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Abstract

Despite Fe deficiency and overload having been widely studied, no studies are available about the influence of milk consumption on anti-

oxidant defence and lipid peroxidation during the course of these highly prevalent cases. The objective of the present study was to assess

the influence of cow or goat milk-based diets, either with normal or Fe-overload, on antioxidant defence and lipid peroxidation in the liver,

brain and erythrocytes of control and anaemic rats after chronic Fe repletion. Weanling male rats were randomly divided into two groups: a

control group receiving a normal-Fe diet (45 mg/kg) and an anaemic group receiving a low-Fe diet (5 mg/kg) for 40 d. Control and anaemic

rats were fed goat or cow milk-based diets, either with normal Fe or Fe-overload (450 mg/kg), for 30 or 50 d. Fe-deficiency anaemia did not

have any effect on antioxidant enzymes or lipid peroxidation in the organs studied. During chronic Fe repletion, superoxide dismutase

(SOD) activity was higher in the group of animals fed the cow milk diet compared with the group consuming goat milk. The slight modi-

fication of catalase and glutathione peroxidise activities in animals fed the cow milk-based diet reveals that these enzymes are unable to

neutralise and scavenge the high generation of free radicals produced. The animals fed the cow milk diet showed higher rates of lipid

peroxidation compared with those receiving the goat milk diet, which directly correlated with the increase in SOD activity. It was con-

cluded that goat milk has positive effects on antioxidant defence, even in a situation of Fe overload, limiting lipid peroxidation.

Key words: Cow milk: Goat milk: Antioxidant enzymes: Lipid peroxidation: Chronic iron repletion

Fe is an essential micronutrient, required for adequate erythro-

poietic function, oxidative metabolism, enzymatic activities and

cellular immune responses(1). Increased Fe requirements, limited

dietary supply and blood loss may lead to Fe-deficiency anae-

mia(2). In addition, the same properties that make Fe essential

also make this element potentially harmful; in excess, Fe is

highly toxic due to its ability to form highly dangerous reactive

oxygen species, and it has been implicated in several pathological

conditions(3,4). The physiological functions and the integrity of

the cellular structures can be altered due to the reactivity of

these free radicals. The organism has an enzymatic machinery

that works to eliminate and neutralise these harmful species. In

several pathological conditions, the balance between pro-oxidants

and antioxidants can be altered depending on the oxidative

stress as well as on the system of antioxidant defence(5–8).

On the other hand, antioxidant defence depends not only on

dietary Fe concentrations, but also on the type, amount and

quality of fat in the diet(9). Our research group has previously

reported that goat milk fat has a higher nutritional quality than

cow milk fat(10) and improves Fe metabolism(11). Nevertheless,

in the scientific literature, to date, no studies are available

about the influence of goat milk consumption on antioxidant

defence mechanisms and lipid peroxidation.

Therefore, the present study was carried out to assess the

effect of cow or goat milk-based diets, either with normal Fe

content or Fe-overload, on the antioxidant defence and lipid

peroxidation of control and anaemic rats, during the course

of chronic Fe repletion in animals with experimentally

induced Fe-deficiency anaemia.

Materials and methods

Animals

All animal care procedures and experimental protocols

were approved by the Ethics Committee of the University of

*Corresponding author: J. Dı́az-Castro, fax þ34 958 248959, email javierdc@ugr.es

Abbreviations: CAT, catalase; GPx, glutathione peroxidase; SOD, superoxide dismutase; TBARS, thiobarbituric acid-reactive substances; TIBC, total iron-

binding capacity.
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Granada in accordance with the European Community guide-

lines. A total of 184 male Wistar albino breed rats (21 d of age

and weighing about 40–47 g), purchased from the University

of Granada Laboratory Animal Service (Granada, Spain),

were used in the present study.

Experimental design

At the beginning of the study, rats were divided into two

groups: a control group receiving a normal-Fe diet (44·7mg/kg

by analysis)(12) and an anaemic group receiving a low-Fe

diet (6·3 mg/kg by analysis). Anaemia was induced exper-

imentally during 40 d by a technique developed previously

by us(13).

