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Abstract
Selenium (Se), an essential trace element and potent nutritional antioxidant, exerts its biological effects through incorporation into
selenoproteins like glutathione peroxidase (GPx). Modest decrement in the levels of GPx could be partly responsible for peroxi-
dation of RBCs, which results into hemolytic anemia. Therefore, it is hypothesized that dietary Se, as selenoproteins (GPx), can
maintain the homeostasis in RBCs and regulate the erythropoiesis by preventing oxidative stress-mediated hemolysis. Se-deficient
(0.01 ppm), Se-adequate (0.1 ppm sodium selenite), and Se-supplemented (0.5 ppm sodium selenite) status were created in Balb/c
mice by feeding yeast-based diets for 8 weeks and established by measuring Se levels in plasma and activities, expressions of Se-
dependent selenoproteins. Fifty percent of mice from each differential Se group were treated with phenylhydrazine (PHZ, 20mg/kg,
i.p.) to induce hemolytic anemia. Results indicated that PHZ-treated Se-deficient animals demonstrated increased hemolysis,
abnormal RBC morphology, increase in Heinz bodies and reticulocytes, and denaturation of hemoglobin to globin precipitates
and methemoglobin. Se supplementation protected against these hemolytic changes and makes RBCs less fragile. These findings
were consistent with dietary Se concentration-dependent changes in activity and expression of GPx indicating that ROS-mediated
oxidative stress is integral to hemolysis. Protective effects of Se supplementation against increased levels of ROS, protein carbonyls,
and peroxide damage to membrane lipids and enzymatic antioxidants validated these observations. In conclusion, dietary Se
supplementation protected the RBCs against hemolysis by mitigating ROS-mediated oxidative stress.
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Introduction

Selenium (Se) as an essential trace element, micronutrient, and
antioxidant [1] has important structural and enzymatic func-
tions. Diet is the major Se source in the body, and about 80%
of Se gets absorbed in the body depending on the type of food
consumed. Therefore, the factors such as geographical loca-
tion, protein content, seasonal changes, and food processing
detrimentally affect the quantity of Se in food [2] and thus in

our body. On the basis of data from animal studies, the rec-
ommended dose of Se in adult human beings is 55 μg/day [3],
which correspond to approximately 0.8 μg/kg/day [4] and
favorably complements the animal studies. Based on the epi-
demiological studies, the pathophysiological functions of Se
can be divided into two different areas, which involve the
importance of Se nutritional essentiality and toxicity [5]. Se
deficiency is associated with variety of oxidative damage-
mediated pathological conditions such as Keshan’s disease,
Kashin-Beck disease, and variety of cancers and inflammatory
conditions [6]. On the other hand, at adequate levels, it con-
tributes in many biochemical and physiological processes,
including regulation of ion fluxes across membranes, biosyn-
thesis of coenzyme Q, and stimulation of antibody synthesis,
besides its role as antioxidant enzymes including glutathione
peroxidase (GPx) and thioredoxin reductase (TR).

In relation to anemia, epidemiological data is suggestive of
an inverse relationship between serum Se levels and increased
risk as well as incidence for anemia [7, 8]. Although there is a
little direct evidence that serum Se is related to erythrocyte and
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hemoglobin stability in humans; increased erythrocyte
damage has been shown due to increased oxidative
stress in animals [9]. Reactive oxygen species (ROS)-
mediated oxidative stress is not only implicated as one
of the principal causative factors in the pathogenesis of
various disorders of erythrocytes including various ane-
mias [10] but can also exacerbate the symptoms of
these diseases due to ineffective erythropoiesis in the
bone marrow and shortened survival of red blood cells
(RBC) in the circulation inducing hemolysis [11].
Further, the fact that RBCs lack the cellular and molecular
machinery necessary for the renewal of oxidized biomolecules
makes them more susceptible to oxidative insults [12]. For
example, Fe (II)-heme in oxygenated (Hb-O2) form is prone
to autoxidation leading to formation of Fe (III)-heme that is
unable to bind oxygen and releases superoxide radicals, which
actively participate in the pathogenesis of anemia [13].

Therefore, the supplementation of nutritional antioxidants
such as Se holds great potential to protect against anemia. The
lack of GPx (a selenoprotein), an integral and primary antiox-
idant enzyme in RBCs, may render them prone to oxidative
damage, and thus, hemolysis [14] indicates the critical role of
Se in maintaining the low levels of peroxides in cells and,
thereby, ablates the damaging effects of oxidative stress as
seen in anemia [15]. However, in view of lack of experimental
and mechanistic studies on protective effects of Se, it was
hypothesized that Se as an antioxidant selenoprotein may pro-
tect from phenylhydrazine (PHZ)-induced hemolytic anemia
via redox modulation and maintaining the redox homeostasis
in RBCs.

