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Abstract
Iron deficiency is the leading cause of anaemia. In Argentina, the prevalence of anaemia and iron deficiency is very high; for that reason, the
Argentine Society of Pediatrics recommends daily ferrous sulphate supplementation as a preventive treatment strategy. Alternatively, weekly
ferrous sulphate supplementation has also been shown to be effective for anaemia prevention. Excess iron could be related to oxidative stress,
which may in turn cause cytomolecular damage. Both can be prevented with vitamin E supplementation. We evaluated the effect of both daily
andweekly ferrous sulphate supplementation combinedwith two doses of vitamin E on cell viability, oxidative stress and cytomolecular damage
in peripheral blood cultured in vitro. The experimental design included the following groups: untreated negative control, two vitamin E controls
(8·3 and 16·6 μg/ml), weekly ferrous sulphate supplementation (0·55 mg/ml) with each vitamin E dose, daily ferrous sulphate supplementation
(0·14 mg/ml) with each vitamin E dose and a positive control. Daily ferrous sulphate supplementation decreased cell viability and increased the
levels of reactive oxygen species, lipid peroxidation and cytomolecular damage (P< 0·5) comparedwith theweekly supplementation, probably
due to the excess iron observed in the former. Vitamin E seemed to reduce ferrous sulphate-induced oxidative stress and genomic damage.
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Inadequate nutrition is one of the main risk factors for human
health worldwide and can cause protein-energy malnutrition
and/or hidden malnutrition(1). Hidden malnutrition has been
defined by the WHO and the UNICEF as a group of specific
and highly prevalent micronutrient deficiencies that require cer-
tain instruments for diagnosis(1,2).

Iron deficiency is the leading cause of anaemia, affecting
approximately one-third of the population in developed and
developing countries(3). In Argentina, a high prevalence of anae-
mia and iron deficiency has been reported(2,4–10). The causes of
iron deficiency anaemia (IDA) aremultifactorial; in children from
0 to 5 years old, it depends on the balance of the interaction
between iron and other nutrients as well as on iron bioavailabil-
ity, losses and requirements for growth. Additionally, IDA is
associated with decreased cognitive performance and delayed
motor development(11).

The Argentine Society of Pediatrics (SAP, for its Spanish acro-
nym) recommends preventive daily ferrous sulphate (DI) sup-
plementation for term infants fed with non-fortified cows’

milk, or breast-feeding and receiving complementary food with
low iron content, from 2 months of age. Despite this recommen-
dation, the prevalence of IDA is still very high in children under
2 years(12). On the other hand, weekly ferrous sulphate (WI) sup-
plementation has proven to be an effective alternative for the
prevention of IDA(13–16) since it would optimise iron absorption
and have fewer adverse effects(17,18). Nevertheless, evidence in
infants is scarce(19,20).

Iron is a crucial element for cellular and tissue functions(11),
while excess iron can induce a state of oxidative stress which
is associated with protein, lipid and DNA damage. Such damage
can be permanent(21–25) and is accepted as one of the main
underlying mechanisms for the development of certain chronic
diseases, iron toxicity and tissue injury(26,27).

Ferroptosis is a non-apoptotic regulated cell death dependent
on reactive oxygen species (ROS) and iron and triggered by lipid
peroxidation. ROS accumulation, which is toxic and damages the
membrane structure, occurs when the endogenous antioxidant
status of the cell is compromised(28). Membrane lipid
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peroxidation and subsequent ferroptosis can be prevented by
administering vitamin E (α-tocopherol), the main non-enzymatic
fat-soluble antioxidant(28–31).

In previous works carried out in vitro by our research group,
WI supplementation for IDA prevention was more effective than
DI to reduce oxidative stress and genomic damage(32,33). The aim
of this study was to evaluate the effect of DI and WI supplemen-
tation combined with two doses of vitamin E and analyse
whether vitamin E was capable of preventing or reducing both
the already documented cytotoxic and genotoxic effects and oxi-
dative stress induced by ferrous sulphate.

Materials and methods

Whole blood culture

Bloodwas collected by venipuncturewith a heparinised syringe.
Blood samples were obtained from healthy female donors aged
20–40 years. A pool of blood from ten donors (5 ml each) was
used, considering Rh factor and AB0 blood group. Cultures were
performed in Falcon T-25 flasks (Nunc) (final volume, 10 ml)
using a Ham´s F12 medium (Sigma-Aldrich) without fetal bovine
serum and with antibiotics (60 mg penicillin and 50 μg/ml strep-
tomycin) (Laboratorios Bagó). The stimulation of lymphocytes
was achieved with a 100 μg/ml phytohemagglutinin (Gibco
Thermo Fisher Scientific). The samples were cultured in 5 %
CO2 at 37°C for 7 d(34,35).