During the course of the study, animals were kept at an

automatically controlled temperature (22–238C), humidity

(55–65 %) and a 12 h light–12 h dark cycle (09.00–21.00

hours). Diet intake was controlled, pair-feeding all animals

(80 % of the average intake) and double-distilled water was

available ad libitum. On day 40 of the study, twelve rats per

group (n 12 for the control group and n 12 for the anaemic

group) were anaesthetised by intraperitoneal injection with

sodium pentobarbital (Sigma Diagnostics, St Louis, MO,

USA), totally bled out and blood aliquots with EDTA were ana-

lysed to measure haematological parameters; other blood

samples were centrifuged (1500g, 48C, 15 min) to measure

thiobarbituric acid-reactive substances (TBARS) and superox-

ide dismutase (SOD) activity. The remaining blood sample

was centrifuged without anticoagulant to separate erythro-

cytes from the serum and for subsequent analysis of Fe, ferritin

and total iron-binding capacity (TIBC). Liver and brain were

removed and washed with ice-cold saline solution (0·9 %,

w/v, NaCl). Liver, brain and erythrocyte cytosolic fractions

were freshly prepared the same day by successive differential

centrifugations with hypotonic haemolysis according to the

method of Hanahan & Ekholm(14), preserving these cytosolic

fractions at 2808C for further analyses of antioxidant enzymes,

catalase (CAT) and glutathione peroxidase (GPx). Protein con-

tents in the cytosolic fractions were measured following the

method described by Lowry et al.(15).

After the induction of anaemia (day 40 of the study), the

remaining animals (n 160) were then placed on an experimen-

tal period in which the control and anaemic groups were

further fed for 30 or 50 d with cow or goat milk-based diet,

either with normal Fe content (45 mg/kg) or Fe-overload

(450 mg/kg), to induce chronic Fe overload(16). The milk-

based diets were prepared with skimmed cow (Holstein

breed) or goat milk (Murciano-granadina breed) powder

(20 % protein) and 10 % fat, obtained by purification from

cow or goat milk fat. Fe contents in the diets by analysis

were as follows: normal-Fe diet – 41·6 mg/kg (cow milk-

based diet) and 42·3 mg/kg (goat milk-based diet); Fe-over-

loaded diets – 471·0 mg/kg (cow milk-based diet) and

473·2 mg/kg (goat milk-based diet).

On days 70 and 90 of the study, animals were totally bled

out by cannulation of the abdominal aorta (n 80 on day 70

and n 80 on day 90) and plasma was obtained for TBARS

determination. The remaining blood sample was collected to

obtain serum and separate erythrocytes; later, liver and brain

were also removed. Liver, brain and erythrocyte cytosolic

fractions were freshly prepared and SOD, CAT and GPx

activities were subsequently measured as described previously

(day 40 of the study).

Iron determination in the diets

After mineralisation by a wet method in a sand bath (J.R.

Selecta, Barcelona, Spain), Fe concentrations in the exper-

imental diets were determined by atomic absorption spectro-

photometry (PerkinElmer Analyst 1100B spectrometer with

WinLab32 for AA software; PerkinElmer, Ueberlingen,

Germany). To calibrate the measurements, samples of lyophi-

lised bovine liver (certified reference material BCR 185; Com-

munity Bureau of References, Brussels, Belgium) were used

to determine Fe recovery (Fe value ¼ 210 (SEM 5·8) mg/kg,

means with their standard errors of the mean of five determi-

nations, certified value ¼ 214 (SEM 5·0) mg/kg).

Haematological test

All the haematological parameters studied were measured

using an automated haematology analyser (Sysmex K-1000D;

Sysmex, Tokyo, Japan).

Serum ferritin

Serum ferritin concentration was determined using the Rat

Ferritin ELISA Kit (Biovendor Gmbh, Heidelberg, Germany).

