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Abstract
Oxidative stress associated with iron deficiency anaemia in a murine model was studied feeding an iron-deficient diet.
Anaemia was monitored by a decrease in hematocrit and haemoglobin. For the 9 week study an increase in total iron binding
capacity was also demonstrated. Anaemia resulted in an increase in red blood cells (RBC) oxidative stress as indicated by
increased levels of fluorescent heme degradation products (1.24-fold after 5 weeks; 2.1-fold after 9 weeks). The increase in
oxidative stress was further confirmed by elevated levels of methemoglobin for mice fed an iron-deficient diet. Increased
haemoglobin autoxidation and subsequent generation of ROS can account for the shorter RBC lifespan and other
pathological changes associated with iron-deficiency anaemia.
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Introduction

Iron is an essential element in all living cells. The

adult human body contains � 4 g of iron. Approxi-

mately 75% of total body iron is associated with

haemoglobin, which is responsible for oxygen trans-

port. Iron deficiency in the body limits the synthesis

of heme, a prosthetic group of haemoglobin that in

turn limits the synthesis of haemoglobin and

decreases the production of red blood cells (RBCs)

in the bone marrow, resulting in anaemia. Since

cellular energy metabolism is dependent on oxygen,

anaemia has a wide range of clinical consequences.

One of the consequences of severe iron deficiency is a

decrease in the life span of RBCs in circulation [1�6]

that further exacerbates the anaemic condition.

The removal of RBCs during anaemia can be

attributed to an increase in membrane stiffness and

a decrease in deformability [7�9], which decreases the

ability of the RBCs to pass through the spleen

without being removed. More recently it has been

demonstrated that iron deficiency accelerates the

suicidal death of RBCs (eryptosis). This process is

initiated by an increase in red cell cytosolic calcium,

which stimulates phospholipids scrambling and in-

creased exposure of phosphatidylserine to the outer

surface of the membrane. Phosphatidylserine on the

outer surface of the membrane is recognized by

macrophages and results in the removal of erythro-

cytes from circulation [6,10].

The decrease in deformability, increase in cytosolic

calcium and increase in membrane stiffness of RBCs

can be attributed to oxidative stress [10�12].

Increased oxidative stress during anaemia is sup-

ported by increased lipid peroxidation [5,7,13�17], a

decrease in antioxidant defense enzymes including
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glutathione peroxidase [5,13,16] and a greater sus-

ceptibility to the addition of pro-oxidants [18,19].

The presence of oxidative stress in RBCs during

anaemia has, however, not been consistently observed

[20,21].

In earlier studies, the oxidative stress has been

assessed by measuring lipid peroxidation products

following the reaction with thiobarbituric acid. This

method has many pitfalls, particularly in RBCs.

Furthermore, RBC lipid peroxidation can be affected

by the presence of various oxidants in the circulation

and does not specifically assess RBC oxidative stress.

We recently developed a specific and sensitive method

to measure in vivo RBC oxidative stress [22�24]. This

method involves measuring the fluorescence

(ex. 321 nm:em. 480 nm) of a red cell lysate [24].

This fluorescence is generated from the reaction of

hydrogen peroxide with the heme moiety of haemo-

globin instead of lipids and is, therefore, specific for

RBC oxidative stress [22,23,25]. Our aim in this

investigation is to determine whether RBC oxidative

stress increases under moderate-to-severe iron-defi-

ciency anaemia in experimental mice.

Materials and methods

Experimental animals

The animal protocol (# 289-LNS-2010) was

approved by the Institutional Review Board. Three

week old male C57/BL6 mice were purchased from

Jackson Laboratories (Bar Harbor, Maine) and

divided into two groups with each group containing

eight mice. The control mice were maintained on a

standard iron diet of 48 ppm iron (TD.80394, Harlan-

Teklad, Madison, WI) for 5 weeks. The experimental

mice were maintained on an iron-deficient diet of

4 ppm iron (TD. 80396, Harlan-Teklad, Madison,

WI) for 5 weeks. Mice were kept on a 12 h light/dark

cycle with the room temperature maintained at

25918C. At the end of the study, body weights were

recorded and the iron status was assessed by measur-

ing hematocrit (HCT) and haemoglobin (Hb). In a

second study, the same experiment was repeated

under similar conditions with the iron deficient-diet

maintained for 9 weeks. For the 9 week study in

addition to the HCT and Hb, anaemia was evaluated

by measuring the total iron binding capacity (TIBC) at

the end of the study.