Materials and Methods

Experimental Design

Balb/c mice of 3–4 weeks of age were procured from the
Central Animal House, Panjab University, Chandigarh. They
were fed on yeast-based diets containing different concentra-
tions of Se (added as sodium selenite), viz. 0.01 ppm (Se-
deficient), 0.1 ppm (Se-adequate), or 0.5 ppm (Se-
supplemented) for 8 weeks as reported earlier [16].
Following 8 weeks of diet feeding schedule, each group was
divided into two subgroups, i.e., with or without the treatment
of phenylhydrazine (PHZ). The mice were 12 weeks old and
weighed ~ 25 g at this time. Table 1 gives a detailed account of
experimental design.

Establishment of Se Status

After diet feeding schedule, Se status was established by mea-
suring the levels of Se in the blood plasma using 2,3-
diaminonaphthalene (DAN) as a fluorophore as described

previously [17]. The principle of this method involves conver-
sion of Se present in the samples to selenous acid on acid
digestion, which on reaction with aromatic-o-diamines such
as DAN, leads to the formation of 4,5-benzopiazselenol,
which displays brilliant lime-green fluorescence. Suitable Se
standards and blanks were run simultaneously. Further, these
results were validated by measuring the activities and expres-
sion of dietary Se-dependent selenoprotein GPx and TR-1 in
liver and plasma according to the method of Paglia and
Valentine [18] and Holmgren and Bjornstedt [19], respective-
ly. The total protein estimation was done by the method of
Lowry et al. [20].

Thereafter, animals from each of above mentioned groups
were divided into two subgroups leading to the formation of a
total of six groups (n = 4 per subgroup). Three subgroups re-
ceived PHZ at dose of 20 mg/kg body weight, intraperitone-
ally (IP). PHZ was dissolved in sterile PBS in a glass vial at a
concentration of 2 mg/mL. For each injection, fresh PHZ was
prepared and 250 μL of stock was injected into each animal of
weight 25 g for 1 week to induce hemolytic anemia [21]. PHZ
was handled wearing gloves, apron, and face mask inside a
hood. After the PHZ dosing schedule, 1.0 mL blood was ob-
tained through the retro-orbital plexus. Two hundred microli-
ters of fresh blood was used, only for hematological estima-
tions, and from remaining the blood, plasma was prepared to
be used for biochemical estimations of oxidative stress
markers and antioxidant enzymes. Following blood withdraw-
al, the mice were put under deep anesthesia with ether follow-
ed by cervical dislocation. Liver samples were collected from
the animals, and a 10% homogenate was made in RIPA buffer,
pH = 7.4 for further use. The details regarding the volume
blood/plasma samples used for various estimations have been
included in supplementary Fig 1.

The protein estimation was done by Lowry method [20]
and used for further analyses.

Hematological Parameters

Blood smears (4–5 μL blood) were prepared to study the
morphological changes in erythrocytes. For analyses of retic-
ulocytes and Heinz bodies, the RBCs were stained with new
methylene blue and observed under a Leica microscope (DM
3000). Total RBC cell count and hemoglobin (Hb) content
were measured using hemocytometer and Sahli’s
hemoglobinometer, respectively, using the standard protocol
[22].

Levels of MetHb

MetHb content was determined by the method of Sakata et al.
[23]. Sodium cyanide solution (10%) was added to heparin-
ized blood (100 μL). Disappearance of the characteristic
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absorption at 635 nm signifying the formation of
cyanmethemoglobin was monitored spectrophotometrically.

Osmotic Fragility Test

Heparinized venous blood (10 μL) was added into tubes with
increasing concentration (0.3%, 0.5%, 0.7, and 0.9%) of NaCl
(pH = 7.4). The tubes were gently mixed and incubated at
25 °C for 30 min. Samples were centrifuged at 1500g for
10 min, and hemolysis was evaluated spectrophotometrically
at 540 nm.

