 min prior to dilution in sample
buffer as described below.

2.3. Analysis of plasma and erythrocyte ascorbate

Whole blood was centrifuged at 1000xg for 15 min at 4 °C with no
brake. The plasma was removed and an aliquot added to an equal vol-
ume of ice-cold 0.54 M perchloric acid with 100 pM diethylene-
triaminepentaacetic acid (DTPA). After 5 min on ice, the extracts were
centrifuged and the acidified plasma supernatants stored at —80 °C until
analysis.

Red blood cell ascorbate concentrations were determined using an
adaptation of the method of Levine and co-workers [21]. Remaining
plasma and the buffy coat layer were removed from the centrifuged
blood and discarded. The packed erythrocytes were washed with a
10-fold excess of ice-cold PBS containing 500 pM DTPA, and 150 pL
aliquots stored at —80 °C until HPLC analysis. To measure the ascorbate
content of the cells, the samples were quickly defrosted and a four times
volume of ice-cold milliQ water containing 500 pM DTPA added to lyse
the cells. The samples were vortexed thoroughly, and incubated on ice
for 2 min. A 200 pL aliquot was applied to a centrifugal filter unit
(Amicon Ultra 0.5 mL, 10K Ultracel®, Millipore, Burlington, Massa-
chusetts, USA) and the lysate centrifuged at 14000xg for 20 min at 4 °C
to remove haemoglobin. An equal volume of ice-cold 0.54 M perchloric
acid containing 100 pM DTPA was immediately added to the ultrafiltrate
and the samples vortexed and centrifuged. Samples were incubated with
32 mM of the reducing agent tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP) for 3 h on ice prior to analysis to reduce any DHA
present in the sample [33]. The haemoglobin content of the packed cells
was determined using Drabkin’s reagent [34] to correct for any differ-
ences in the packed cell content between samples [35].

The ascorbate content of the plasma and erythrocyte samples was
analysed by reverse-phase HPLC with coulometric electrochemical
detection as described previously [36]. A standard curve of sodium
ascorbate was prepared daily in 77 mM perchloric acid containing 100
uM DTPA and the ascorbate content of the samples calculated by linear
regression after taking into account any dilutions. Total ascorbate levels
are reported. Dehydroascorbate, determined from the difference



A.G. Pearson et al.

between with and without TCEP reduction, was found to constitute only
a small fraction of the total levels.

2.4. Detection of erythrocyte Prx2 oxidation by gel electrophoresis

The blood samples collected into NEM for Prx2 analysis were further
diluted 1:500 into non-reducing sample buffer (10% glycerol, 2% SDS,
62.5 mM Tris pH 6.8) and the samples stored at —80 °C. Prx2 oxidation
was analysed by running the extracts on non-reducing 12% SDS-
polyacrylamide gels (Bio-Rad, Hercules, CA, USA) then transferring to
polyvinylidene difluoride membrane for Western blotting [32]. Mem-
branes were probed with an anti-Prx2 antibody (1:10000; catalogue
number R8656; Sigma-Aldrich, St. Louis, MO, USA) and the relative
band density of the monomer and dimer were quantified using the
Alliance Q9 advanced chemiluminescence imager and its associated
software (Uvitec, Cambridge, England, UK).
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2.5. Measurement of erythrocyte methaemoglobin and oxyhaemoglobin

Aliquots of erythrocytes were lysed in 5 mM sodium phosphate
buffer, pH 7.4 with gentle mixing. Samples were centrifuged and the
absorbance of the haemolysate determined at 577 nm, 630 nm and 700
nm [13]. The Aygo value was subtracted from the Asy7 and Agzg mea-
surements to control for turbidity. The following calculations were then
used to determine concentrations of oxyhaemoglobin and meth-
aemoglobin [13]:[Oxyhaemoglobin] = 66As7; — 80Ag3p, [Meth-
aemoglobin] = 279Ag30 — 3As577

2.6. Statistical analyses

Statistical analyses were carried out using GraphPad Prism version
8.0 (La Jolla, CA, USA). Data are presented as the mean + SEM as stated,
and analysis of data was performed using two-tailed Student’s t-test with
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the p value for statistical significance set at 0.05. Correlations were
tested using Spearman’s rank order correlation.

3. Results
3.1. Ascorbate accumulates in erythrocytes and promotes Prx2 oxidation

Freshly collected whole blood was incubated with varying concen-
trations of ascorbate to mimic levels reported following intravenous
infusion [1-4]. At initial collection, the intracellular erythrocyte
ascorbate concentration was 0.043 + 0.005 mM (mean, SEM, n = 3).
This increased to 1.51 + 0.03 mM 60 min after the addition of 20 mM
ascorbate.

