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ABSTRACT
Background: The first step in iron absorption requires the reduction
of ferric iron to ferrous iron, a change that is catalyzed by duodenal
ferric reductase. Iron deficiency is associated with high iron absorp-
tion, high ferric reductase activity, and high duodenal ascorbate
concentrations in experimental animals, but it is not known whether
a relation between reductase and ascorbate is evident in humans.
Objective: The objective of the study was to assess the relation
between ferric reductase activity in human duodenal biopsy speci-
mens and ascorbate concentrations in iron-replete and iron-deficient
subjects.
Design: Patients and control subjects were overnight-fasted adults
presenting sequentially for upper gastrointestinal endoscopic inves-
tigation. Ferric reductase activity in duodenal biopsy specimens was
assayed by using nitroblue tetrazolium. Ascorbate was assayed in
duodenal biopsy specimens and plasma.
Results: Iron-deficient patients had significantly higher reductase
activity (n � 6–9; P � 0.05) and duodenal (n � 20; P � 0.001) and
plasma (n � 6; P � 0.001) ascorbate concentrations than did control
subjects. Incubation of biopsy specimens with dehydroascorbate (to
boost cellular ascorbate) increased reductase activity in the tissues
that initially had normal activity (n � 9; P � 0.01) but inhibited
reductase activity in the tissues that already had high reductase
activity (n � 13; P � 0.001).
Conclusions: Iron deficiency in humans is associated with increased
duodenal ascorbate concentrations. This finding suggests that in-
creased reductase activity is partly due to an increase in this substrate
for duodenal cytochrome b reductase 1. Am J Clin Nutr 2005;
81:130–3.
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INTRODUCTION

Studies in both humans (1, 2) and mice (3–5) have implicated
duodenal ferric reductase [catalyzed by duodenal cytochrome b
(Dcytb) or cytochrome b reductase 1 (Cybrd1)] activity as an
important factor in the regulation of intestinal iron absorption in
both healthy subjects and those with altered iron metabolism.
Duodenal ferric reductase activity is increased in persons with
iron deficiency (1) and hemochromatosis (1, 2). We showed in
mice that Dcytb activity is partly dependent on the concentration
of its intracellular substrate, ascorbate (3, 6) and that concentra-
tions of duodenal ascorbate are higher in mice with iron defi-
ciency than in those that are iron replete (7). It follows from this
that intracellular concentrations of ascorbate in the duodenal
epithelium may be a factor in controlling intestinal iron absorp-
tion in humans. We therefore set out to investigate the alterations

of ascorbate concentrations and ferric reductase activity in duo-
denal biopsy specimens from control subjects and patients with
iron deficiency.

SUBJECTS AND METHODS

Subjects

Overnight-fasted adults (mixed group of males and females;
age range: 25–91 y) presenting sequentially for upper gastroin-
testinal endoscopic investigation were the subjects for study.
Duodenal biopsy specimens (n � 3 from second part of duode-
num) were obtained during routine gastroscopy. One specimen
was sent for routine histologic tests, and the other 2 specimens
were used for 1 of 3 studies. In all patients, blood samples were
taken for serum ferritin and hemoglobin assays.

Written informed consent was obtained from all subjects.
Ethical approval for the study protocol was obtained from the
ethics committees of St Thomas’ Hospital and King’s College
Hospital.

Study design

In study 1, biopsy specimens were taken for immediate assay
of reductase activity (reductase activity is labile on storage of
samples) as described below. In study 2, biopsy specimens were
homogenized in 5% ice-cold metaphosphoric acid by using a
high-speed Ultra Turrax homogenizer (IAK Werke; Kanke &
Kunkel BmvH & Co KG, Stauffen, Germany) and analyzed for
ascorbate acid (AA) and dehydroascorbate acid (DHA) concen-
trations. Plasma was obtained by whole-blood centrifugation
with the use of EDTA as an anticoagulant and assayed for AA and
DHA concentrations. In studies 1 and 2, the iron status of each
subject was not known to the investigators until all analyses were
completed, at which point subjects were allocated to the iron-
deficient (ferritin � 30 �g/L) or the control (ie, iron-replete;
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ferritin � 40 �g/L) group or were excluded on the grounds of
excessive C-reactive protein concentrations or erythrocyte sed-
imentation rates or incomplete data. Study 3 was intended to
investigate the effect of supplementing the in vitro incubation
medium with DHA to increase tissue ascorbate concentrations.
We previously showed that the incubation of duodenum with
DHA results in increased tissue ascorbate (7). In study 3, one
biopsy specimen was incubated as in study 1 for reductase assay,
and a second biopsy specimen was incubated in parallel in the
same medium supplemented with DHA and assayed for reduc-
tase. The samples for study 3 came from subjects who were not
separated on the basis of iron status, and that group included
some subjects with incomplete data sets for iron status.