Analysis of Globin Precipitates

For globin chain analysis in membrane skeleton, freshly
drawn blood (75 μL) was lysed and membranes were washed
extensively in phosphate buffered saline (0.05%) followed by
extraction of membrane lipids with sodium borate (56 mM,
pH 8.0). Precipitated globins were dissolved in 8 M urea con-
taining 10% acetic acid, 10% β-mercaptoethanol, and 0.04%
pyronin. The samples were then electrophoresed on triton-
acetate-urea (TAU) gels and stained with Coomassie brilliant
blue as described [24].

Measurement of ROS-Mediated Oxidative Stress

Total ROS Levels

ROS levels in 50 μL of plasma sample was estimated using
the fluorescent probe 2,7 dichlorofluorescein diacetate
(DCFH-DA) as described by Best et al. [25]. This method is
based on deacetylation of DCFH-DA by ROS-mediated inter-
cellular esterases to reduce dichlorofluorescein (DCFH),
which on reaction with ROS, gets oxidized to fluorescent
2,7-dichlorofluorescein (DCF).

Determination of Protein Carbonyl Content

Protein carbonyl content was measured in 100 μL of plasma
by using 2,4-dinitrophenylhyrdazine (DNPH) as described by
Levine et al. [26]. It is based on the reaction of DNPH and
protein carbonyls. DNPH reacts with protein carbonyl by
forming a Schiff base to produce the corresponding
hydrazone, which can be analyzed spectrophotometrically at

366 nm. The results are expressed as nanomoles of carbonyl
groups per milligrams of protein, using the extinction coeffi-
cient of 22.0 mM−1 cm−1 for aliphatic hydrazones.

Lipid Peroxidation Assay

The levels of lipid peroxidation (LPO) were assayed in 50 μL
of the blood plasma by the method ofWills [27] using 1,1,3,3-
tetraethoxypropane as standard. This assay is based on reac-
tion of malondialdehyde (MDA), a degradation product of
peroxidized lipids, with thiobarbituric acid (TBA) making a
pink-colored TBA-MDA chromophore with the absorption
characteristics (absorption maxima at 532 nm).

Activities of Antioxidant Enzymes

Catalase activity assay was done in 10 μL plasma by the
method of Luck, 1963 [28]. The activity was calculated using
an extinction coefficient of 0.0394 mM−1 cm−1 at 240 nm and
expressed as milliMolars of H2O2 decomposed/min/mg
protein.

The activity of the dietary Se-dependent selenoprotein GPx
in liver and plasma (25 μL) was measured according to the
method of Paglia and Valentine [18]. The activity was
expressed as micromoles of nicotinamide adenine dinucleo-
tide phosphate (reduced) (NADPH) oxidized/min/mg protein.
TR-1 activity was measured in 25 μL of blood by a modifi-
cation of the method described by Holmgren and Bjornstedt
[19] and expressed as units per milligram of protein.

The activity of superoxide dismutase (SOD) was estimated
in both liver and plasma (50 μL) according to the method of
Kono [29]. This method was based on the principle of the
inhibitory effect of SOD on reduction of nitro blue tetrazolium
(NBT) dye by superoxide anions, which were generated by
the photo-oxidation of hydroxylamine hydrochloride
(NH2OH.HCl). The activity of SOD was expressed as inter-
national units per milligram of protein, where 1 IU was de-
fined as the amount of enzyme inhibiting the increase in OD
by 50%.

Glutathione reductase (GR) activity was measured in
10 μL of blood plasma by the method of Massey and
Williams [30]. The consumption of NADPH is directly related
to the activity of GR and was expressed as micromoles of
NADPH oxidized/min/mg protein.

Table 1 Brief account of experimental design

Groups Se-deficient (0.01 ppm Se) 8 weeks Se-adequate (0.1 ppm Se) 8 weeks Se-supplemented (0.5 ppm Se) 8 weeks

Subgroups Se Def (n = 4) Se Def + PHZ (n = 4) Se Ade (n = 4) Se Ade+ PHZ (n = 4) Se Sup (n = 4) Se Sup + PHZ (n = 4)

Treatments Vehicle PHZ (20 mg/kg B.wt) Vehicle PHZ (20 mg/kg B.wt) Vehicle PHZ (20 mg/kg B.wt)

Time 7 days

Blood and tissue collection
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Gene Expression Studies