Determination of hematocrit

Blood was collected by ocular bleeding into EDTA

tubes and kept on ice. Hematocrit (HCT) values were

determined using a Micro-Hematocrit Reader

after centrifugation of blood samples in heparinized

microcapillary tubes.

Determination of Hb and metHb

Ten to 20 ml of blood was lysed in 3 ml of milli Q

water. The Hb spectrum of the haemolysate was

recorded from 490 nm to 640 nm using a Perkin

Elmer Lambda 35 spectrophotometer. The concen-

trations of oxyHb and metHb species were deter-

mined by multicomponent analysis of the spectra

with known spectra of oxyhaemoglobin (oxyHb) and

methemoglobin (metHb) using the ‘Spectrum Quant

C’ software program (Perkin Elmer). The final

concentration of oxyHb and metHb in blood samples

were determined after multiplying the value obtained

by a dilution factor. The total haemoglobin (Hb)

concentration was expressed in g/100 ml.

Total iron binding capacity (TIBC)

TIBC was determined utilizing a Roche Cobas Fara

II robotic chemical analyser (Bazel, Switzerland).

With this analyser unsaturated iron binding capacity

(UIBC) and serum iron were measured using the

Ferrozine† based method [26] supplied in kits from

Equal Diagnostics (Exton, PA); catalogue numbers

E306020 and 157-10, respectively. The TIBC of

serum samples was calculated by adding the sample

values for UIBC and serum iron.

Determination of fluorescent degradation products

The Hb concentration of the haemolysate (see above)

was adjusted to 50 mm Hb by dilution. The fluor-

escent emission (em) spectrum was measured from

400 to 600 nm at an excitation (ex) wavelength of

321 nm using a Perkin Elmer LS50B spectrofluori-

meter. The maximum emission at 480 nm was used

as a measure of heme degradation products. The ex

and em slit widths were kept at 10 nm [24].

Statistical analysis

The data are expressed as means9standard devia-

tion. The t-test is used to determine the statistical

significance of a difference between two groups of

mice.

Results

Effect of iron-deficient diet on body weights

The body weights of the mice were measured at the

end of each study. Although the body weights for the

5 and 9 week iron-deficient groups were less than the

control groups, the differences were not statistically

significant (Table I).

Effect of iron-deficient diet on HCT, Hb and TIBC levels

Iron-deficiency anaemia was assessed by measuring

the HCT, Hb and TIBC. A decrease in HCT and

Hb directly measures anaemia. TIBC is an indirect

Iron-deficiency anaemia enhances red blood cell oxidative stress 825
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measure of total transferrin, which increases during

anaemia. The HCT values were significantly lower in

mice fed an iron-deficient diet as compared to the

control group ( pB0.001). The magnitude of the

decrease in HCT was more pronounced in the 9 week

group than the 5 week group (Table I).

Figure 1 shows the haemoglobin values of mice fed

with normal and low doses of iron at the end of 5 and

9 weeks. Consistent with the decrease in HCT (Table

I), mice fed with an iron-deficient diet had a

significantly lower Hb level than the control group.

As found for the HCT (Table I), the decrease in Hb

level was more pronounced in the mice on a reduced

iron diet for 9 weeks than for 5 weeks.

TIBC reflects the total plasma transferrin concen-

tration. Transferrin is the protein responsible for the

transport of iron and is upregulated in serum during

iron-deficiency to maximize the efficiency of iron

transport from the intestine to tissues [27]. As

expected, TIBC was significantly higher in the iron-

deficient group than in the control group (Table I),

confirming that the decrease in haemoglobin and

HCT is due to iron deficiency.