The absorbance of the reaction was read at 450 nm using a

microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,

USA). Colour intensity developed was inversely proportional

to the concentration of serum ferritin.

Serum iron, total iron-binding capacity and transferrin
saturation

To calculate the rate of transferrin saturation, serum Fe con-

centration and TIBC were determined using Sigma Diagnostics

Iron and TIBC reagents (Sigma Diagnostics). The absorbance

of samples was read at 550 nm on a microplate reader

(Bio-Rad Laboratories Inc.). The percentage of transferrin

saturation was calculated from the following equation:

Transferrin saturation ð%Þ

¼ serum Fe concentration ðmg=lÞ=TIBC ðmg=lÞ £ 100:

Antioxidant enzyme activity in the cytosolic fractions
of liver, brain and erythrocytes

GPx activity was measured by the method of Flohé &

Günzler(17), which is based on the formation of oxidised

glutathione catalysed by GPx. Oxidised glutathione is reduced

by an excess of glutathione reductase and NADPH. The

subsequent oxidation of NADPH to NADPþ was monitored

J. Dı́az-Castro et al.2
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spectrophotometrically (Thermo Spectronic, Rochester, NY,

USA) at 340 nm. Cumen hydroperoxide was used as the sub-

strate for the reaction. SOD activity was determined according

to the method of Crapo et al.(18), based on its inhibition in the

reduction of cytochrome c, measured in a spectrophotometer

(Thermo Spectronic) at 550 nm. In this sense, one unit of SOD

activity is defined as the amount of enzyme required to pro-

duce 50 % inhibition of the rate of reduction of cytochrome

c. CAT activity was determined following the method

described by Aebi(19), monitoring at 240 nm in a spectropho-

tometer (Thermo Spectronic) the H2O2 decomposition, as a

consequence of the catalytic activity of CAT. The activity was

calculated from the first-order rate constant K (1/s).

Thiobarbituric acid-reactive substances measurement

The extent of lipid peroxidation was evaluated on plasma

by measuring the concentration of TBARS according to the

methods of Yagi(20) and Ohkawa et al.(21). The reaction pro-

duct was measured by spectrophotometric analysis (Thermo

Spectronic) at 532 nm. The assay was calibrated using

tetraethoxypropanone (Sigma-Aldrich, Taufkirchen, Germany)

as a malondialdehyde source. The results are expressed as

nmol TBARS/mg protein.

Statistical analysis

Differences between the control and anaemic groups were

tested for statistical significance with Student’s t test. Variance

analysis by one-way ANOVA methods was used to compare

the different diets supplied to the animals. Individual means

were tested by pairwise comparison with Tukey’s multiple

comparison test when the main effects and their interactions

were significant. The level of significance was set at P,0·05.

All data are reported as mean values with their standard errors.

Results and discussion

After Fe deprivation (5 mg/kg of diet) during 40 d, all the hae-

matological parameters in the anaemic group were different

from their counterpart control group, due to progressive Fe

depletion from body stores. The haematological parameters

in control rats were as follows: serum Fe 1370 (SEM 120)mg/l;

Hb concentration 125·5 (SEM 2·4) g/l; erythrocytes 7·0 (SEM

0·16) £ 1012/l; haematocrit 39·2 (SEM 0·77) %; mean corpuscu-

lar volume (MCV) 55·5 (SEM 0·2) fl; serum ferritin 82·6 (SEM

2·6)mg/l; transferrin saturation 47·1 (SEM 7·0) %; platelets 735

(SEM 25·5) £ 109/l; TIBC 2825 (SEM 199)mg/l. In the anaemic

group, the haematological parameters were as follows:

serum Fe 710 (SEM 57)mg/l; Hb concentration 74·9 (SEM

2·2) g/l; erythrocytes 6·19 (SEM 0·19) £ 1012/l; haematocrit

27·1 (SEM 0·44) %; MCV 39·2 (SEM 0·6) fl; serum ferritin 50·3

(SEM 1·3)mg/l; transferrin saturation 3·6 (SEM 0·3) %; platelets

1354 (SEM 65·6) £ 109/l; TIBC 17 787 (SEM 735)mg/l. All these

parameters were statistically different between control and

anaemic rats (P,0·001). Taking into account the long-term

Fe restriction in the diet, all these findings were expected

and feature the severe Fe deficiency induced.

