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Ascorbate recycling in human neutrophils: Induction by bacteria
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ABSTRACT Ascorbate (vitamin C) recycling occurs when
extracellular ascorbate is oxidized, transported as dehy-
droascorbic acid, and reduced intracellularly to ascorbate. We
investigated microorganism induction of ascorbate recycling
in human neutrophils and in microorganisms themselves.
Ascorbate recycling was determined by measuring intracellu-
lar ascorbate accumulation. Ascorbate recycling in neutro-
phils was induced by both Gram-positive and Gram-negative
pathogenic bacteria, and the fungal pathogen Candida albi-
cans. Induction of recycling resulted in as high as a 30-fold
increase in intracellular ascorbate compared with neutrophils
not exposed to microorganisms. Recycling occurred at phys-
iologic concentrations of extracellular ascorbate within 20
min, occurred over a 100-fold range of effectorytarget ratios,
and depended on oxidation of extracellular ascorbate to
dehydroascorbic acid. Ascorbate recycling did not occur in
bacteria nor in C. albicans. Ascorbate did not enter microor-
ganisms, and dehydroascorbic acid entry was less than could
be accounted for by diffusion. Because microorganism lysates
reduced dehydroascorbic acid to ascorbate, ascorbate recy-
cling was absent because of negligible entry of the substrate
dehydroascorbic acid. Because ascorbate recycling occurs in
human neutrophils but not in microorganisms, it may repre-
sent a eukaryotic defense mechanism against oxidants with
possible clinical implications.

Ascorbate is found in normal circulating human neutrophils in
millimolar concentration and is accumulated by two mecha-
nisms (1). In resting neutrophils, ascorbate is accumulated by
a sodium- and energy-dependent transporter whose substrate
is ascorbate (1–3). Ascorbate-specific transporter activity was
expressed in Xenopus laevis oocytes injected with fractionated
rabbit renal mRNA, but the transporter has not been isolated
(4). Chemically activated neutrophils accumulate ascorbate by
the mechanism of ascorbate recycling (1, 5). Chemically
activated neutrophils produce diffusible oxidants that oxidize
extracellular ascorbate to dehydroascorbic acid. Dehy-
droascorbic acid transport is at least 10- to 20-fold faster than
ascorbate transport and is mediated by glucose transporters
GLUT1 and GLUT3 (1, 5–7). Upon intracellular entry, de-
hydroascorbic acid is immediately reduced to ascorbic acid by
the glutathione-dependent protein glutaredoxin (8). After
extracellular ascorbate quenches diffusible oxidants, the oxi-
dative metabolite dehydroascorbic acid is recycled intracellu-
larly to increase intracellular ascorbate .10-fold within min-
utes (1, 5). Increased intracellular ascorbate is then available
to quench diffusible oxidants.

In an era of emerging antibiotic resistance (9), ascorbate
recycling has the potential to be a physiologic means of

enhancing host defense. Because chemically activated neutro-
phils recycle ascorbate, we investigated whether clinically
isolated microorganisms induced ascorbate recycling in nor-
mal human neutrophils. Ascorbate recycling by these patho-
genic microorganisms themselves was also determined. The
data indicate that Gram-positive bacteria, Gram-negative bac-
teria, and Candida albicans induced ascorbate recycling in
human neutrophils but that these microorganisms themselves
did not recycle ascorbate because they did not transport the
substrate dehydroascorbic acid.

MATERIALS AND METHODS

Radiolabeled substrates, L-[1-14C]ascorbic acid (6.6 mCiy
mmol), [14C(U)]glucose (265 mCiymmol; 1 Ci 5 37 GBq), or
D[4,5-3H(N)]galactose (44 Ciymmol) were obtained from
DuPontyNEN. [14C]Dehydroascorbic acid was prepared from
L-[1-14C]ascorbic acid immediately before use by bromine
oxidation (5). Ascorbate was purchased from Sigma.