Experimental design

The in vitro protocol was implemented using peripheral blood.
It included the following groups: (1) negative (untreated) control
(NC); (2) control with 8·3 μg/ml vitamin E (Merck KGaA) (C 8·3);
(3) control with 16·6 μg/ml vitamin E (C 16·6); (4) weekly sup-
plementation with 0·55 mg/ml ferrous sulphate (Ferdrómaco

Pediátrico, Laboratorios Andrómaco) and 8·3 μg/ml vitamin E
(WI 8·3); (5) weekly supplementation with 0·55 mg/ml ferrous
sulphate and 16·6 μg/ml vitamin E (WI 16·6); (6) daily supple-
mentation with 0·14 mg/ml ferrous sulphate and 8·3 μg/ml vita-
min E (DI 8·3); (7) daily supplementation with 0·14 mg/ml iron
and 16·6 μg/ml vitamin E (DI 16·6); and (8) positive control (PC)
treated with hydrogen peroxide or 10 % ethanol, according to
the technique used (Fig. 1).

Detailedmethodological aspects related to preventive DI and
WI supplementation have been published elsewhere(32). WI and
DI control values for each assay are presented in Table 1. The
ferrous sulphate was diluted in physiological solution to reach
the desired concentration. To simulate DI supplementation,
the SAP recommendations were followed(32). The proposed
WI supplementation (4 mg/kg per d) was determined by the
concentration used in in vivo studies(36). In the DI supplementa-
tion protocol, the treatment was applied during the 7 d of culture
(0·14 mg/ml per d). In the case of WI supplementation, the treat-
ment was applied on the first day (0·55 mg/ml). The lower vita-
min E concentration currently used (8·3 μg/ml) corresponded to
the daily intake recommended by the SAP (4mg/d) and the other
was two-fold higher (16·6 g/ml). Vitamin E was previously dis-
solved in 10 % ethanol and all the concentrationswere calculated
per 10 ml of culture medium. The same blood pool was used to
perform three replicates of each test to ensure accurate
estimates.

Ethical approval

This study was conducted according to the guidelines laid down
in the Declaration of Helsinki. The protocol was approved by the
Advisory Committee on Bioethics of the National University of La
Plata (Expte Nro. 0100-015036/17-000), Argentina. Blood sam-
ples were collected from healthy donors after signing the appro-
priate informed consent.

Fig. 1. Experimental design diagram. Negative control (NC), 8·3 vitamin E control (C 8·3), 16·6 vitamin E control (C 16·6), weekly iron 8·3 (WI 8·3), weekly iron 16·6 (WI
16·6), daily iron 8·3 (DI 8·3), daily iron 16·6 (DI 16·6) and positive control (PC). *7-d supplementation; **1-d supplementation.
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Assays

Haemolysis. Haemolysis is the process of destruction of eryth-
rocytes. This colorimetric test is based on the detection of the
degree of erythrocyte lysis by spectrophotometry(37). On day
7, the culture was transferred to a tube and centrifuged at 161
relative centrifugal force. Then, 100 μl of the supernatant was
read at 540 nm in a MultiskanTM GO spectrophotometer
(Thermo Fisher Scientific) to determine the degree of haemoly-
sis. Control of 100 % haemolysis was obtained from blood
treated with 1 % triton.

3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide. The enzyme NADPH can reflect the number of viable
cells by reducing the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide dye to an insoluble purple formazan form.
For this technique, 10 % ethanol (Merck KGaA) was used as PC.
Erythrocytes were separated from whole blood with lysis buffer
(ammonium-chloride-potassium (ACK); Roche, SIGMAAldrich).
Then, 240 μl of the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tet-
razolium bromide stock solution was added. After 3 h of incuba-
tion, 100 μl of the extraction solvent dimethyl sulfoxide was
added per well, and readings were carried out at 550 nm in a
MultiskanTM GO spectrophotometer (Thermo Fisher Scientific).

Neutral red. This assay is based on the incorporation of this dye
into the lysosomes of viable cells(38). The PC was 10 % ethanol
(Merck KGaA). At the end of culture, erythrocytes were sepa-
rated with the ACK lysis buffer and neutral red dissolved in
PBS (final concentration, 0·33 %) was added (3-h incubation at
37°C). Subsequently, 100 μl of extraction solution (1 % glacial
acetic acid, 50 % ethanol and 49 % distilled water) was added
per well. Finally, the absorbance of the supernatant was read
at 550 nm (MultiskanTM GO). Results were expressed as a per-
centage of lysosomal activity.