Gene Expression Studies by Real-Time PCR

The changes in gene expression of selenium-dependent
selenoproteins which includes GPx-1, GPx-2, and TR-1 were
analyzed by real-time PCR. RNAwas isolated from blood and
liver tissues using TRIzol Reagent, and Real-time PCR was
carried out on Applied Biosystems, Step one Real-Time PCR
system. cDNA was prepared by using Prime Script™ 1st
strand cDNA kit (TaKaRa Clontec, USA). Gapdh was used
as an internal control to normalize the data. Real-time PCR
was performed by using the SYBR® Green PCR Mastermix.
The sequences of the primers used are given below: mouse
Gapdh sense 5′-AAGGTCATCCCAGAGCTGAA-3′ and an-
tisense 5′-CTGCTTCACCACCTTCTTGA-3′; mouse GPx-1
sense 5′-GGTTCGAGCCCAATTTTACA-3′ and antisense
5′-CATTCCGCAGGAAGGTAAAG-3′; mouse GPx-2 sense
5′-ACCGATCCCAAGCTCATCAT-3′ and antisense 5′-
CAAAGTTCCAGGACACGTCTGA-3′; mouse TR-1 sense
5′-CGTGGTGGACTTCTCTGCTACGTGGTG-3′ and anti-
sense 5′-GGTCGGCATGCATTTGACTTCACAGTC-3′.

Protein Expression by Western Blot Analysis

Protein samples (50 μg) from each treatment group were sep-
arated by 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to nitrocellulose membrane.
The blots were probed using primary antibodies against GPx
(Santa Cruz Biotechnology Inc.) at a dilution of 1:1000 and
alkaline phosphatase-conjugated secondary antibody at a di-
lution of 1:10,000 (Genei, Bangalore) followed by develop-
ment using BCIP-NBT detection system. Bands obtained
were densitometrically analyzed using Image J software
(NIH, Bethesda, MD, USA), and normalized densitometric
units w.r.t β-actin (served as protein loading control) were
plotted.

Enzyme-Linked Immunosorbent Assay

Twenty micrograms of protein sample was loaded on to
enzyme-linked immunosorbent assay (ELISA) strip wells in
carbonate buffer (100 μL) and kept overnight at 4 °C.
Blocking was done using 1% BSA (200 μL) for 1 h at
37 °C. After washing with PBS-Tween 20 (0.05%), the wells
were incubated with GPx/β-actin antibodies (1:1000) over-
night (100 μL). After washing with PBS-Tween 20 (0.05%),
the wells were incubated with alkaline phosphatase-labeled
secondary antibody (1:2500) for 2 h at 37 °C (100 μL).
After washing with PBS-Tween 20 (0.05%), plates were de-
veloped using BCIP/NBT kit and quantitated at 405 nm using
ELISA strip reader. The normalization was done usingβ-actin

protein as internal control. Protein concentrations for all the
methods were determined by the method of Lowry et al. [20].

Statistical Analysis

All data were expressed as mean ± SD of at least four inde-
pendent observations. The data was analyzed using one-way
ANOVA (Tukey’s multiple comparison method) to compare
various treatment groups using GraphPad Prism 5.0 program
(GraphPad Software, San Diego, CA).

Results

Establishment of Differential Se Status

In the present study, the differential Se status in mice was
established by measuring the levels of Se in the blood and
the dietary Se-dependent changes in the expression of
selenoproteins GPx-1, GPx-2, and TR-1. Currently, a statisti-
cally significant change in the levels of Se in the plasma was
found in different groups fed on differential Se diets.
Consistent with these changes, Se concentration-dependent
increases in the activity and expression of GPx (1/2), and
TR-1 in blood plasma and liver was noticed from Se-
deficient (group I) to Se-adequate (group II) and Se-
supplemented group of animals (group III) (Fig. 1a–e) indi-
cating that differential physiological Se status has been
achieved in these animals.

Se Protects Against Phenylhydrazine-Induced
Hemolytic Anemia

Increased hemolysis was observed in the blood smears of Se-
deficient (group I) and Se-Def + PHZ (group IV). Further, the
loss of normal biconcave morphology, polychromatophils and
fragmented red cells, and frequent presence of star-shaped
echinocytes and spherocytosis was seen in Se-deficient +
PHZ-treated group (group IV) (Fig. 2a, d). On the contrary,
the blood smears of Se-supplemented-treated (group III) and
Se-supplemented + PHZ (group VI) mice showed normal bi-
concave morphology and looked normocytic (Fig. 2c, f).
Noteworthy was the exacerbation of these changes on PHZ
administration to Se-deficient mice, whereas Se supplementa-
tion posed some protective effect against PHZ-induced hemo-
lytic damage. These changes were consistent with the changes
in the total RBC count and standard osmotic fragility tests,
which revealed that the erythrocytes of Se-deficient (group I)
and Se-deficient + PHZ (group IV) mice were more prone to
hemolysis as compared to Se-adequate + PHZ (group V), Se-
supplemented + PHZ (group VI), and respective controls
(groups II and III) (Fig. 2g, h).
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Fig. 2 Blood smears indicating the morphology and shape of RBCs in
peripheral blood of mice in different treatment groups. Increased number
of fragmented RBCs, echinocytes (star-shaped erythrocytes), and
spherocytes in the Se-deficient and Se-deficient + PHZ groups indicate
oxidative stress-mediated damage to erythrocytes to amuch greater extent
when compared to the Se-supplemented diet-fed group (a–f).
Representative of n = 4 mice per group. Effect of dietary Se shows