Reductase activity assay

Freshly taken biopsy specimens from iron-deficient or control
subjects were incubated for 5 min at 37 °C in buffer [125 mmol
NaCl/L, 16 mmol HEPES-Na/L (pH 7.4), 3.5 mmol KCl/L, and
10 mmol glucose/L]. Biopsy specimens were then incubated for
10 min at 37 °C in the same buffer supplemented with 1 mmol
nitroblue tetrazolium/L (NBT; Sigma Chemical Co, Poole,
United Kingdom), rinsed in 0.15 mol NaCl/L, and imaged; then
the formazan deposition was semiquantified by densitometry as
described previously (8). The surface reduction of NBT by du-
odenal tissue was shown by us (3) and others (1) to be blocked by
anti-Dcytb antibodies and to closely correlate with duodenal
ferric reductase activity (3). In study 3, one of the 2 biopsy
specimens was incubated as above, and the other was incubated
with 1 mmol NBT/L, which was supplemented with 10 mmol
freshly dissolved DHA/L, and analyzed in the same way.

Ascorbate assays

Ascorbate was assayed as described previously (7). The spec-
trophotometric determination was modified from an assay de-
scribed by Kampfenkel et al (9) and based on the reduction of
Fe3� to Fe2� by AA and on spectrophotometric detection of Fe2�

complexed with ferrozine. DHA was reduced to AA by incuba-
tion of the samples with dithiothreitol. Excess dithiothreitol was
removed with ethylmaleimide, and total AA was determined by
the same procedure. The concentration of DHA was then calcu-
lated from the difference between total ascorbic and AA (9).
Plasma AA and DHA concentrations were analyzed according to
a modification of the method of Ocamura (10).

Statistical analysis

All results are expressed as means � SDs. Differences be-
tween groups were analyzed by using paired or unpaired Stu-
dent’s t test as appropriate (MICROSOFT EXCEL 2002; Mi-
crosoft Corp, Redmond, WA).

RESULTS

All subjects had normal results on duodenal histologic tests.
The results of ferritin and hemoglobin assays in the subject
groups for studies 1 and 2 are shown in Tables 1 and 2. Iron-
deficient patients had significantly lower hemoglobin and serum
ferritin concentrations (both: P � 0.001) than did iron-replete
subjects in both studies. The values were similar in the corre-
sponding groups in both studies.

Reductase activity was measured with NBT reduction (study
1) and was found to be higher in iron-deficient subjects than in
control subjects (Figure 1; P � 0.05). AA concentrations in both
plasma and duodenum (study 2) were higher in duodenal biopsy
specimens from subjects with iron deficiency than in those from
iron-replete subjects (Table 2). DHA was below the detection
limit (0.1 nmol/mg or 5 �mol/L) in most biopsy and plasma
samples from both subject groups and overall did not differ
significantly (P � 0.4) from zero in either group (data not
shown).

In addition, we found (study 3) that, when reductase activity
was low in biopsy specimens, the inclusion of DHA, which is
taken up by cells and converted into AA (7, 11), tended to in-
crease reductase activity (Figure 2; P � 0.01). Paradoxically,
DHA had an inhibitory effect on reductase activity in samples

FIGURE 1. Duodenal nitroblue tetrazolium reductase activity in control
and iron-deficient humans. Duodenal biopsy specimens were incubated with
1mmol nitroblue tetrazolium/L in physiologic buffer, and formazan deposi-
tion was quantified by densitometry (Student’s t test, P � 0.026.