Total iron content in cells. This technique allows measuring
the amount of iron in lymphocytes. At the end of culture, eryth-
rocytes were separated with the ACK buffer, centrifuged and the
supernatant was discarded. Then, the pellet was evaporated for
48 h at 80°C. Afterwards, a mixture of nitric and perchloric acid

(HNO3/HClO4) (1:1) was added to mineralise. Quantification
was carried out with bathophenanthroline and absorbance
was read at 535 nm(39).

Iron content in the culture medium. This technique allows
measuring the remaining iron left in the culture medium after
each treatment. The culture medium was separated, homoge-
nised, mixed with 100 μl 0·2N HCl and 400 μl 2 mM desferal,
finally adding 400 μl of Tris buffer. After 15 min at room temper-
ature, the absorbance was measured at 430 nm(39).

Thiobarbituric acid reactive substances. Lipid peroxidation is
considered a basic indicator to assess oxidative stress. The malo-
naldehyde (MDA) present in the sample reacts with thiobarbitu-
ric acid and forms an adduct (MDA–thiobarbituric acid). For
measurement in the homogenate, erythrocytes were lysed with
ACK buffer. Lymphocytes were frozen three times to mechani-
cally break cells. Then, 50 μl of sample, 100 μl of TCA and 50
μl of thiobarbituric acid were added to Eppendorf tubes, vor-
texed and incubated in a thermostatic bath for 20 min at 95°C.
Then, the tubes were centrifuged for 10 min at 1792 relative cen-
trifugal force. The MDA–thiobarbituric acid adduct was mea-
sured colorimetrically by spectrophotometry at 535 nm.
Hydrogen peroxide (Cicarelli Laboratorios) was used as PC for
oxidative stress techniques.

Reactive oxygen species. Dichlorodihydrofluorescein diace-
tate is used to detect the presence of ROS produced in the cyto-
plasm and various organelles. Fluorescence intensity (FI) is
proportional to the level of oxidative stress(40,41). After culture,
erythrocytes were lysed with ACK buffer. Then, a 96-well plate
was seeded with 100 μl of cell suspension and 100 μl dichloro-
dihydrofluorescein (10 μM) and incubated in the dark for 20–30
min at 37°C. Readings were performed by fluorometry at 488
excitation and 535 emission length. Two controls were carried
out: NC with a powerful antioxidant (5 mM N-acetyl cysteine
and PC with 1 M hydrogen peroxide.

Lactate dehydrogenase. The LDH assay is generally used as a
parameter of tissue damage, but in erythrocytes it is used as an
indicator of total oxidative state. The enzyme LDH catalyses the
reversible lactate-to-pyruvate conversion by reducing NAD to
NADH. Wiener kit’s protocol (Wiener Laboratorios S.A.,) with
some modifications for use in a 96-well plate was applied.

Superoxide dismutase. This assay is an indirect method of
evaluating oxidative stress. SOD catalyses the dismutation of
the superoxide radical (O2-) into oxygen (O2) and hydrogen per-
oxide (H2O2). The technique was carried out with the Cayman
commercial kit (CaymanChemical) according to the specific pro-
tocol provided by the manufacturer. Briefly, erythrocytes were
lysed and suspended in ice-cold HPLC-grade water. The eryth-
rocyte lysate was diluted 1:100 with the buffer. Then, 200 μl of
the diluted radical detector and 10 μl of sample were added to
the wells. To start the reaction, 20 μl of diluted xanthine oxidase
was added to each well. The plate was incubated on a shaker for
30min at room temperature and then the absorbancewas read at
440–460 nm using a plate reader.

Table 1. Weekly iron (WI) and daily iron (DI) control values for each assay
(Mean values and standard deviations)

Assay WI SD DI SD

Haemolysis 27·02 0·006 32 0·024
MTT 68 5 62 7
Neutral red 95 4 92 7
Iron cell content 5·7 0·66 2·8 0·25
Iron content in culture

medium
8·3 0·4 13·9 0·6

T-BARS 37 5·9 42 3·5
ROS 19 546·5 574·5 21 318·5 1070·5
LDH 241·491 5·66 265·614 1·17
SOD 224·81 42 323·84 41
Catalase 39 526 6057 51 801 9526
Comet assay 26·25 11 51·08 13

MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide; T-BARS, thiobar-
bituric acid reactive substances; ROS, reactive oxygen species; LDH, lactate dehydro-
genase; SOD, superoxide dismutase.
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Catalase. This colorimetric assay is a direct method to measure
oxidative stress. Catalase catalyses the breakdown of hydrogen
peroxide into water and oxygen. One unit of catalase enzyme is
defined as 1 μmol of hydrogen peroxide consumed per minute.
After blood centrifugation for 10min, plasmawas separated from
erythrocytes and washed with physiological solution. The eryth-
rocytes were haemolysed with distilled water (1/20) and centri-
fuged for 10 min. The supernatant was collected and diluted 1/
100 with 50 mM sodium phosphate buffer at pH 7·0. The buffer
and the sample were placed in the quartz cuvette and hydrogen
peroxide was added. The absorbance was read at 240 nm in a
spectrophotometer, at time zero and after 5 min.

Alkaline comet assay. The single cell gel electrophoresis assay
(Comet assay) allows quantifying individual cell levels of DNA
damage. The test was carried out under alkaline conditions.
The cells were embedded in low melting point agarose
(0·5 %) and deposited on slides previously coated with 150 μl
of 0·5 % normal melting point agarose. Subsequently, the slides
were immersed in pH 10 lysis solution for 24 h. The PC was
treated with 1 μg/ml bleomycin (Gador S.A.). Alkaline treatment
was carried out for 20 min and electrophoresis was performed at
4°C, 20 V and 250mA for another 20min. The slideswere stained
with SYBR Green. Using a fluorescence microscope, 200 images
were analysed per experimental point. The DNA damage was
determined according to comet tail length (from 0 to 4) and dam-
age index was obtained(42).

Statistical analysis

For each trial, three independent experiments were performed.
One-way ANOVA was used for normally distributed variables. If
differences were significant, the Fisher’s least significant differ-
ence (LSD) test was used, adding a letter to each treatment;
groups not sharing the same letter were significantly different
from each other. Variables with no normal distributionwere ana-
lysed using Kruskal–Wallis test, indicating significant differences
with an asterisk. Data analysis was carried out with the statistical
programme Statgraphics® 5.1 software (Manugistics Inc.).
P< 0·05 was considered statistically significant. Results were
expressed as mean values and standard deviations.

Results

Haemolysis

The highest level of haemolysis corresponded to PC (100 %), evi-
dencing a large difference with the other experimental groups.
The lowest haemolysis corresponded to C 8·3 (13·14 %), fol-
lowed by NC (15·24 %) and C 16·6 (15·60 %). WI 16·6
(18·74 %) showed lower haemolysis than WI 8·3 (22·49 %) and
DI 8·3 (28·05 %) and DI 16·6 (27·05 %) (Kruskal–Wallis results;
P= 0·0044; Fig. 2(a)).

3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide

Highest and lowest cell viability was observed inWI 16·6 (100 %)
and PC (9 %), respectively. At the same time, WI 16·6 showed

higher viability than WI 8·3 (79·7 %) and DI 16·6 (73·09 %) and
8·3 (44·82 %). ANOVA showed statistically significant differences
among all the experimental groups (P< 0·001; Fig. 2(b)). Thus,
the groups identified with Fisher’s LSD test, from higher to lower
cell viability, were as follows: WI 16·6; C 16·6 andWI 8·3; WI 8·3,
DI 16·6 and C 8·3; NC and DI 8·3; PC.

Neutral red

The same as with the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide assay, highest and lowest cell viability
was found in WI 16·6 (100 %) and PC (16·03 %), respectively.
Differences among the experimental groups were significant
(one-way ANOVA, P= 0·00442; Fig. 2(c)). Two homogeneous
groups were identified with Fisher’s LSD test: (1) NC, C 8·3, C
16·6, DI 8·3, DI 16·6, WI 8·3, WI 16·6; and (2) PC.

Fig. 2. Cell viability and haemolysis values (%). Negative control (NC), 8·3 vita-
min E control (C 8·3), 16·6 vitamin E control (C 16·6), weekly iron 8·3 (WI 8·3),
weekly iron 16·6 (WI 16·6), daily iron 8·3 (DI 8·3), daily iron 16·6 (DI 16·6) and
positive control (PC). All assays were performed in triplicate. Groups that do not
share the same letter are significantly different from each other. (a) Haemolysis
assay in culture supernatant. Data are mean values and standard deviations.
Kruskal–Wallis (P= 0·0044) contrast test results. (b) 3-[4,5-dimethylthiazol-2-
yl]-2,5 diphenyl tetrazolium bromide (MTT) in peripheral human blood. Data
are mean values and standard deviations. One-way ANOVA (P< 0·001) test
results. (c) Neutral red in peripheral human blood. Data are mean values and
standard deviations. One-way ANOVA results (P= 0·00442).
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Total iron cell content