changes in total RBC count. These findings are consistent with changes
in number of reticulocytes seen in panel g. hDietary Se deficiency makes
the RBCs osmotic fragile and PHZ treatment exacerbates these changes.
Erythrocytes were subjected to buffered hypo-osmolar salt solutions (0.3–
0.9%, w = v), following which cell lysis was monitored by measuring
optical density at 540 nm

Fig. 1 Dietary Se-dependent changes in markers of Se status: a Se
concentration in blood plasma; b changes in the enzymatic activity of
GPx; c changes in GPx expression by ELISA (inset shows Western
Immunoblot of GPx); and d and e shows the mRNA expression of
GPx-1, GPx-2, and TR-1 in the blood plasma and liver samples. Data is
expressed as mean ± SD of at least four independent observations and

analyzed using one-way ANOVA (Tukey’s multiple comparison
method). (a) Represents p < 0.05 when compared between Se D vs Se
A, Se S, Se D + PHZ, Se A + PHZ, Se S + PHZ; (b) represents p < 0.05
when compared between Se Avs Se S, Se D + PHZ, Se A + PHZ, Se S +
PHZ
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On the similar lines, a significant increase in the reticu-
locytes and Heinz bodies in the blood smears of Se-
deficient + PHZ (group IV) mice compared to Se-
adequate + PHZ (group V) and Se-supplemented + PHZ
(group VI) mice and their respective controls (groups II
and III) (Fig. 3a–g) were observed. Although we saw some
improvement in Se Sup + PHZ (group VI) compared to Se-
deficient (group I) and Se-deficient + PHZ (group IV)
mice, these differences were relatively milder when com-
pared to Se Sup (group III) mice (Fig. 3a–g).

An increase in the levels of MetHb and decrease in hemo-
globin (Hb) (Fig. 4a, b) indicated increased oxidation of fer-
rous ions in Hb in the erythrocytes of Se-deficient + PHZ
group (group IV) of animals, while the improvement in the
levels of Hb and reduced MetHb levels upon Se supplemen-
tation (Fig. 4a, b) was observed. Corroborating with these
findings, analysis of the membrane ghosts for precipitated
globin chains by TAU gel electrophoresis demonstrated a
higher intensity of bands corresponding to α- and β-chains
in the Se-deficient (group I) and Se-deficient + PHZ (group
IV) mice, whereas those in the Se-adequate + PHZ (group V),
Se-supplemented + PHZ (group VI), and respective controls
were substantially reduced (Fig. 4c). Consistently, additional

high intensity molecular-mass band of denatured β-globin
chain (represented by an asterisk) was observed only in the
ghosts of Se-deficient and Se-deficient + PHZ (groups I and
IV) mice, which is suggestive of ROS-mediated oxidative
damage. These observations are in consistence with the in-
creased number of echinocytes present in Se-deficient and
Se-deficient + PHZ groups suggesting potential fragmentation
and spherocytosis, signifying enhanced susceptibility to lysis
during circulation.

Protective Effects of Se Against PHZ-Induced
Hemolytic Anemia Are Mediated by Redox
Modulation

A statistically significant increase in the levels of free radicals
(measured by fluorescence of DCF) in the blood of Se-
deficient (group I) was observed compared to Se-adequate
(group II) and Se-supplemented (group III) mice (Fig. 5a, b,
c). Administration of PHZ significantly increased the ROS
levels, lipid peroxidation, and protein carbonyls in Se-
deficient animals (group IV) compared to Se-adequate +
PHZ (group V) and Se-supplemented + PHZ (group VI)
groups indicating the exacerbation of oxidative stress (Fig.

