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Abstract
A study was conducted to determine the effect of dietary selenium (Se) concentration and source for broiler chickens on
performance, nutrient digestibility, plasma Se, glutathione peroxidase (GPx) activity, and thiobarbituric acid reactive substances
(TBARS). A total of 700 1-day-old broiler chicks were assigned to 7 diets with 20 birds per cage and 5 replicates per treatment.
The experimental diets were fed for 32 days in 2 phases (phase 1, day 0 to 14 and phase 2, day 15 to 32). Treatments were as
follows: control (without Se supplementation), sodium selenite (SeS; 0.15, 0.30, or 0.45 ppm), and hot-melt extruded sodium
selenite (SeHME; 0.15, 0.30, or 0.45 ppm). There were significant linear responses (P < 0.01) for higher plasma Se concentration
in SeS and SeHME treatments. Moreover, an increased (P < 0.01) Se concentration of plasma occurred in SeHME treatment
compared with that in SeS treatment. The serum GPx analyses revealed that supplemental SeS and SeHME increased signifi-
cantly the activity of GPx in the plasma in phase 1 (P < 0.05) and phase 2 (P < 0.05). There were significant linear (P < 0.01)
responses of SeS and SeHME treatments for the expression of SelW, GPx1, GPx3, and GPx4 in the livers and spleens. In
addition, SeHME showed an upregulated expression of GPx-4 in the livers (P < 0.01) and SelW in the spleens (P < 0.05)
compared with SeS treatment. SeHME showed a lower TBARS on day 9. Moreover, a decreased (P < 0.01) TBARS occurred
in SeS treatment compared with that in control treatment. In conclusion, SeHME can increase antioxidant activity and Se
absorption, consequently being a more suitable source of Se than regular sodium selenite.
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Introduction

Selenium (Se) is an essential trace mineral involved in the
structural component of many antioxidant enzymes such as
glutathione peroxidase (GPx) to protect tissues and cells from

damage [1–3]. Se is widely used as a dietary supplement for
poultry. The most common Se supplement that mainly has
been used in poultry diets is the inorganic Se in the form of
sodium selenite. However, in recent years, the supplementa-
tion of essential minerals at levels above the requirement to
ensure the optimum growth has been an area of increasing
concern over contamination of the environment through ex-
cess mineral excretion. Therefore, the interest is being in-
creased to use alternative options such as organic or nano-
supplements, due to their higher bioavailability [4, 5]. Nano-
sized particles were shown to have improved bioavailability
via higher specific surface area, activity, and catalytic efficien-
cy [6–8]. Previous research has shown that nano-Se was more
effective than sodium selenite at preventing oxidative damage
and enhancing GPx expression in broiler chickens [5, 7, 9, 10]
or laying hens [11]. Diet supplemented with 0.20 mg/kg of
nano-Se could effectively increase the GPx activity of serum,
hepatic GPx, and Se concentration of the livers in chickens
[12]. However, the kind of nano-process also affects the
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bioavailability and efficacy of nano-particles. The new gener-
ation of nano-particles may have a higher potential of nano-
particle dispersion in the final product.

The hot-melt extrusion (HME) technique is known as one
of the top-down and environmentally friendly techniques that
are widely used for nano-particle trace element production in
the pharmaceutical industry [13]. In addition, the source of
incorporated polymer matrix into the HME process may affect
the uniformity of Se dispersion. The incorporation of copoly-
mers as the binder of wet or dry granulation and the HME
technique increase the solubility and dispersion of poorly
water-soluble drugs [13]. This technique has, to our knowl-
edge, not extensively been studied in animal models. The
higher bioavailability of trace minerals may reduce environ-
mental pollution through the reduction of excreted trace min-
erals. We hypothesized that Se nano-particles prepared by the
HME process can improve the absorption of Se in poultry and
thus be more efficient in comparison to traditional inorganic
Se. The aim of the current study was to investigate the effects
of nano-Se on growth performance, nutrient digestibility, an-
tioxidant status, and thiobarbituric acid reactive substances
(TBARS) on broiler chickens.