The redox state of erythrocyte Prx2 was assessed by western blotting.
Increased oxidation, manifest as the presence of the oxidised dimeric
form on non-reducing SDS-PAGE, was observed with addition of
increasing concentrations of ascorbate (Fig. 1A and B). Formation of the
oxidised dimer was time dependent, with oxidation apparent at 10 min
and reaching 40-50% by 60 min (Fig. 1C).

Incubating erythrocytes with ascorbate in 2% oxygen lowered the
extent of Prx2 oxidation, consistent with a role for H,O5 production
(Fig. 1D). However, addition of 10 pg/mL of catalase to whole blood had
no effect (Fig. 1E), suggesting that Prx2 oxidation was driven by intra-
cellular Hy0,. Consistent with this conclusion, plasma constituents were
not required as ascorbate-dependent oxidation still occurred in isolated
erythrocytes (Fig. 1F), and the extracellular iron chelator DTPA had
little effect on Prx2 oxidation (Fig. 1G).

3.2. Invitro incubation of ascorbate with isolated erythrocytes caused
haemoglobin oxidation

Since ascorbate appeared to drive Prx2 oxidation within erythro-
cytes, we tested the ability of high-dose vitamin C to oxidise oxy-
haemoglobin to methaemoglobin. Methaemoglobin reductases convert
methaemoglobin back to oxyhaemoglobin, using NADH/NADPH. The
removal of glucose slows the reductive restoration of oxyhaemoglobin,
allowing methaemoglobin to accumulate and the rate of oxidation to be
measured. In the absence of glucose, we measured a significant increase
in methaemoglobin formation upon incubation of isolated erythrocytes
with 20 mM ascorbate (Fig. 2). There was a significant lag phase of
approximately 3 h, reflecting the need to deplete endogenous cellular
glucose, and then approximately 15% of the oxyhaemoglobin was con-
verted to methaemoglobin (Fig. 2). Since erythrocytes contain 20 mM
haemoglobin, we estimate the ascorbate is resulting in the production of
approximately 15 pM/min H02 within erythrocytes (10% oxidation in
final 120 min = 16.7 pM/min H503).

151
s
= o -+ - glucose + ascorbate
c 10
s -+ -glucose - ascorbate
w
g -~ + glucose + ascorbate
é’ 57 - + glucose - ascorbate
[
=

0

0 2 4 6

time (h)

Fig. 2. Ascorbate causes haemoglobin oxidation. Isolated erythrocytes were
resuspended in phosphate buffered saline containing 1 mM calcium chloride
and 0.5 mM magnesium chloride, either with or without 5.5 mM glucose prior
to treatment with 20 mM ascorbate. Error bars show SEM; n = 2. The baseline
oxyhaemoglobin concentration of the extract was 74 pM.
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3.3. Ascorbate accumulation in erythrocytes following IVC

Ascorbate pharmacokinetics was investigated in five individuals who
received IVC infusions. Blood was drawn just prior to and immediately
post vitamin C infusion, as well as 4 and 24 h after the infusion began.
Plasma and erythrocyte ascorbate concentrations were measured
(Fig. 3). Three of the five participants had received IVC infusions 48 h
prior to the monitored infusion. The mean + SEM pre-infusion plasma
ascorbate concentration of the five individuals was 79 + 10 pM. In
contrast, the pre-infusion erythrocyte ascorbate concentration of the five
participants was 268 + 100 pM. The three individuals who had IVC
infusions 48 h prior to the monitored infusion had substantially higher
starting erythrocyte ascorbate concentrations than those who had not
had recent infusions (Table 1).

Plasma ascorbate increased sharply to 20 + 4 mM immediately post-
infusion and erythrocyte ascorbate levels peaked 4 h after infusion at
2.2 + 0.3 mM (Fig. 3). Plasma levels remained elevated and within the
millimolar range for up to 4 h (Table 1) and we noted that erythrocyte
levels continued to increase over this time (Fig. 3). After 24 h, the
ascorbate concentration had decreased from the post-infusion peak in
both plasma and erythrocytes, but was still above pre-infusion concen-
trations at 152 pM and 1118 pM, respectively (Fig. 3). This result, and
the observation that erythrocyte ascorbate concentrations remained
elevated in those participants who had undertaken prior ascorbate in-
fusions, suggests that erythrocyte levels may be elevated above baseline
for at least 48 h post IVC.

3.4. IVC causes erythrocyte Prx2 oxidation

To seek evidence of HyO, generation in blood following IVC
administration, oxidation of erythrocyte Prx2 was used as an indicator.
Blood was obtained from the 15 individuals immediately pre and post
IVC infusion. Prx2 oxidation increased significantly in response to IVC
administration regardless of infusion dose, and the extent of oxidation in
these individuals correlated with the ascorbate dose received
(Fig. 4A-C).