Fig. 3 New methylene blue staining of the blood smears of different Se-
treated groups for reticulocyte counts and Heinz bodies. Increased
number of granulated spots are observed in Se-deficient and Se-
deficient + PHZ groups (a–f). These findings are consistent with
changes in number of reticulocytes seen in panel g. Data is expressed as
mean ± SD of at least four independent observations and analyzed using
one-way ANOVA (Tukey’s multiple comparison method). (a) Represents

p < 0.05 when compared between Se D vs Se A, Se S, Se D + PHZ, Se A
+ PHZ, Se S + PHZ; (b) represents p < 0.05 when compared between Se
Avs Se S, Se D + PHZ, Se A + PHZ, Se S + PHZ; (c) represents p < 0.05
when compared to Se S vs Se D + PHZ, Se A + PHZ, Se S + PHZ; (#)
represents p < 0.05 when compared to Se D + PHZ vs Se A + P, Se S +
PHZ; (@) represents p < 0.05 when compared to Se A + PHZ vs Se S +
PHZ
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5a, b, c). Currently, although the levels of protein carbonyls
were elevated in Se-deficient (group I) animals compared to
Se-adequate (group II) and Se-Supplemented (group III),
these differences were not found to be statistically significant
(Fig. 5b).

Se concentration-dependent change in the GPx and TR-1
expression and activity was seen in the liver and blood of
mice. GPx and TR-1 were significantly reduced in Se-
deficient (group I) as compared to Se-supplemented group
(III) (Fig. 6a, b, c). Administration of PHZ in these mice how-
ever exacerbated these differences. It was found that Se-
deficient mice when given PHZ (group IV), the GPx levels
reduced even more when compared to Se-deficient (group I)
mice alone (Fig. 6a, b, c), indicating increased production of
peroxides. Further, no change in the catalase activity was ob-
served in the plasma of Se-deficient (group I), Se-adequate
(group II), and Se-supplemented (group III) mice when com-
pared amongst each other (Fig. 6d). However, on the admin-
istration of PHZ to Se-deficient animals (group IV), the cata-
lase expression was found to be significantly elevated in

plasma as compared to Se-adequate (group II), Se-
supplemented (group III), and respective PHZ-treated groups
(groups V and VI) (Fig. 6d). On the other hand, in the liver
homogenates, PHZ administration to Se-deficient animals
(group IV) significantly reduced the catalase expression when
compared to Se-deficient (group I), Se-adequate (group II),
Se-supplemented (group III), and respective PHZ-treated
groups (groups II and V) except Se-supplemented + PHZ
group (VI), where an increase is seen (Fig. 6d).

In the present study, a significant decrease in SOD activity
was observed in Se-deficient (group1), Se-deficient + PHZ
(group IV), and in Se-adequate + PHZ (group V) animals,
whereas its activity was increased in Se-adequate (group II),
Se-supplemented group (group III), and Se supplemented +
PHZ (group VI). The SOD activity in the liver samples also
follow the same pattern (Fig. 6e). Also, a significant decrease
was observed in the activity of GR in Se-deficient (group I)
when compared to Se-adequate (group II) and Se-
supplemented (group III). After PHZ administration, also, a
significant decrease was observed in Se-deficient + PHZ

Fig. 4 a, b Effect of dietary Se shows changes in the levels of Hb and
MetHb in different treatment groups. Increased levels of methemoglobin
in the mature erythrocytes of Se-deficient and Se-deficient + PHZ groups
suggest oxidation of ferrous ions in HGB to ferric form. c Effects of Se
variation-induced oxidative stress on Hb subunits. Triton-acid-urea gel
demonstrates the precipitation of α- and β-chains of Hb after oxidative
denaturation. The asterisk represents an additional high intensity
molecular-mass bands of denatured β-globin chain in TAU-Gel, which
is suggestive of ROS-mediated oxidative damage. These oxidized and
denatured globins as seen in Se-deficient and PHZ groups have been

proposed as possible mechanisms of variety of hematological disorders.
Data is expressed as mean ± SD of at least four independent observations
and analyzed using one-way ANOVA (Tukey’s multiple comparison
method). (a) Represents p < 0.05 when compared between Se D vs Se
A, Se S, Se D + PHZ, Se A + PHZ, Se S + PHZ; (b) represents p < 0.05
when compared between Se Avs Se S, Se D + PHZ, Se A + PHZ, Se S +
PHZ; (c) represents p < 0.05when compared to Se S vs SeD + PHZ, SeA
+ PHZ, Se S + PHZ; (#) represents p < 0.05 when compared to Se D +
PHZ vs Se A + P, Se S + PHZ; (@) represents p < 0.05 when compared to
Se A + PHZ vs Se S + PHZ
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(group IV) and Se-adequate + PHZ when compared with Se-
supplemented + PHZ (Fig. 6f). In case of liver homogenate
also, the GR activity pattern was the same.