TABLE 1
Hemoglobin and ferritin concentrations in subject groups in study 11

Subject group Hemoglobin Serum ferritin

g/L �g/L
Control (n � 9) 144 � 9 93 � 47
Iron-deficient (n � 6) 113 � 8 15 � 10
P �0.001 �0.002

1 All values are x� � SD.

TABLE 2
Hemoglobin and ascorbate concentrations in control and iron-deficient
subject groups in study 21

Subject group Hemoglobin
Serum
ferritin

Duodenal
ascorbate

Plasma
ascorbate

g/L �g/L �mol/g �mol/L
Control 135 � 15 89 � 49 1.04 � 0.3 36 � 18
n 23 13 24 16
Iron-deficient 111 � 18 15 � 7 1.90 � 0.42 76 � 12
n 17 15 17 5
P �0.001 �0.001 �0.001 �0.001

1 All values are x� � SD.
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with higher initial activity (Figure 2; P � 0.001), which suggests
a threshold for the effect.

DISCUSSION

The present data support the findings of Zoller et al (1) that
duodenal ferric reductase activity [here measured with the chro-
mogenic substrate NBT (1, 3, 7)] is higher in persons with iron
deficiency than in those who are iron replete. Zoller et al showed
that iron-deficient patients have significantly higher expression
of Dcytb than do iron-replete patients (1). We have further in-
vestigated the basis for increased reductase activity and found
that iron-deficient subjects have greater concentrations of the
putative intracellular substrate for ferric reductase—namely,
ascorbate—than do iron-replete subjects (6, 7). The present data
also show that, when reductase activity is initially low, in vitro
incubation of tissue with DHA leads to an increase in reductase
activity. Incubation with DHA enhances intracellular AA con-
centrations (7, 11), which suggests that those concentrations can
be limiting for reductase activity in human duodenum. It is in-
teresting that, when reductase (and presumably endogenous AA)
concentrations were initially high, incubation with DHA led to an
inhibition in reductase activity. AA feeding has previously been
reported to enhance mucous secretion by rat stomach, presum-
ably by sparing glutathione and protecting cells from oxidative
damage (12). Our own studies (not shown) in which biopsy
specimens from mouse intestine were incubated with 1 mmol
AA/L showed that such high concentrations of medium AA
provoked mucous hypersecretion, which could prevent the ac-
cess of NBT to the biopsy specimen’s surface and the deposition
of NBT-formazan there. We therefore hypothesize that, when
AA concentrations exceed a threshold, mucous secretion can be
stimulated, and that would result in reduced deposition of NBT-
formazan.

These findings provide an additional mechanism (ie, supple-
menting increases in the reductase protein, Dcytb; 1) by which
human duodenal ferric reductase activity can be increased. In
particular, the concentration of the intracellular substrate for
Dcytb, ascorbate, is higher in persons with iron deficiency than

in those who are iron replete. Other effects such as mucous
secretion may, however, limit the increase in reductase, at least
in in vitro studies. In vivo effects of AA on mucous secretion are
likely governed by complex factors, including AA transport,
oxygen concentrations, antioxidant defenses, and additional reg-
ulators of mucous secretion. Moreover, in vivo effects of AA on
overall iron absorption will include ascorbate’s well-known
iron-solubilizing and iron-reducing effects (13), which tend to
counteract inhibitory effects due to increased mucous secretion.
The finding that duodenal AA is higher in iron-deficient subjects
than in those who are iron replete is in keeping with studies
showing that iron concentrations generally are inversely related
to tissue AA concentrations (14). However, epidemiologic stud-
ies found a positive correlation between dietary AA intake and
iron stores (15). The relation between dietary AA intake and iron
status has proved more complex than expected from studies with
test meals (13, 16, 17). Whether dietary AA intake is the main
regulator of ferric reductase activity requires further investiga-
tion, which will demand studies in which the subjects are strictly
controlled for dietary AA intake as well as other factors that
influence AA concentrations, such as smoking (18). The present
findings provide an additional mechanism by which iron absorp-
tion can be enhanced by AA, namely, the enhancement of ferric
reductase activity.
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