Materials and Methods

The Preparation of SeHME

Na2SeO3, Span 80, Tween 80, and polyethylene glycol 6000
were mixed at a 20:12:4:64 ratio prior to the feeding process.
The processed mixture was moved to a feed hopper at a 45 g/
min speed. The twin-screw system that worked with the hot-
melt extruder (STS-25HS, Hankook E.M. Ltd., Pyeongtaek,
Korea) connected to a round-shaped die (1-mm diameter) was
used for the preparation of extruded materials [13]. The tem-
peratures of barrel and die sections were maintained at 45 °C
and 40 °C, respectively. The speed of the screw was 150 rpm
during the HME process. By passing through conveying and
kneading sections in the barrel, samples were extruded from
the die section. Extruded substances were solidified and were
milled using the HBL-3500S grinder (Samyang Electronics
Co., Gunpo, Korea). Particle properties of Na2SeO3 nano-
particles dispersed in distilled water (DW) were elucidated.
The hydrodynamic size, polydispersity index, and zeta poten-
tial of Na2SeO3 nano-particles were measured by dynamic
light scattering (DLS) and laser Doppler methods (ELS-
Z1000; Otsuka Electronics, Tokyo, Japan). Powder of
Na2SeO3 extrudate was dispersed in DW at 20 mg/ml and
their particle properties were tested. The particle shape of
Na2SeO3 extrudate was observed by transmission electron
microscopy (TEM). The dispersion of Na2SeO3 nano-
particles was loaded onto the copper grid with film and dried
for 10 min. That sample was then observed by TEM (JEM

1010; JEOL, Tokyo, Japan). The final HME contained sodium
selenite content of 20%.

Animals and Experimental Design

A total of 700 1-day-old broiler chicks (Ross 308) were ran-
domly allotted with an average initial body weight (BW) of
44.5 ± 0.3 g on the basis of initial BW according to a
completely randomized design (CRD) in the Research
Center of Animal Life Sciences at Kangwon National
University. There were 5 replicates in each treatment with 20
birds/replicate. The treatment included the following: control
(without Se supplementation), inorganic (0.15 ppm,
0.30 ppm, and 0.45 ppm), and HME (0.15 ppm, 0.30 ppm,
and 0.45 ppm). The analyzed values for the concentration of
Se in the diets were presented in Table 1. The experimental
diets were fed for 32 days in 2 phases (phase 1, day 0 to 14 and
phase 2, day 15 to 32). The diets were formulated to provide
all of the nutrients to meet or exceed the nutrient requirements
listed in the Ross 308 nutrient specification [14] with the ex-
ception of Se (Table 2).

Blood, Slaughtering, and Tissue Sampling

At days 14 and 32, five birds per replicate were randomly
selected and individually weighed for collection of blood.
Blood samples were collected via the wing vein after 2-h feed
withdrawal, and the ethylenedianminacetic acid (EDTA) tube
and serum separate (SST) tube were used. Then, those sam-
ples were centrifuged (Union 32R, Bucheon, Korea) at
3000 rpm at 4 °C for 15 min to obtain the serum. The
hemolysis-free serum was transferred immediately and frozen
at − 20 °C until further biochemical analyses. At day 32 of the
feeding trial, 2 birds per replicate were chosen as representa-
tive samples and were slaughtered to collect tissue samples.
The livers and spleens samples were obtained and frozen di-
rectly in liquid nitrogen and stored at − 80 °C until analysis.

RNA Extraction and Real-Time PCR

Total RNA was isolated from the livers (50 mg) and spleens
(100mg) samples via RNAiso plus kit (Takara Biotechnology,

Table 1 The analyzed concentration of Se in the diets

Item1 Control SeS SeHME

0.15 0.3 0.45 0.15 0.3 0.45

Se content (ppm)

Phase 1 0.16 0.32 0.47 0.62 0.30 0.44 0.60

Phase 2 0.15 0.31 0.47 0.59 0.29 0.46 0.61

SeS, sodium selenite; SeHME, hot-melt extruded sodium selenite
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Japan) according to the manufacturer’s instruction. The sam-
ples were resuspended in DEPC (diethyl pyrocarbonate)–
treated water. The quality and quantity of RNAwere evaluated
through electrophoresis in 1.0% (w/v) formaldehyde denatur-
ing agarose gel. The prepared RNA concentration was evalu-
ated by Nanodrop 1000 (Thermo Fisher Scientific, USA) and
OD260/OD280 ratio was approximately 1.8–2.0.