Antioxidant enzymatic defence during iron deficiency

Under our experimental conditions, Fe deficiency had no

influence on enzymatic mechanisms of antioxidant defence

and lipid peroxidation at day 40 of the study. Several authors
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Fig. 1. (a) Catalase (CAT) and (b) glutathione peroxidase (GPx) activity in the liver, brain and erythrocyte cytosolic fractions of control ( ) and anaemic ( ) rats

fed a normal-iron or a low-iron diet during anaemia induction. Values are means, with their standard errors represented by vertical bars. The data were analysed

by Student’s t test with repeated measures and no differences between the groups were found.
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have stated that GPx activity and TBARS in the case of anae-

mia are similar to that of normal cells(8,22,23), which coincides

with the results obtained in the present study.

The drastic decrease in serum Fe found in anaemic rats at

the end of the anaemia induction period (P,0·001) involves

a minor Fe trafficking in the organism, diminishing the pro-

duction of free radicals via Fenton and Haber–Weiss chem-

istry(24), which can explain why SOD activity in plasma is

within normal levels in Fe-deficient animals (2·62 (SEM

0·23) U/mg protein in control and 2·36 (SEM 0·25) U/mg pro-

tein in anaemic animals). CAT is a ferric enzyme containing

the haem group; therefore, Fe deficiency could impair the

activity of Fe-dependent enzymes(25). Nevertheless, under

our experimental conditions, CAT activity (Fig. 1(a)) in anae-

mic rats was not modified with respect to their counterpart

control group, probably as a result of a compensatory

mechanism, in which, in spite of there being less Fe available

to act as a cofactor in the enzymatic molecule, the generation

of free radicals is lower due to dietary Fe restriction; therefore,

the resultant net antioxidant activity did not have any

modification. In addition, SOD, CAT (Fig. 1(a)) and GPx

(Fig. 1(b)) are involved in the reduction of harmful peroxides

that can damage PUFA, preventing lipid peroxidation;

therefore, TBARS levels in plasma did not differ in both

experimental groups (3·12 (SEM 0·53) nmol/mg protein in the

control group and 3·20 (SEM 0·45) nmol/mg protein in the

anaemic group).

Antioxidant enzymatic defence during chronic iron
repletion with milk-based diets

As a result of the regular cell metabolism, the anion super-

oxide (O2
z2) is converted into H2O2 by the ubiquitous enzyme

SOD. Later, H2O2 produced in this reaction is converted into

harmless compounds by the activities of CAT and GPx; there-

fore, SOD is the first line of enzymatic defence against free

radicals(26). The increased activity of SOD in the groups fed

the cow milk-based diet reveals that these animals feature a

higher generation of radicals O2
z2 than those fed the goat

milk-based diet, either with normal Fe content or Fe overload

(P,0·001), in all the organs studied (Table 1), which indicates

an increase in the production of H2O2, directly correlated with

the rate of neutralisation of radicals O2
z2 (27). Alférez et al.(28)

and Dı́az-Castro et al.(29) demonstrated that goat milk con-

sumption improves Zn bioavailability, a mineral with antioxi-

dant capacity(30). In addition, this type of milk has a better

lipid quality than cows’ milk(10); therefore, the generation of

free radicals is lower when goat milk is supplied, in compari-

son with cows’ milk, which can be linked to the higher rate of

lipid peroxidation achieved in animals fed cows’ milk, as will

be discussed later. It is also noteworthy that anaemia does not

have an influence in the activity of SOD during Fe repletion

because, as it has been previously mentioned, Fe deficiency

induces modifications in Fe homeostasis, decreasing mito-

chondrial aconitase activity and preventing the mitochondrial

release of oxidants(31).