Effect of iron diet on methemoglobin

In addition to the decrease in the total haemoglobin

during anaemia (Figure 1), there is an increase in the

percentage of oxidized haemoglobin (methemoglo-

bin) in anaemic rats compared with corresponding

controls. This increase of methemoglobin was, how-

ever, only significant ( pB0.001) for the 9 week study

(Figure 1)

Effect of iron-deficient diet on fluorescent heme

degradation products

The fluorescence emission spectra of haemolysates

from 400 to 600 nm, with an excitation wavelength of

321 nm, are shown in Figure 2 for the controls and

for the group on the reduced iron diet for 9 weeks.

After 9 weeks, the fluorescence intensity from the

haemolysate of all five mice fed an iron-deficient diet

was higher than the fluorescence intensity obtained

with any of the control mice.

Figure 3 shows the average maximum intensity of

the fluorescent peak at 480 nm for each group. The

fluorescence intensity of the iron-deficient groups

after 5 and 9 weeks feeding were both significantly

higher than for the corresponding control group.

However, the increase in fluorescence after 9 weeks

on an iron-deficient diet was 2.1-fold higher than the

control, while the increase in fluorescence after 5

weeks on the iron-deficient diet was only 1.24-fold

higher than the control.

Discussion

Feeding an iron-deficient diet to mice for a period of

5 and 9 weeks resulted in a decrease in both the

hematocrit and haemoglobin levels, with a greater

Table I. Body weights, HCT% and TIBC of mice after feeding 5 and 9 weeks.

Treatment Weights (g) 5 weeks Weights (g) 9 weeks HCT (%) 5 weeks HCT (%) 9 weeks TIBC (mg/dl) 9 weeks

Control 2392.04 2591.08 5591.2 5294.4 238970

Anaemia 2190.94 2290.94 40912* 3297.6* 558933*

Values are mean9SD for eight mice.

*Significantly different from control groups pB0.001.

Figure 1. Haemoglobin and methemoglobin values of mice on a

control and iron-deficient diet. Blood was collected by ocular

bleeding after 5 weeks (A and C) or 9 weeks (B and D) and the

haemoglobin (A and B) and methemoglobin (C and D) levels were

determined as described in the Materials and methods section.

Methemoglobin values are expressed as a percentage of total

haemoglobin. Values are mean9SD for six-to-eight mice.

*Significantly different from control group after 5 weeks,

pB0.05. *** Significantly different from control group after 9

weeks, pB0.001.
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decrease for mice on the iron-deficient diet for a

longer period of time. This response is clearly

considered to reflect moderate-to-severe anaemia.

The increase in TIBC after 9 weeks on the iron-

deficient diet establishes the expected physiological

response to anaemia involving an increase in trans-

ferrin to optimize the uptake of the available iron.

To evaluate whether increased red cell oxidative

stress plays a role in the physiological ramifications of

anaemia, we measured the metHb (Figure 1) and the

levels of a fluorescent heme degradation product with

ex 321 nm and em 480 nm (Figure 2 and 3). Our

results clearly indicate an increase in red cell oxidative

stress.

It has been demonstrated that hypoxia and

the resultant decrease in the oxygenation of RBC

haemoglobin destabilizes haemoglobin, increasing

the rate of haemoglobin autoxidation [28]. This

relationship between hypoxia and red cell oxidative

stress explains how anaemia generates red cell oxida-

tive stress. With fewer RBCs and less haemoglobin

available the consumption of oxygen by the tissues

lowers the partial pressure of oxygen [29,30] and a

greater fraction of the RBC oxygen is transferred to

the tissues. The increase in partially oxygenated

haemoglobin increases autoxidation generating

metHb and superoxide. Most of the metHb formed

during autoxidation is reduced back to functional

Fe(II) haemoglobin by cytochrome b5 reductase.

However, the excessive autoxidation of haemoglobin

that results from anaemia is not fully reduced and an

increase in methemoglobin is observed.

We have shown that the reactive oxygen species,

and particularly hydrogen peroxide formed when

superoxide released during autoxidation dismutates,

results in heme degradation that can be monitored by

an increase in the observed fluorescence with an ex of

321 nm and an em of 480 nm. This process not only

produces fluorescent products, but also releases iron

from the heme and reflects RBC oxidative stress

[22,23,25,31].