We also monitored the dynamics of Prx2 oxidation following IVC
infusion. Prx2 oxidation peaked immediately post-infusion, and
returned to basal levels 4 and 24 h later (Fig. 4D).

4. Discussion

In this study we show that ascorbate accumulates in the erythrocytes
of people administered IVC, reaching millimolar levels, and that this
increase is associated with the oxidation of erythrocyte Prx2. Accumu-
lation of ascorbate into erythrocytes could have a significant impact on
plasma pharmacokinetics, as these cells constitute up to half the volume
of blood and could therefore comprise a significant ascorbate reservoir.
Slow release from erythrocytes could potentially sustain elevated
plasma levels and result in higher baseline levels. There is already
substantial evidence that erythrocytes are involved in ascorbate recy-
cling in vivo and the maintenance of plasma ascorbate [26], possibly via
transmembrane electron transfer to reduce any plasma ascorbyl radicals
[37-39]. Our data indicated that even after 24-48 h post infusion,
plasma ascorbate levels were elevated above the initial baseline. In our
recent study with colorectal patients receiving IVC for four consecutive
days, we noted retention of ascorbate in erythrocytes and a steady in-
crease in baseline plasma levels over the four days [35]. However, we
are unable to distinguish whether increases in erythrocyte ascorbate are
contributing to the subsequently elevated plasma ascorbate, as
compared to plasma increases caused by tissue saturation.

The consequences of Prx2 oxidation, which is involved in the
removal of H,O- [15] and is a marker of oxidative stress [17], are not so
clear. There was no evidence of the haemolysis that can occur in
erythrocytes at high levels of oxidative stress. Catalase and glutathione
peroxidase will still remove intracellular HyO,, and Prx2 reductive



A.G. Pearson et al.

plasma ascorbate (mM)

. h W N

time (h)

Redox Biology 43 (2021) 101980
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Fig. 3. Time-course of plasma and erythrocyte ascorbate concentrations after IVC infusion. (A) Plasma and (B) erythrocyte ascorbate concentrations over the
24 h following an IVC infusion in 5 individuals. Participant 2 received a 100 g dose, all others received 50 g.

Table

1

Baseline pre-infusion ascorbate concentrations.

ascorbate infused/weight of subject (g/kg)

pathways may keep pace without significant impact on erythrocyte
function. However, the reducing equivalents required to turnover oxi-
dised Prx2 and oxidised ascorbate may impact the antioxidant capacity

Participant number 1 2 3 4 S of erythrocytes in vivo. Oxidation also alters the oligomeric conforma-
IVC dose infused 48 h prior none 100 50 25 none tion of Prx2 and its association with other cellular constituents [15,40].
® Further investigations into the consequences of erythrocyte Prx2
Plasma ascorbate baseline 0.077 0.098 0.042 0.083 0.095 oxidation are warranted.
(mM) There are a number of proposed activities for supra-physiological
Erythrocyte ascorbate 0.070 0.605 0.381 0.189 0.097 X . R . Y g
baseline (mM) concentrations of ascorbate, including the ability to act as a pro-
IVC dose received on day (g) 50 100 50 50 50 oxidant to generate HyO5 through autoxidation facilitated by the pres-
Plésma‘ascorbate post- 18.176 ~ 18.651 12811 14703  34.577 ence of redox-active metal ions [10,30,41]. This is best characterised in
infusion (mM) vitro, where ascorbate toxicity to cancer cell lines is mediated by Hy05
Erythrocyte ascorbate post- 1.100 2.867 0.944 1.009 1.121 . . . . .
infusion (mM) generation through the contribution of catalytic metals in the cell cul-
Plasma ascorbate 4 h (mM) 2,697  7.327 1.833  2.510 3.640 ture media [7-9,42,43]. There is limited evidence for such a pathway
Erythrocyte ascorbate 4 h 2152 3425 1516 2048  1.980 operating in vivo, where catalytic metal ions will be much less abundant
(mM) [4,10,30]. An earlier study in patients with pancreatic cancer showed
y in p p
Plasma ascorbate 24 h (mM) 0.116 0.238 0.086 0.167 0.153 that Kk £ oxidati ¢ includi 1 Fo-i ¢ d
Erythrocyte ascorbate 24 h 1.094  1.685 0597 00932  1.284 at markers ot oxidative stress, Including plasma ra-1Soprostanes an
(mM) erythrocyte glutathione (GSH) and glutathione disulphide (GSSG),
either decreased or did not change after IVC infusion [4]. While EPR
evidence has shown the formation of the ascorbyl radical intermediate
in blood during high-dose IVC infusion of animal models [44], only very
l * : \ * : Fig. 4. Oxidation of Prx2 in erythrocytes
— before and after IVC infusion. (A) Plasma
A 407 B 301 ascorbate concentration and (B) erythrocyte
s ° b Prx2 oxidation before and immediately after
£ 304 S IVC infusion at increasing doses (n = 15,
% E 204 error bars show mean + SEM, *p < 0.05 by
o I~ > paired t-test). (C) Significant correlation be-
§ 20 [ ° kS . tween dose of ascorbate and erythrocyte
p ° L4 = 10- L4 . o ¢ Prx2 oxidation (n = 11). (D) Erythrocyte
£ 10 o F ° Prx2 oxidation over the 24 h following an
‘_;_ & IVC infusion in five individuals. Prx2 sam-
b : ples were collected at the same time as the
- ' y y y y . T g : ) . . ascorbate samples shown in Fig. 3. See
before 25 50 60 75 100 before 25 50 60 75 100 Table 1 for IVC dose. For D, a significant
ascorbate infused (g) ascorbate infused (g) difference was observed between pre-
infusion and immediately post-infusion Prx-
C 301 D 15 - 1 -v- 4 2 oxidation (*p < 0.05, paired t-test). Prx2
° - 2 -¢- 5 oxidation at four and 24 h were not different
3 g from O time.
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X X
a a
o e
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2 0
T 104 3
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low concentrations were observed. The same authors have been unable
to demonstrate HoO generation in blood after IVC despite showing its
formation in the extracellular fluid, with erythrocytes proposed to
scavenge any H05 produced in circulation [44].