Discussion

Recent past has witnessed a substantial progress in our knowl-
edge and understanding of the beneficial roles of variety of
essential and non-essential trace elements acting as biological-
ly active antioxidants in disease and functions. In this context,
their protective role against experimental hemolytic anemia
has been extensively studied [31]. It is a well-known fact that
oxidative stress is a key player in blood-related disorders in-
cluding anemia, and GPx, a well-known selenoprotein, is of
prime importance in erythrocytes [32]. These studies
prompted us to investigate the potential role of dietary Se in
regulating red cell homeostasis and protecting against PHZ-
induced hemolytic anemia by mitigating oxidative stress-
dependent debilitating effects in RBCs.

More than four decades ago, Rotruck et al. [33] proposed
that Se, which functions as an antioxidant through
se lenopro te ins , prevented the ery throcyte lys i s
(autohemolysis) in vitro. Since then, the plethora of studies

have shown an inverse relationship between serum Se levels
and increased risk and incidence for anemia [7, 8]. However,
none of these follow-ups address the underlying molecular
mechanisms and lack of direct evidence between serum Se
levels and erythrocyte and/or hemoglobin stability. Since in-
creased oxidative stress has been implicated as one of the key
factors in inducing erythrocyte damage [34], it was hypothe-
sized that Se, as an essential dietary antioxidant, holds the
potential to protect these changes.

Since dietary Se, a metalloid reportedly, preferentially
incorporates into selenoproteins including GPx; therefore,
activity and expression of the enzyme GPx are considered
as physiological indicators of Se concentrations [35]. In the
present study, the differential Se status in mice was
established by measuring the Se concentration-dependent
changes in the expression of selenoproteins GPx-1, GPx-2,
and TR-1. Currently, a dietary Se concentration-dependent
change in the GPx (1 and 2) and TR-1 activity and expres-
sion reflects the achievement of differential Se status in
these animals. These findings are in corroboration with
the studies suggesting regulation of selenoproteins is die-
tary Se-mediated [36].

In the present study, widely used PHZ-induced experimen-
tal hemolytic anemia was established and characterized using

Fig. 5 Induction of oxidative stress in erythrocytes following dietary Se
variation and PHZ treatments. a Alterations in the level of total ROS as
measured by changes in the fluorescence of DCF in plasma b levels of
protein carbonyls in plasma and cmalondialdehyde levels in Se-deficient
and Se-deficient + PHZ groups indicate induction of oxidative stress
conditions in these mice as compared to Se-supplemented groups. Data
is expressed as mean ± SD of at least four independent observations and
analyzed using one-way ANOVA (Tukey’s multiple comparison

method). (a) Represents p < 0.05 when compared between Se D vs Se
A, Se S, Se D + PHZ, Se A + PHZ, Se S + PHZ; (b) represents p < 0.05
when compared between Se Avs Se S, Se D + PHZ, Se A + PHZ, Se S +
PHZ; (c) represents p < 0.05when compared to Se S vs SeD + PHZ, SeA
+ PHZ, Se S + PHZ; (#) represents p < 0.05 when compared to Se D +
PHZ vs Se A + P, Se S + PHZ; (@) represents p < 0.05 when compared to
Se A + PHZ vs Se S + PHZ
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the classical histopathological markers such as changes in
RBC morphology, reticulocyte counts, and presence of
Heinz bodies. Significantly increased reticulocyte counts and
Heinz bodies in Se-deficient + PHZ (group IV) demonstrate
that Se deficiency and PHZ-mediated structural-functional
RBC abnormalities making Se-deficient RBCs susceptible to
hemolysis [16]. Studies in the past have also suggested Heinz
bodies as markers to depict oxidative stress-mediated changes
in the red blood cell metabolism and hemoglobinopathies
[37]. On the similar lines, presence of Heinz bodies as the
inclusions in red blood cells represent the accumulation of
denatured hemoglobin and the formation of MetHb [38].
Results suggest that Se deficiency and PHZ as pro-
oxidants can cause oxidation of hemoglobin and its precip-
itation to produce Heinz bodies, which become antigenic.
These findings further validate our hypothesis and are in
agreement with previous reports suggesting an inverse re-
lationship between Se, hemolysis, and oxidation of Hb to
MetHb [33]. Although, we saw some improvement with Se
supplementation, the differences were relatively milder in-
dicating the involvement of other associated factors

contributing to these protective effects of Se. One such
mechanism may be indicating the execution of compensa-
tory stress erythropoiesis [16] in these groups.