Table 1. Superoxide dismutase (U/mg protein) in the cytosolic fractions of liver, brain and erythrocytes from control and anaemic rats fed the cow or
goat milk-based diets, with normal iron content or iron overload, on days 70 and 90 of the study

(Mean values with their standard errors)

Cow milk-based diet (n 80) Goat milk-based diet (n 80)

Day of the study, tissue and
Fe content in the diet

Control group
(n 40)

Anaemic group
(n 40)

Control group
(n 40)

Anaemic group
(n 40) P (one-way ANOVA)

Mean SEM Mean SEM Mean SEM Mean SEM Diet Anaemia Fe overload

Liver
Day 70

Normal Fe 14·009a 0·450 13·013A 0·863 2·227b 0·936 2·810B 0·292 ,0·001 NS
,0·05Fe overload 15·430a 0·576 15·366A* 0·335 3·285b 0·421 3·162B 0·398 ,0·001 NS

Day 90
Normal Fe 14·864a 0·671 13·509A 0·390 4·439b 0·536 4·334B 0·385 ,0·001 NS

,0·001Fe overload 15·997a 0·331 15·566A 0·506 8·527b* 0·507 8·545B* 0·472 ,0·001 NS
Brain

Day 70
Normal Fe 9·320a 0·418 9·311A 0·536 2·914b 0·313 2·870B 0·492 ,0·001 NS

NSFe overload 10·534a 1·248 10·544A 1·142 3·061b 0·543 3·156B 0·385 ,0·001 NS
Day 90

Normal Fe 12·357a 0·866 12·264A 0·519 8·767b 0·810 8·539B 0·525 ,0·001 NS
NSFe overload 11·595a 0·404 12·745A 1·086 8·203b 0·308 8·765B 0·570 ,0·001 NS

Erythrocytes
Day 70

Normal Fe 12·094a 0·589 10·356A† 0·462 2·823b 0·484 2·972B 0·396 ,0·001 ,0·05
NSFe overload 13·497a 0·352 12·836A* 0·452 3·677b 0·323 3·725B 0·239 ,0·001 NS

Day 90
Normal Fe 12·843a 0·443 12·035A 0·675 8·042b 0·441 8·636B 0·331 ,0·001 NS

,0·05Fe overload 17·860a* 0·656 13·716A 0·609 8·876b 0·516 8·718B 0·390 ,0·001 NS

a,b Mean values within a row with unlike superscript letters were significantly different among the groups of control rats (P,0·05; Tukey’s test).
A,B Mean values within a row with unlike superscript letters were significantly different among the groups of anaemic rats (P,0·05; Tukey’s test).
* Mean values were significantly different for the corresponding group of rats fed with normal Fe content (P,0·05; Student’s t test).
† Mean values were significantly different for the corresponding group of control rats (P,0·05; Student’s t test).
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The slightly modified activity of CAT (Table 2) and GPx

(Table 3) in animals fed the cow milk based-diet indicates

that the remarkable increase observed in SOD, which is

shown to be connected to an increment of the formation of

hydroperoxides and CAT and GPx, is insufficient to neutralise

and scavenge this high output of H2O2
(26). Fe overload

increases the production of reactive oxygen species, which

is linked to the higher levels of SOD in order to remove the

excessive production of O2
z2. The lower levels of GPx found

in the liver and erythrocytes in a situation of Fe overload

could be due to the reduction of the enzyme in the process

of neutralisation of free radicals generated in animals fed the

cow milk-based diet.

The liver is an organ particularly vulnerable to oxidative

stress, which is reflected in the increase in SOD activity in

hepatic cytosol (Table 1), since the consumption of diets

with high Fe content leads to chronic overload(32–35), which

produces a high expression of hepcidin. This overexpression

of hepcidin controls the Fe levels, directly acting reciprocally

with ferroportin 1, driving to the internalisation and degra-

dation of ferroportin 1 when Fe levels are high, consequently

blocking the liberation of Fe in the hepatocytes and making

high concentrations of Fe accumulate in this organ(36,37).