The amount of iron detected in NCwas very low (0·4 μg/ml), and
it fell below the level of detection in PC (Fig. 3). In DI andWI, the
amount of iron ranged between 2·5–3 and 4–6 μg/ml, respec-
tively. Cultures with the highest amount of vitamin E (16·6)
and both ferrous sulphate supplementations (DI and WI) pre-
sented lower iron content in the extracellularmedium and higher
content in cultured cells compared with cultures with the recom-
mended vitamin E dose (8·3). Total iron content (supernatant
plus cell pellet) was significantly higher in DI (ANOVA,
P= 0·0435) than WI.

Iron content in culture medium

Iron values fell below the level of detection in NC, whereas they
ranged between 13–15 and 7–8·5 μg/ml in DI and WI, respec-
tively (Fig. 3). BothDI andWIwith the highest amount of vitamin
E (16·6) presented the least amount of iron in the supernatant
than their equivalents with the lowest vitamin E dose (8·3).

Thiobarbituric acid reactive substances

The highest lipid peroxidation was observed in PC (925·75 nmol
MDA/ml) and the lowest in both vitamin E controls (C 8·3:400
nmol MDA/ml; C 16·6:423·25 nmol MDA/ml) and NC (425·625
nmol MDA/ml). In WI 16·6 (502·625 nmol MDA/ml) and WI
8·3 (511·875 nmol MDA/ml), a lower peroxidation could be
observed compared with DI with both vitamin E concentrations
(8·3:560·375 nmol MDA/ml; 16·6:528·125 nmol MDA/ml)
(Fig. 4(a)). Kruskal–Wallis analysis was performed considering
that the data obtained did not have a normal distribution; how-
ever, no differences were found.

Reactive oxygen species

Highest and lowest ROS production was observed in PC (27 266
FI) and N-acetyl cysteine (8434 FI), respectively. The WI 16·6-
supplemented group presented lower ROS frequencies
(16 212 FI) as compared with WI 8·3 (18 607 FI) and DI
(16·6:16 644 FI; 8·3:19 626 FI). One-way ANOVA analysis
showed significant differences (P= 0·0000) (Fig. 4(b)). The
groups identified by Fisher’s LSD test, organised from lowest
to highest, were as follows: (a) N-acetyl cysteine; (b) C 8·3
and C 16·6; (c) NC; (d) WI 16·6 and DI 16·6: (e) WI 8·3; (f) DI
8·3; and (g) PC.

Lactate dehydrogenase

The highest LDH production was observed in PC (266·546 λAbs/
min) and the lowest in NC (142·818 λAbs/min). LDH values were
lower in both vitamin E treatments combined with WI 16·6
(217·336 λAbs/min) and 8·3 (225·772 λAbs/min) than DI 16·6
(239·832 λAbs/min) and 8·3 (263·734 λAbs/min). Total oxidant
status in cultures showed significant differences (ANOVA,
P< 0·0001; Fig. 4(c)). Fisher’s LSD test differentiated seven
homogeneous groups: (a) NC; (b) C 16·6; (c) C 8·3; (d) WI
16·6; (e) WI 8·3; (f) DI 16·6; (g) DI 8·3 and PC.

Fig. 3. Iron measures. Negative control (NC), 8·3 vitamin E control (C 8·3), 16·6
vitamin E control (C 16·6), weekly iron (WI), weekly iron 8·3 (WI 8·3), weekly iron
16·6 (WI 16·6), daily iron (DI), daily iron 8·3 (DI 8·3) and daily iron 16·6 (DI 16·6).
Desferal colorimetric assay in the culture supernatant and bathophenanthroline
assay in peripheral human blood cultured for 7 d. , supernatant; , pellet.

Fig. 4. Oxidative stress average values. Negative control (NC), 8·3 vitamin E
control (C 8·3), 16·6 vitamin E control (C 16·6), weekly iron 8·3 (WI 8·3), weekly
iron 16·6 (WI 16·6), daily iron 8·3 (DI 8·3), daily iron 16·6 (DI 16·6) and positive
control (PC). All assays were performed in triplicate. Groups that do not share
the same letter are significantly different from each other. (a) Thiobarbituric acid
reactive substances (T-BARS) assay in peripheral human lymphocytes. Data
are mean values and standard deviations. Kruskal–Wallis (P> 0·05) contrast
test results. (b) Reactive oxygen species (ROS) assay in peripheral human lym-
phocytes. Data are mean values and standard deviations. One-way ANOVA
results (P= 0·0000). (c) Lactate dehydrogenase (LDH) assay in erythrocytes.
Data are mean values and standard deviations. One-way ANOVA test results
(P< 0·0001).
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Superoxide dismutase