Human neutrophils were prepared from whole blood as
described (2). Ascorbate and dehydroascorbic acid transport
studies with and without bacteria were performed on plated
neutrophils in Hepes-PO4 buffer (1, 5). Hepes-PO4 buffer
contained 147 mM NaCl, 5 mM KCl, 1.9 mM KH2PO4, 1.1 mM
Na2HPO4, 5 mM glucose, 0.3 mM MgSO4-7H2O, 1.0 mM
MgCl2-6H2O, 1.5 mM CaCl2-2H2O, 10 mM Hepes (pH 7.4)
adjusted with NaOH. Clinical isolates of Escherichia coli CP9
or CP922, Enterococcus faecalis, Moraxella catarrhlis, Klebsiella
oxytoca, Acinetobacter baumanii, and C. albicans were grown
overnight in Luria–Bertani broth shaking at 37°C, diluted 1y20
in Luria–Bertani broth, and incubated for 1 hr. Microorgan-
isms were washed, diluted to 1 3 106yml in Hepes-PO4 buffer,
and added to plated neutrophils at the ratios shown at the same
time as ascorbate or dehydroascorbic acid. After incubation at
37°C, neutrophils were washed three times with Hepes-PO4
buffer. To quantify radiolabel uptake, attached neutrophils
were dissolved in 0.1 N NaOH, 1% 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate. For HPLC analy-
ses, ascorbate and dehydroascorbic acid were extracted as
described (5). Bacterial titers were confirmed by plating
diluted bacteria and counting colonies.

Bacterial transport of ascorbate, dehydroascorbic acid, and
radiolabeled sugars was performed by using reported methods
(10, 11). Before experiments, bacteria were diluted to A680 5
2, glycerol was added to a final concentration of 10 mM, and
air was bubbled through the solution for 3 min. Radiolabeled
ascorbic acid, dehydroascorbic acid, glucose, or galactose was
added to the bacterial solution. At the times shown, 100 ml
aliquots were removed and washed through a filter (Gelman;
Supor-450, 0.45 mm) with 100–200 volumes of ice-cold KCly
Mes solution containing 150 mM KCl and 5 mM Mes, pH 6.5.
Filters were collected and radioactivity was determined by
scintillation spectrometry. To measure intracellular ascorbate
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or dehydroascorbic acid mass, bacteria were centrifuged for 30
sec (14,000 rpm) at 4°C and washed three times in ice-cold
KClyMes buffer by resuspension and centrifugation. Ascor-
bate and dehydroascorbic acid were extracted by addition of
60% methanol, 1 mM EDTA to the bacterial pellet.

Ascorbate and dehydroascorbic acid were measured as
described by HPLC with coulometric electrochemical detec-
tion or by scintillation spectrometry (1, 2, 12). Results of
ascorbate accumulation were indistinguishable when mea-
sured by HPLC or by scintillation spectroscopy, except that
HPLC accounted for endogenous neutrophil intracellular
ascorbate of '1.5 mM. Intracellular neutrophil volume was
determined as described, and measurement of intracellular
ascorbate and [14C]ascorbate were corrected by protein con-
centration (2, 3). Protein was measured by using bicinchoninic
acid (Pierce) (2, 3). Data points represent the mean of at least
three samples 6SD; SD is not displayed when smaller than
point size. Samples were from at least three different incuba-
tions of one subject’s neutrophils. All experiments were per-
formed with neutrophil preparations from at least three
different subjects, with similar results. Experiments from
different subjects could not be combined because of the
difficulty in predictably obtaining the same bacteriay
neutrophil ratios in different experiments.