This hepatic Fe overload promotes the generation of

free radicals; therefore, the up-regulation of SOD would be

used to neutralise this high rate of generation of reactive

oxygen species.

The organism does not possess any totally effective way of

excreting Fe; therefore, the regulation of the absorption of this

mineral in the duodenum plays a critical role in its homeosta-

sis(38). The Fe released in the circulation is bound to transferrin

and is transported to the use (mainly erythroid system) and

storage (liver) organs. Under our experimental conditions,

the erythrocyte is a cell type with some unique features that

seems to be affected by Fe overload. An increase in SOD

activity was observed in the control group fed the cow milk-

based diet (P,0·001) in all organs (Table 1), and a decrease

in GPx activity (P,0·001; Table 3) was recorded in control

and anaemic animals. This finding indicates that the increase

observed in SOD activity induces a concomitant augmentation

in the formation of hydroperoxides and CAT is unable to sca-

venge these reactive oxygen species, needing an increase in

GPx activity to remove the excess of these intermediary pro-

ducts highly harmful to the cells(26). The lower levels of GPx

in all the groups fed the Fe-overloaded diets found in the pre-

sent study can be due to the reduction of the enzyme in the

process of neutralisation of free radicals generated, as men-

tioned previously. The beneficial nutritional characteristics of

goats’ milk can explain the lower effect in the erythrocytes

induced by the Fe overload in animals fed this type of diet.

Fe is a necessary cofactor in many metabolic processes in

the central nervous system, including oxidative phosphoryl-

ation, myelin synthesis, neurotransmitter production, NO

metabolism and oxygen transport. It plays an important role

in electron transfer and is a cofactor for a large number of

Table 2. Catalase (U/ml cytosol) in the cytosolic fractions of liver, brain and erythrocytes from control and anaemic rats fed the cow or goat milk-based
diets, with normal iron content or iron overload, on days 70 and 90 of the study

(Mean values with their standard errors)

Cow milk-based diet (n 80) Goat milk-based diet (n 80)

Day of the study, tissue and
Fe content in the diet

Control group
(n 40)

Anaemic group
(n 40)

Control group
(n 40)

Anaemic group
(n 40) P (one-way ANOVA)

Mean SEM Mean SEM Mean SEM Mean SEM Diet Anaemia Fe overload

Liver
Day 70

Normal Fe 0·216 0·036 0·220 0·030 0·178 0·034 0·182 0·040 NS NS
NSFe overload 0·314 0·086 0·254 0·087 0·206 0·021 0·216 0·053 NS NS

Day 90
Normal Fe 0·257 0·027 0·260 0·035 0·273 0·050 0·278 0·040 NS NS

NSFe overload 0·320 0·033 0·337 0·037 0·337 0·066 0·329 0·024 NS NS
Brain

Day 70
Normal Fe 0·097 0·010 0·092 0·019 0·091 0·032 0·089 0·019 NS NS

NSFe overload 0·125 0·012 0·130 0·025 0·129 0·026 0·123 0·032 NS NS
Day 90

Normal Fe 0·099 0·012 0·101 0·021 0·101 0·025 0·102 0·021 NS NS
NSFe overload 0·122 0·017 0·118 0·010 0·119 0·022 0·125 0·051 NS NS

Erythrocytes
Day 70

Normal Fe 0·850a 0·026 0·868A 0·036 0·681b 0·036 0·620B 0·040 ,0·001 NS
,0·001Fe overload 1·083* 0·015 0·962* 0·023 1·075* 0·032 0·986* 0·026 NS NS