Highest and lowest SOD activity was observed in PC (0·013
USOD/ml) and both C 8·3 and 16·6 (0·005 USOD/ml), respec-
tively. In relation to combined supplementation, lower SOD
activity was observed in WI 16·6 (0·007 USOD/ml) and WI 8·3
(0·007 USOD/ml) compared with DI 16·6 (0·009 USOD/ml)
and DI 8·3 (0·009 USOD/ml). In general, no significant
differences among groups were detected (Kruskal–Wallis test;
P= 0·09) (Fig. 5(a)).

Catalase

The same as with the SOD assay, a lower enzyme activity was
observed in the combined treatment (WI 16·6:37 740 U cata-
lase/ml; WI 8·3:40 515 U catalase/ml) compared with DI with
both vitamin E doses (16·6:47 175 U catalase/ml; 8·3:49 395 U
catalase/ml). Differences were significant (Fig. 5(b), ANOVA,
P= 0·0000). Seven homogeneous groups were identified with
Fisher’s LSD test: (a) NC; (b) WI 16·6; (c) WI 8·3; (d) DI 16·6;
(e) C 16·6 and DI 8·3; (f) C 83; and (g) PC.

Alkaline comet assay

The highest damage index corresponded to PC (156·75), fol-
lowed by DI 8·3 (66·00). Both WI 8·3 (41·00) and WI 16·6
(27·00) had a lower damage index than DI 8·3 (66·00) and DI
16·6 (44·25). Differences among all cultures were significant
(ANOVA, P< 0·0001) (Fig. 6). Five groups were differentiated
with Fisher’s LSD test: (a) NC; C 8·3 and C 16·6; (b) C 8·3 and
WI 16·6; (c) WI 8·3 and DI 16·6; (d) DI 8·3; and (e) PC.

Discussion

In this study, we analysed the effect of the combined administra-
tion of daily and weekly ferrous sulphate with vitamin E for IDA
prevention on cell viability, oxidative stress and genetic damage
in peripheral blood cultured in vitro.

Our findings showed that WI with the maximum vitamin E
dose (WI 16·6) elicited the highest cell viability. Further, WI with
both doses of vitamin E resulted in better cell viability than the
two daily combinations. As expected, PC had the lowest viability.
All experimental groups, with the exception of PC, exceeded
50 % of the cell viability, which is of utmost importance consid-
ering the length of the culture time used in the present experi-
mental design. It should be noted that the ferrous sulphate
doses currently used were not toxic because they were intended
as preventive supplementation. Interestingly, the two vitamin E
groups (C 16·6 and C 8·3) exceeded the number of living cells in
NC, suggesting that the vitamin improved cell viability. In this
sense, Avula and Fernández observed that supplementationwith
vitamin E in mice diet would favour cell proliferation as well as
decrease programmed cell death by reducing lipid peroxides(43).
Regarding haemolysis results, the highest measurements were
observed in PC treated with triton (100 % of the erythrocyte
lysate), followed by both DI groups (less than 30 % haemolysis),
and bothWI cultures, inwhich haemolysis decreased by approx-
imately 20 %. The lowest values (around 15 %) were reached in
NC and both vitamin E controls, whereas a higher dose of

vitamin E resulted in less haemolysis. In this sense, Marar
observed a protective in vitro effect of vitamin E by reducing
the haemolysis of erythrocytes in hyperglycaemic conditions(44).
Jilani et al. provided a possible explanation for this, indicating
that vitamin E could suppress the inhibition of apoptosis of
human erythroid progenitor cells to increase the Hb
concentration(45,46).

Fig. 5. Antioxidant average values. Negative control (NC), 8·3 vitamin E control
(C 8·3), 16·6 vitamin E control (C 16·6), weekly 8·3 iron (WI 8·3), weekly 16·6 iron
(WI 16·6), daily 8·3 iron (DI 8·3), daily 16·6 iron (DI 16·6) and positive control
(PC). All assays were performed in triplicate. Groups that do not share the same
letter are significantly different from each other. (a) Superoxide dismutase
(SOD) assay performed in erythrocytes. Data are mean values and standard
deviations. Kruskal–Wallis test results (P= 0·09). (b) Catalase assay performed
in erythrocytes. Data are mean values and standard deviations. One-way
ANOVA results (P= 0·0000).