The changes in the levels of Hb andMetHb prompted us to
investigate the possibility that Se deficiency and PHZ-
mediated oxidative stress may denature the globin subunits.
These oxidized and denatured globins as seen in Se-deficient
and PHZ groups have been proposed as possible mechanisms
of variety of hematological disorders [39]. In fact, monomeric
α-Hb is known to generate ROS that damages cellular bio-
molecules that further aids in the propagation of free radical
production [40]. This explains increased susceptibility of the
Se-deficient (group I) and Se-deficient + PHZ (group IV) mice
to destructive changes, which can further lead to the formation
of a reactive oxygen species (ROS) [41] causing severe dam-
age to cell membranes making them osmotically fragile and
prone to hemolysis. These observations are inconsistent with
the increased number of echinocytes present in Se-deficient
and Se-deficient + PHZ groups suggesting potential fragmen-
tation and spherocytosis, signifying enhanced susceptibility to
lysis during circulation.

Fig. 6 Alterations in the
antioxidant enzymatic activities.
a, b, c Changes in GPx and TR-1
activity andGPx expression in the
plasma and liver. d, e, f Depicts
changes in activities of
antioxidant enzymes catalase,
SOD, and GR respectively in the
plasma and liver. Data is
expressed asmean ± SD of at least
four independent observations
and analyzed using one-way
ANOVA (Tukey’s multiple
comparison method). (a)
Represents p < 0.05 when
compared between Se D vs Se A,
Se S, Se D + PHZ, Se A + PHZ,
Se S + PHZ; (b) represents
p < 0.05 when compared between
Se Avs Se S, Se D + PHZ, Se A +
PHZ, Se S + PHZ; (c) represents
p < 0.05 when compared to Se S
vs Se D + PHZ, Se A + PHZ, Se S
+ PHZ; (#) represents p < 0.05
when compared to Se D + PHZ vs
Se A + P, Se S + PHZ; (@)
represents p < 0.05 when
compared to Se A + PHZ vs Se S
+ PHZ
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Further, to establish the fact that the protective effects of Se
observed so far were mediated through the modulation of
ROS-mediated oxidative stress, total reactive oxygen species
(ROS), levels of protein carbonyls, lipid peroxidation, and
activity and expression of enzymatic antioxidants were mea-
sured. Increased levels of free radicals in the blood of Se-
deficient and PHZ-treated groups compared to PHZ-treated
Se-adequate and Se-supplemented mice can be explained on
the basis of decreased levels of antioxidant selenoproteins,
such as GPx-1 and TR-1 in Se-deficient conditions. These
studies indicate increased production of peroxides and oxida-
tive stress in the Se-deficient conditions as reported earlier
[36]. Since, superoxide radical is the main free radical pro-
duced in physiological conditions in the cell, SOD is consid-
ered to be the main element of the first level of antioxidant
defense in the cell [33]. Similarly, in the context of anemia,
GR also plays a very important role in protecting biologi-
cal cell membranes, hemoglobin, and red cell enzymes
against oxidative damage by increasing the level of re-
duced glutathione during the process of aerobic glycolysis.
Studies suggest that GR deficiency may result in mild to
moderately severe hemolytic anemia upon exposure to cer-
tain drugs or chemicals [37]. Thus, the changes in the ac-
tivities of these antioxidant enzymes also support the redox
modulatory effects of Se [42–44].

In conclusion, it is evident that Se protects against PHZ-
induced hemolytic anemia via redox modulation. PHZ when
administered under Se-deficient conditions exacerbates the
ROS-mediated oxidative insult culminating in oxidation of
membrane lipids and proteins such as Hb culminating in in-
creased hemolysis. On the contrary, Se supplementation by
increasing the pool of selenoproteins like GPx mitigates the
ROS levels and, thus, protects against the oxidative damage
posed by PHZ. Current study points to the direction that pro-
tective antioxidant effects of Se may be mediated through the
Se-dependent selenoproteins, which may regulate the key mo-
lecular pathways responsible for maintaining homeostasis in
blood cells.
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