RESULTS AND DISCUSSION

Ascorbate recycling was determined by measuring intracellu-
lar ascorbate when neutrophils and microorganisms were
incubated with extracellular ascorbate at 100 mM, a physiologic
concentration for healthy humans (13). Neutrophils were
incubated with Gram-negative or Gram-positive bacterial
pathogens or C. albicans at targetyeffector ratios from 1:1 to
120:1. These ratios are within clinically observed ranges (14,
15). For E. coli, we used a wild-type pathogen (CP9) and an
isogenic derivative (CP922) that lacked the group 3 capsule
(K54) and the majority of O4 antigen of the lipopolysaccharide
(16). Intracellular ascorbate in neutrophils was increased as
much as 30-fold compared with control neutrophils incubated
in the presence of ascorbate without microorganisms (Fig. 1).
These data indicate that ascorbate recycling was induced by a
wide range of microbial pathogens. Because recycling was
induced by wild-type E. coli CP9 and the isogenic derivative

CP922, induction of recycling did not require the group 3
capsule and the majority of 04 antigen.

By using E. coli (CP9), recycling was tested at five physio-
logic extracellular ascorbate concentrations (10–100 mM) and
at one higher concentration (200 mM) that can be readily
achieved by i.v. injection of vitamin C in humans (13). Control
neutrophils were incubated with ascorbate and no bacteria.
With bacteria, ascorbate accumulation increased at all time
points as extracellular concentration increased (Fig. 2). Accu-
mulation of 10–200 mM ascorbate is shown at one time point
in the presence and absence of E. coli CP9 (Fig. 2 Inset). With
E. coli, accumulation increased 3- to 6-fold at every ascorbate
concentration. These data indicate that ascorbate recycling
depends on extracellular ascorbate concentration across the
physiologic range, and that recycling increases as concentra-
tion increases.

We predicted that recycling would depend on oxidation of
extracellular ascorbate. As bacteriayneutrophil ratios in-
creased, extracellular ascorbate concentrations progressively
decreased, indicating ascorbate oxidation to dehydroascorbic
acid (data not shown). When neutrophils, bacteria, and ascor-
bate were incubated with the oxidant quenchers superoxide
dismutase (25 mgyml) and catalase (600 unitsyml), ascorbate
recycling was completely inhibited (data not shown). These
data provide evidence that ascorbate recycling depends on
extracellular oxidants from neutrophils.

If ascorbate oxidation were essential for recycling, bacteria
should not induce ascorbate recycling in neutrophils unable to
make oxidants. NADPH-oxidase is the primary neutrophil
enzyme system responsible for generating reactive oxidants.
Neutrophils were isolated from patients with chronic granu-
lomatous disease, a genetic disorder characterized by defective
NADPH-oxidase activity (17–19). Chronic granulomatous dis-
ease neutrophils were incubated with either E. coli CP9 or
CP922 at targetyeffector ratios from 1:1 to 78:1 (Fig. 3).
Neither CP9 nor CP922 induced any increase in ascorbate
accumulation compared with neutrophils without bacteria.
These data provide further evidence that ascorbate recycling
depends on extracellular ascorbate oxidation.

FIG. 1. Induction of ascorbate recycling by different microorgan-
isms. Neutrophils were incubated with 100 mM ascorbate for 45 min
with the indicated microorganismyneutrophils (effectorytarget) ratios
for the following microorganisms: E. coli CP9 (E) or CP922 (F), E.
faecalis (■), M. catarrhlis (h), K. oxytoca (�), A. baumanii (‚), and C.
albicans (Œ). Neutrophils incubated with ascorbate and no microor-
ganisms are indicated by (°). Intracellular ascorbate was measured by
scintillation spectrometry and is shown as mM (left axis) and nmolymg
protein (right axis).