Erythrocyte Prx2 is a sensitive marker for the measurement of per-
oxides in blood, due primarily to high expression levels of this protein in
these cells, and its high reactivity with H,O [15-18]. Under normal
conditions >95% of erythrocyte Prx2 is present in the reduced form, but
low levels of thioredoxin reductase relative to other cell types results in
slow turnover of oxidised Prx2 following challenge with increased HoO5
[14]. Our in vitro experiments suggest that the mechanism of HyO9
generation by ascorbate was increased haemoglobin autoxidation.
Plasma components were not required, and extracellular catalase and
the metal chelator DTPA did not have a major effect on Prx2 oxidation.
However, it is interesting to note that Prx2 oxidation returned towards
baseline levels in patients 4 h after infusion (Fig. 4D), despite erythro-
cyte ascorbate remaining high (Fig. 3B). Plasma ascorbate levels were
significantly lower at 4 h (Fig. 3A), indicating that the high levels of
extracellular ascorbate may also contribute to increased Prx2 oxidation.
Rather than invoke extracellular HyO2 production, we propose that
impairment of the reducing capacity of erythrocytes as a consequence of
transmembrane-dependent reduction of extracellular ascorbyl radicals
[37-39] promotes the accumulation of oxidised Prx2.

By monitoring haemoglobin oxidation in the absence of glucose,
which limits the reduction of both Prx2 and methaemoglobin, we were
able to estimate that 15 pM H202/min was generated in erythrocytes
containing millimolar ascorbate levels. This represents a significant
physiological challenge. By comparison, activated neutrophils generate
large amounts of Hy0j to kill pathogens, but when taking into account
the high abundance of erythrocytes in blood, the generation rate in the
presence of ascorbate is almost twice that expected upon activation of
the neutrophils in the same volume of blood (i.e. 1500 cells/pL). This
highlights that glucose-dependent reductive mechanisms will be essen-
tial for maintaining erythrocyte reductive mechanisms during IVC
treatment. It also provides a mechanistic basis for the adverse effects
associated with IVC treatment of glucose-6-phosphate dehydrogenase
(G6PD) deficient individuals [45]. Indeed, an in vitro study has previ-
ously shown that erythrocytes treated with high dose ascorbate undergo
haemolysis, which is exacerbated in erythrocytes from individuals with
G6PD deficiency [46]. There was also increased flux of glucose through
the pentose phosphate pathway in the erythrocytes incubated with
ascorbate, as well as an increase in oxidative stress and glutathione
depletion, which may be the result of HyO, generation. The authors also
show that co-culturing with erythrocytes protects several cancer cell
lines from the cell death induced by pharmacological ascorbate con-
centrations, implying these cells can help detoxify ascorbate [46].

5. Conclusions

We show that erythrocytes accumulate millimolar levels of ascorbate
during IVC infusion that results in the haemoglobin-dependent genera-
tion of intracellular H,O5, as monitored by the reversible oxidation of
erythrocyte Prx2. The consequences of this oxidation require further
investigation.
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