Fig. 6. Comet assay values (%). Negative control (NC), 8·3 vitamin E control (C
8·3), 16·6 vitamin E control (C 16·6), weekly 8·3 iron (WI 8·3), weekly 16·6 iron
(WI 16·6), daily 8·3 iron (DI 8·3), daily 16·6 iron (DI 16·6) and positive control
(PC). All assays were performed in triplicate. Groups that do not share the same
letter are significantly different from each other. Comet assay was performed in
peripheral human lymphocytes. Data are mean values and standard deviations.
ANOVA test results (P< 0·0001).
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The analysis of oxidative stress using different assays showed
various results. The thiobarbituric acid reactive substances assay
showed a decreasing trend in lipid peroxidation with the com-
bined supplementations (DI 8·3, DI 16·6, WI 8·3 and WI 16·6),
having WI 16·6 the lowest lipid peroxidation, although
differences were not statistically significant. The LDH assay
showed the same tendency as the thiobarbituric acid reactive
substances regarding total oxidative state, but with significant
differences among groups. The lowest oxidative stress was
observed with WI 16·6 using both techniques. There was also
evidence of a slight decrease in oxidative state with both vitamin
E controls. General oxidative stress assessed by the ROS assay
was lower with both weekly supplementations than with daily
supplementation. Furthermore, the combinations with the high-
est doses of vitamin E resulted in lower ROS values, suggesting a
protective effect. This was also observed in vitamin E controls,
although differences were not significant.

The assays measuring the antioxidant activity of catalase and
SOD showed a higher response with DI as compared with WI
administration. Apparently, the antioxidant response of the sys-
tem increases in the presence of a powerful pro-oxidant such as
ferrous sulphate, although such increase is not enough to pre-
vent the slight final oxidative stress induced by iron. However,
co-supplementation with vitamin E would strengthen and com-
plement the defence system and attenuate the oxidative stress
caused by ferrous sulphate. Most studies refer to a protective
and beneficial function of this vitamin(47–49). For instance, co-
supplementation of α-tocopherol with ascorbic acid protected
the gastrointestinal tract against iron-mediated oxidative stress
in iron-deficient rats(50). Tang et al. proposed that adding vitamin
E to therapeutic iron treatment favoured absorption by reducing
inflammation(31). Arnon et al. found this combination effective
and safe in improving anaemia in preterm infants(51). Also,
Madhikarmi and Murthy and Şimşek Orhon et al. investigated
the oxidant and antioxidant status of IDA, suggesting that lower
lipid peroxidation was achieved after vitamin E supplementation
since MDA production was reduced(52,53). Madhikarmi and
Murthy also observed an increase in antioxidant enzymes and
Isler et al. proposed that vitamin E supplementation in parenteral
iron treatment could be an effective strategy to restore the anti-
oxidant response during anaemia(52,54).

Concerning cytomolecular damage results, the highest values
corresponded to PC and the lowest (< 15 % damage) to NC and
both vitamin E controls. As already reported by Gambaro et al.,
damage index was lower with WI than DI supplementation(32).
Both ferrous sulphate supplementations with the highest doses
of vitamin E (DI 16·6 and WI 16·6) decreased significantly the
cytomolecular damage. These results are in line with those of
Kan et al., who observed a clear genoprotective effect of vitamin
E supplementation on dialysis patients after 14 weeks of treat-
ment, showing a six-fold damage index decrease(55). Although
there is no clear consensus, damage index varies between 1
and 30 in in vivo control tests(56,57). This reference range corre-
sponds to the NC and weekly cultures, while damage index was
slightly higher with daily supplementation. This parameter
improved after treatment with vitamin E, since this potent lipid
antioxidant reduced chromosomal damage by inhibiting free

radical formation and activating endonucleases, which increase
the rate of elimination of damaged DNA(58). The current results
might be interpreted as follows: in the presence of a powerful
pro-oxidant such as ferrous sulphate, a higher amount of vitamin
E would be beneficial to prevent free radical production and
consequently avoid genetic damage. Despite most studies sug-
gest that vitamin E protects against mutagenic effects, others
have not observed these benefits(58). For example, the analysis
of DNA damage using the comet assay found no significant
differences between controls and thalassemic patients supple-
mented with vitamin E for 3 months(59). Also, Asare et al. found
that vitamins A and E could not attenuate free radical and muta-
genic liver damage induced by dietary excess iron(60).

While supernatant iron levels were considerably higher with
DI supplementation, a slight iron increase could be observed in
lymphocytes after WI supplementation. Probably, iron absorp-
tion, regulation, transport and storage mechanisms were opti-
mised by WI, preventing the increase of antioxidant enzymes
and, consequently, eventual genetic damage. On the contrary,
a certain iron overload could be observed with DI supplemen-
tation, which increased not only the antioxidant response but
also the genetic damage.