FIG. 2. Dependence of ascorbate recycling on time and extracel-
lular ascorbate concentrations. Intracellular ascorbate was measured
by scintillation spectrometry and is shown as mM (left axis) and
nmolymg protein (right axis). Neutrophils were incubated with E. coli
CP9 (effectorytarget ratio 28:1) for the indicated times with extracel-
lular ascorbate concentrations of 10 mM (■), 25 mM (h), 50 mM (Œ),
75 mM (‚), 100 mM (F), and 200 mM (ƒ). Control neutrophils (E) were
incubated without bacteria and 100 mM ascorbate for the times
indicated. (Inset) Dependence of recycling on extracellular ascorbate
concentrations at one fixed time. Neutrophils were incubated with (F)
or without (E) E. coli CP9 (effectorytarget ratio, 28:1) and the
indicated extracellular ascorbate concentrations for 30 min. The y axis
is the same as in Fig. 2.
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To test whether ascorbate recycling occurred if the substrate
dehydroascorbic were available, chronic granulomatous dis-
ease neutrophils were incubated with dehydroascorbic acid
and either E. coli CP9 or CP922 (Fig. 3). When the substrate
was present, enhanced ascorbate accumulation occurred and
was independent of bacteria. These findings show that chronic
granulomatous disease neutrophils transport and reduce de-
hydroascorbic acid once it is provided. These neutrophils do
not recycle ascorbate because extracellular ascorbate oxida-
tion does not occur, and the substrate dehydroascorbic acid is
not formed.

To determine whether ascorbate recycling occurred in bac-
teria, we tested bacterial transport of ascorbic acid and dehy-
droascorbic acid. Glucose and galactose transport served as
controls because dehydroascorbic acid transport is mediated
by glucose transporters in eukaryotes (7), and the bacterial
glucose transporter GalP shares the most homology with
mammalian glucose transporters (20, 21). Ascorbic acid was
not transported by E. coli CP9 (Fig. 4A) or by other bacteria
(data not shown). Dehydroascorbic acid entry in E. coli CP9
(Fig. 4A) or other microorganisms (Fig. 4B, see below) was less
than could be accounted for by diffusion and was minimal
compared with glucose and galactose transport (Fig. 4A; data
not shown). These findings could not be explained by dehy-
droascorbic acid toxicity because galactose transport was
similar in the presence and absence of dehydroascorbic acid
(data not shown). Endogenous ascorbate and dehydroascorbic
acid were absent from all microorganisms studied.

We directly compared ascorbate recycling in eukaryotes and
prokaryotes. Either neutrophils or different microorganisms
were incubated with varying concentrations of dehydroascor-
bic acid, and internal ascorbate was measured. During 5 min
incubations, neutrophils rapidly transported dehydroascorbic
acid and reduced it to ascorbate (Fig. 4B). No internal
dehydroascorbic acid was present (1, 5). In contrast, dehy-
droascorbic acid transport and reduction to ascorbic acid was
negligible in microorganisms (,0.4 nmolymg protein), '100-
fold less than in neutrophils and less than could be accounted
for by diffusion (Fig. 4B). Although absent in microorganisms,
endogenous ascorbate in neutrophils was 4.35 nmolymg pro-
tein (1.2 mM). Lysates of microorganisms reduced dehy-
droascorbic acid to ascorbate, with or without exogenous
glutathione andyor NADPH (data not shown). Taken to-
gether, the data indicate that ascorbate recycling is negligible

in microorganisms because entry of the substrate dehy-
droascorbic acid is less than can be accounted for by diffusion.

Neutrophils and bacteria have several distinct means of
oxidant defense (22, 23). Neutrophils quench oxidants through
the proteins catalase and superoxide dismutase. Glutathione
reductase maintains glutathione as a chemical defense against
oxidants. Bacteria have similar means of oxidant defense, some
of which depend on transcriptional regulation and new protein
synthesis.

The specific role of ascorbate recycling in neutrophil func-
tion is not certain, but there are several intriguing possibilities.
Compared with bacterial defense mechanisms, ascorbate re-
cycling by human neutrophils but not by microorganisms may
be a unique system for oxidant protection. Because bacteria
did not transport dehydroascorbic acid, ascorbate recycling
may be a eukaryotic-specific system for oxidant defense. In
neutrophils, dehydroascorbic acid reduction is immediate, an
induction step is not required, and the dehydroascorbic acid-
reducing protein glutaredoxin is present in large amounts in

FIG. 3. Ascorbate recycling in chronic granulomatous disease
neutrophils. Chronic granulomatous disease neutrophils were incu-
bated with 100 mM ascorbate (F and E) for 45 min or 300 mM
dehydroascorbic acid (■ and h) for 5 min and the indicated targety
effector ratios for E. coli CP9 (F and ■) or E. coli CP922 (E and h).
Intracellular ascorbate was measured by HPLC and is shown as mM
(left axis) and nmolymg protein (right axis).