In evaluating the physiological ramifications of red

cell oxidative stress, it is necessary to consider the

mechanism by which red cell ROS bypass the highly

efficient red cell antioxidant system. Of particular

significance for this process is the fact that the

increase in haemoglobin deoxygenation that increases

the formation of ROS also increases the affinity of

haemoglobin for band 3 of the red cell membrane

[32,33]. The hydrogen peroxide generated by mem-

brane-bound Hb is not as efficiently scavenged

because cytoplasmic catalase does not react with

hydrogen peroxide at the membrane surface. The

enzymes, which react with hydrogen peroxide and

lipid hydroperoxide generated at the membrane, are

glutathione peroxidase (GSHPX) and perroxiredoxin

2 [34]. The relationship between these two enzymes

and heme degradation on red cells explains the

increased heme degradation when cells are treated

with iodoacetamide. Iodoacetamide inhibits GSHPX

by reacting with GSH and inhibits perroxiredoxin

Figure 2. Fluorescence spectra of red cell lysate of mice on control and iron-deficient diet for 9 weeks. The Hb concentration of the RBC

lysate was adjusted to 50 mm Hb. The fluorescent emission (em) spectrum was measured from 400 to 600 nm at an excitation wavelength of

321 nm.

Figure 3. Fluorescence values of mice on control and iron-

deficient diet. The fluorescence spectra of RBC lysate of all animals

were determined as mentioned in Figure 2. The maximum

intensity of each fluorescent peak at 480 nm was taken. Values

are mean9SD for six-to-eight mice. *Significantly increased

relative to control after 5 weeks, pB0.05.*** Significantly

increased relative to control after 9 weeks, pB0.001.
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by reacting with the protein thiol groups [35].

Interestingly, a decrease in GSHPX activity has

been reported in iron-deficiency anaemic patients

and experimentally-induced iron-deficiency anaemic

rabbits [5,13,16,18]. With a reduction of GSHPX

activity, there is an increase in the hydrogen peroxide

generated at the surface of the membrane that is not

neutralized. Heme degradation only utilizes a small

fraction of the hydrogen peroxide generated by

haemoglobin autoxidation at the membrane surface.

This same pool of hydrogen peroxide can damage the

red cell membrane, increasing membrane stiffness

[7], decreasing deformability [8] and increasing RBC

calcium levels [10], which are commonly found in

severe anaemic RBCs. In addition, the hydrogen

peroxide can also be released from RBCs.

The hydrogen peroxide released from RBCs has

been shown to enter endothelial cells and causes

inflammation [36].

We have also found that higher RBC-heme degra-

dation correlates with increased IgG binding to the

RBC membrane [24]. The increased IgG binding is

thought to be triggered by the destabilization of the

structure of Hb facilitating denaturation. This dena-

tured Hb along with heme degradation products and

free iron can induce band 3 protein aggregation and

the membrane damage that triggers IgG binding and

the subsequent removal of RBCs from circulation

[37,38].

In summary, our studies establish unambiguously

that severe anaemic RBCs undergo more oxidative

stress than normal cells. For this purpose we have

quantified the level fluorescent heme degradation

products that represent a sensitive reliable method

that is not prone to the uncertainties involved in the

determination of lipid peroxidation in RBCs. This

oxidative stress is primarily formed on the membrane.

The reactive oxygen species formed on the membrane

can both damage the red cell and release reactive

oxygen species to the vasculature [36] and neighbour-

ing tissues contributing to the pathology associated

with anaemia. The damage to the red cell can explain

the shorter red cell life-span associated with anaemia.

Reactive oxygen species on the membrane surface

contribute to the changes in deformability and

exposure of phosphatidyl serine that have been used

to explain the shorter life-span of RBCs during

anaemia. In addition, heme degradation has been

reported to be coupled to interaction of the RBC

membrane with IgG that has also been proposed as a

mechanism for the removal of RBCs from circulation.
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