Day 90
Normal Fe 0·622a 0·018 0·595A 0·017 0·739b 0·034 0·778B 0·029 ,0·001 NS

,0·001Fe overload 0·977* 0·020 0·918* 0·027 0·928* 0·022 0·869* 0·015 NS NS

a,b Mean values within a row with unlike superscript letters were significantly different among the groups of control rats (P,0·05; Tukey’s test).
A,B Mean values within a row with unlike superscript letters were significantly different among the groups of anaemic rats (P,0·05; Tukey’s test).
* Mean values were significantly different for the corresponding group of rats fed with normal Fe content (P,0·05; Student’s t test).
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enzymes, including a number of key enzymes of neurotrans-

mitter biosynthesis in the brain(39). The brain is unique

among all the organs of the body, hidden behind a relatively

poorly permeable vascular barrier, which limits the access to

plasma nutrients, such as Fe(40). The mechanism of Fe trans-

port into the brain is still uncertain. Endothelial cells make

up the blood–brain barrier and express transferrin receptor 1

on the luminal side of the capillaries. These receptors do not

modify their expression of transferrin receptor 1 in Fe

deficiency or overload(41); therefore, we can conclude that

the nervous system is relatively independent of Fe variations

in the organism, at least during the period of the present

study, because, as we have examined, it is slightly affected

by both Fe overload and anaemia in view of the practically

unaltered activities of antioxidant enzymes in both periods

of the study.

On days 70 and 90 of the study, an increase in TBARS

levels was found in animals fed the Fe-overloaded diets,

compared with those fed the normal-Fe diets (Table 4). The

generation of superoxide ions, one of the more harmful

free radicals, is eight times higher in a situation of Fe

overload than in the absence of this condition(42). In addition,

Table 3. Glutathione peroxidase (mmol/mg protein per ml) in the cytosolic fractions of liver, brain and erythrocytes from control and anaemic rats fed
the cow or goat milk-based diets, with normal iron content or iron overload, on days 70 and 90 of the study

(Mean values with their standard errors)

Cow milk-based diet (n 80) Goat milk-based diet (n 80)

Day of the study, tissue and
Fe content in the diet

Control group
(n 40)

Anaemic group
(n 40)

Control group
(n 40)

Anaemic group
(n 40) P (one-way ANOVA)

Mean SEM Mean SEM Mean SEM Mean SEM Diet Anaemia Fe overload

Liver
Day 70

Normal Fe 0·857 0·039 0·822 0·037 0·885 0·032 0·862 0·042 NS NS
,0·001Fe overload 0·315a* 0·024 0·343A* 0·032 0·485b* 0·064 0·453B* 0·045 ,0·01 NS

Day 90
Normal Fe 0·390 0·025 0·397 0·025 0·369 0·015 0·380 0·014 NS NS

NSFe overload 0·341 0·024 0·416A 0·023 0·350 0·012 0·396B 0·018 NS NS
Brain

Day 70
Normal Fe 0·261a 0·012 0·242A 0·017 0·336b 0·020 0·345B 0·007 ,0·01 NS

NSFe overload 0·271a 0·025 0·259A 0·039 0·335b 0·029 0·333B 0·070 ,0·01 NS
Day 90

Normal Fe 0·371 0·026 0·334 0·023 0·321 0·019 0·389 0·028 NS NS
NSFe overload 0·342 0·023 0·350 0·027 0·315 0·020 0·349 0·014 NS NS

Erythrocytes
Day 70

Normal Fe 1·088 0·023 1·175 0·023 1·135 0·042 1·189 0·024 NS NS
,0·01Fe overload 0·645a* 0·028 0·860A* 0·020 1·070b 0·030 1·085B 0·029 ,0·001 NS

Day 90
Normal Fe 0·685 0·040 0·720 0·045 0·722 0·022 0·715 0·024 NS NS

NSFe overload 0·614a 0·026 0·650A 0·020 0·745b 0·019 0·740B 0·033 ,0·001 NS

a,b Mean values within a row with unlike superscript letters were significantly different among the groups of control rats (P,0·05; Tukey’s test).
A,B Mean values within a row with unlike superscript letters were significantly different among the groups of anaemic rats (P,0·05; Tukey’s test).
* Mean values were significantly different for the corresponding group of rats fed with normal Fe content (P,0·05; Student’s t test).