Ferroptosis is an interesting concept to analyse. It is known
that excess iron and the consequent increase of ROS and lipid
peroxidation play a crucial role in this form of cell death(61),
which could be related to the results currently reported. In the
case of DI supplementation, there was a high decrease in cell
viability and higher lipid peroxidation, and an overload of iron
correlated with increased ROS levels. Nevertheless, WI supple-
mentation did not elicit such results. On the other hand, the high-
est vitamin E dose (16·6) seemed to decrease all the parameters
related to ferroptosis with both ferrous sulphate supplementat-
ions. Several studies support the role of vitamin E in the detoxi-
fication of lipid peroxyl radicals as a mechanism for regulating
ferroptosis(62). Thus, lipophilic antioxidants, such as vitamin E,
exhibited the highest potential in experimental studies(61). In
2008, without referring specifically to ferroptosis, Seiler et al.
proposed that Gpx4 deletion and lipid peroxidation caused a
new form of non-apoptotic cell death that could be prevented
with vitamin E(63). Chen et al. also observed that supplementa-
tion with vitamin E delayed ferroptosis-induced neuron degen-
eration and paralysis in adult mice(64). Carlson et al. proposed
that GPX4 deficiency associated with ferroptosis leads to early
embryonic lethality and could be prevented with an enriched
diet with vitamin E(65). More recently, Tavakol and Seifalian pro-
posed ferroptosis as one of the central mechanisms of cell death
in patients with COVID-19, positioning vitamin E as a suitable
antioxidant for anti-ferroptotic treatments since it reacts with
peroxyl radicals to prevent the formation of lipid
hydroperoxides(66).

One of the limitations of the present work was that it was an
in vitro study, whose results cannot be extrapolated to in vivo
assays. Further studies in vivo could corroborate whether
weekly ferrous sulphate supplementation would help to
decrease IDA prevalence in children by reducing its adverse
effects, thereby achieving better patient compliance with this
IDA preventive treatment.
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Conclusion

Based on the results obtained, weekly ferrous sulphate supple-
mentation induced less damage in vitro than daily administra-
tion, manifesting as a better alternative for the preventive
supplementation of children under 24 months with IDA. Only
daily ferrous sulphate supplementation decreased cell viability
and increased ROS and lipid peroxidation, which could be
explained by the excess iron observed. The new form of non-
apoptotic cell death called ferroptosis could also be related,
despite more specific techniques and analysis would be neces-
sary. Vitamin E is widely regarded as one of the main mecha-
nisms to reduce the oxidative stress and genomic damage
caused by ferrous sulphate because it would complement the
response of enzymatic antioxidants. By doubling the daily vita-
min E intake recommendation for infants (8 mg/d), this protec-
tive effect was enhanced. The combined administration of
weekly ferrous sulphate with double vitamin E dose could be
a useful strategy to reduce the adverse effects of this preventive
supplementation.

As far as the authors are concerned, this is the first report of
the association of vitamin E and preventive supplementation for
IDA, making this topic a promising area for future research.
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49. Wawrzyniak A, Górnicka M, Hamułka J, et al. (2013) α-
Tocopherol, ascorbic acid, and β-carotene protect against oxi-
dative stress but reveal no direct influence on p53 expression in
rats subjected to stress. Nutr Res 33, 868–875.

50. Srigiridhar K&Nair KM (2000) Supplementationwith α-tocoph-
erol or a combination of α-tocopherol and ascorbic acid pro-
tects the gastrointestinal tract of iron-deficient rats against
iron-induced oxidative damage during iron repletion. Br J
Nutr 84, 165–173.

51. Arnon S, Regev RH, Bauer S, et al. (2009) Vitamin E levels dur-
ing early iron supplementation in preterm infants. Am J
Perinatol 26, 387–392.

52. Madhikarmi NL & Murthy KRS (2014) Antioxidant enzymes
and oxidative stress in the erythrocytes of iron deficiency
anemic patients supplemented with vitamins. Iran Biomed
J 18, 82–87.

53. Şimşek Orhon F, Öztürk G, Erbaş D, et al. (2006) Antioxidant
effect of vitamin E in the treatment of nutritional iron deficiency
anemia. Turk J Haematol 23, 15–24.

54. Isler M, Delibas N, Guclu M, et al. (2002) superoxide dismutase
and glutathione peroxidase in erythrocytes of patients with iron
deficiency anemia: effects of different treatment modalities.
Croat Med J 43, 16–19.
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