FIG. 4. (A) Uptake of glucose, ascorbate, and dehydroascorbic
acid by E. coli CP9. Bacteria were incubated with 400 mM [14C]ascor-
bate (■), [14C]dehydroascorbic acid (F), [14C]glucose (Œ), or
[14C]galactose (�) (Inset) for the indicated times. Uptake was mea-
sured by scintillation spectrometry. (B) Ascorbate recycling in either
neutrophils or microorganisms. Different microorganisms or neutro-
phils were incubated with the indicated concentrations of extracellular
dehydroascorbic acid for 5 min. Intracellular ascorbate was measured
by HPLC. Symbols represent neutrophils (}), E. coli CP9 (E), E.
faecalis (■), M. catarrhlis (h), K. oxytoca (�), A. baumanii (ƒ), and C.
albicans (�).
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unactivated cells (1, 5, 8). Unlike bacterial mechanisms, ascor-
bate recycling is modulated by ascorbate itself, a vitamin that
is obtained exogenously from our diets. Ascorbate recycling
increases across the range of ascorbate concentrations that can
occur in humans physiologically and pharmacologically (13).
Higher concentrations of ascorbate within neutrophils might
provide better protection against intracellular reactive oxygen
intermediates. In neutrophils, these intermediates are an
integral component of microbicidal pathways and mediate
apoptosis (24–26). Increased intracellular ascorbate concen-
trations could be effective in quenching cytosolic and extra-
cellular oxidants and possibly delay neutrophil apoptosis (27,
28). Prolongation of neutrophil survival could also translate
into enhanced microbicidal activity.

A concern is that supplementation with massive amounts of
ascorbate could protect pathogens from oxidants as well as
host tissues. However, extracellular ascorbate concentrations
are '80% saturated with ingestion of 200 mg ascorbate, the
equivalent amount found in four to five servings of fruits and
vegetables (13). Even with massive oral supplementation,
plasma concentrations will not substantially increase above
100 mM. Higher ascorbate concentrations are only achieved
with i.v. ascorbate, and only transiently. As shown here,
extracellular ascorbate concentrations of 100 mM are as low as
1–2% of those within neutrophils when recycling occurs.
Therefore, ascorbate recycling is expected to have predomi-
nantly intracellular effects. Although oxidants are generated
within neutrophils in the phagosome for bacterial killing,
neutrophils also generate extracellular oxidants. In theory,
extracellular ascorbate could passively quench oxidants that
otherwise mediate bacterial killing. Extracellular oxidant
products could enhance bacterial killing but also mediate host
tissue destruction (29). Physiologic concentrations of extracel-
lular ascorbate protect collagen from oxidant degradation
(30). Surprisingly, extracellular ascorbate may also specifically
enhance extracellular oxidant production from neutrophils
(31, 32). It is unknown whether extracellular ascorbate in vivo
enhances oxidant production or whether there is a balance
between oxidant protection and bacterial killing. Answers
await better testing methods, including clinical experiments.

It is not known whether ascorbate recycling could have
clinical application. One key issue is whether there is a
relationship between ascorbate concentrations in humans and
the clinical outcome in bacterial and fungal infection. How-
ever, only sparse data are available (33, 34), but based on new
normative data, the problem can now be addressed experi-
mentally (13). Because ascorbate has little toxicity (35) and can
be increased by either enteral or parenteral administration
(13), and because antibiotic resistance is increasing (9), it may
be worthwhile to explore the clinical potential of ascorbate in
bacterial and fungal infections.
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