Table 4. Thiobarbituric acid-reactive substances (nmol/mg protein) in the plasma of control and anaemic rats fed the cow or goat milk-based diets, with
normal iron content or iron overload, on days 70 and 90 of the study

(Mean values with their standard errors)

Cow milk-based diet (n 80) Goat milk-based diet (n 80)

Day of the study and Fe
content in the diet

Control group
(n 40)

Anaemic group
(n 40)

Control group
(n 40)

Anaemic group
(n 40) P (one-way ANOVA)

Mean SEM Mean SEM Mean SEM Mean SEM Diet Anaemia Fe overload

Day 70
Normal Fe 3·23 0·15 2·95 0·23 2·96 0·28 3·04 0·20 NS NS

,0·01Fe overload 5·72a* 0·59 5·25A* 0·16 3·77b* 0·25 3·95B* 0·39 ,0·001 NS
Day 90

Normal Fe 5·30 0·47 4·99 0·31 4·67 0·21 4·59 0·18 NS NS
,0·01Fe overload 7·95a* 0·53 7·85A* 0·55 6·01b* 0·50 6·11B* 0·41 ,0·01 NS

a,b Mean values within a row with unlike superscript letters were significantly different among the groups of control rats (P,0·05; Tukey’s test).
A,B Mean values within a row with unlike superscript letters were significantly different among the groups of anaemic rats (P,0·05; Tukey’s test).
* Mean values were significantly different for the corresponding group of rats fed with normal Fe content (P,0·05; Student’s t test).
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Linpisarn et al.(43) found very high levels of TBARS in the

plasma and tissues of rats after a single dose of intravenous

Fe. Later, other authors(5) have reported an increase in

TBARS production after the stimulus induced by H2O2.

Taking into account the effect of Fe as a catalyst of Fenton

and Haber–Weiss chemistry and its influence on lipid peroxi-

dation, this result was expected. Nevertheless, this increase is

more pronounced in animals receiving the cow milk-based

diet that in those fed the goat milk-based diet (P,0·001 and

P,0·05, respectively). This lower trend to prevent lipid per-

oxidation in animals fed the goat milk-based diet can be

due to the beneficial nutritional characteristics of this type of

milk that increases the bioavailability of antioxidant minerals,

such as Zn(28,29). Several metals may interact with Zn in bio-

logical systems, and this interaction could have beneficial

effects, preventing undesirable Fe-mediated damage, so Zn

can replace Fe and reduce oxidation in the plasma membrane.

Moreover, Zn could avoid lipid peroxidation in erythro-

cytes(44) because this mineral competes with Fe for binding

sites on the cell membrane(30).

On the other hand, the better nutritive utilisation of goat

milk fat(10) provides a lower substrate for lipid peroxidation

and consequently decreases the generation of free radicals

in animals consuming this type of milk, explaining once

more the lower TBARS levels found in the groups consuming

the goat milk-based diets.

TBARS levels increased at day 90 compared with day 70

(P,0·001), which could be due to the fact that all the pro-

cesses of lipid peroxidation are intimately related to the age.

The generation of free radicals and subsequently the related

processes of lipid peroxidation are more significant as the

life of the animal increases(45), which explains why TBARS

are higher at the end of the experimental period (day 90;

Table 4), since at this stage, the animal has evolved from

a juvenile condition, where growth is very active (the phase

of rapid physical and mental development), to the adult

stage of maturity, where development has stopped(46,47).

In addition, as was expected, the lipid peroxidation processes

are higher in a situation of chronic Fe overload, due to the

increased generation of free radicals and the consequent

damage to fatty acids(4).

In summary, habitual goat milk consumption, a natural food

with excellent nutritional characteristics, has positive effects

on enzymatic antioxidant defence, even in a situation of Fe

overload, which limits the processes of lipid peroxidation in

comparison with cow milk consumption. Therefore, it would

be recommendable to include this type of milk in the habitual

diet, in the general population and in those affected by nutri-

tional Fe-deficiency anaemia, especially in those consuming

oral supplements of Fe, given the high prevalence of this

pathology worldwide and because Fe overload is a common

consequence of its treatment.
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