To reverse transcribe with refined RNA into the cDNA, the
first strand cDNA synthesis kit (Takara Co. Ltd., Japan) was
used following the manufacturer’s instructions. In this pro-
cess, house-keeping gene, β-actin was introduced to adjust
the quantity of input cDNA to maintain the role in internal
control [15]. To determine mRNA levels, real-time PCR anal-
ysis was conducted with SYBR Premix EX Taq (Takara Co.
Ltd., Japan) used in ABI 7500 Real-Time PCR System fol-
lowing the manufacturer’s instructions. The primer sequences
(Table 3) for this real-time PCR analysis were prepared by
Primer 5.0 software with chicken cDNA sequences from

GenBank. A total of 20 μl reaction system included 10 μl
SYBR Premix Ex Taq, 0.8 μl of forward and reverse primers
(10 μM), 0.4 μl ROX Reference Dye II (50×), 2.0 μl cDNA
template, and 6 μl dd H2O. Cycling conditions were as fol-
lows: 30 s at 95 °C, 40 cycles of denaturation step at 95 °C for
3 s, 60 °C annealing step for 34 s, and a 72 °C extension step
for 15 s.

Thiobarbituric Acid Reactive Substances

The thigh muscles that were divided into 5 equal portions
were pooled and minced with a conventional meat grinder
(Omega TE22, Lima Food Machinery, Evesham,
Worcestershire, UK). For the refrigerated storage experiment,
the thigh muscles were packed in sealable plastic bags imme-
diately and stored for 0, 3, 6, and 9 days at 4 °C. A pool of
minced thigh muscle samples was submitted for analyses. To
examine TBARS, the analytical method was performed ac-
cording to Shinnhuber [16]. First, 0.5 g of meat (thigh) sam-
ple, 3 ml of 1% thiobarbituric acid (TBA) solution (0.02 mM),
and 17 ml of 25% trichloroacetic acid (TCA) were blended.
This prepared sample was heated in a boiling water bath (BW-
20G, Jeio Tech, Korea) for 30 m and cooled in cold water for
10 m. Then, 5 ml of supernatant was collected and mixed with
3 ml chloroform and centrifuged at 3500 rpm in 30 m under
room temperature. After this, optical density was operated in
532 nm by a spectrophotometer (UV-mini-1240, Shimadzu
Corp., Japan) with samples. The final TBARS value was cal-
culated in milligrams MA (Malonaldehyde) per 1 kg of
sample.

The TBARS analysis used this formula as:

TBARS mg malonaldehyde per kg sampleð Þ

¼ OD sample−OD blankð Þ x 46f g
Sample weight x 5f g

Growth Performance

The body weight (BW) and feed intake (FI) of individual birds
per pen were recordedweekly, and weight gain (WG) and feed
conversion ratio (FCR) were calculated as follows: FCR =
total feed consumed by birds / total weight gain.

Statistical Analysis

Statistical analysis of the current experimental data was com-
pleted by using the GLM procedure of SAS (SAS Inst. Inc.,
Cary, NC) in a randomized complete block design. The linear
and quadratic contrasts were used to compare the effects of
increasing dietary Se source preparation levels (0 ppm,

Table 2 Formula and chemical composition of broiler diets (as-fed
basis)

Phase 1 Phase 2

Ingredients (%)

Corn 52.78 57.45

SBM (45%) 37.51 33.61

Fish meal 1.59 1

Animal fat 2.99 4.1

Methionine (80%) 0.40 0.21

Threonine (99%) 0.17 0.11

L-Lysine (24%) 1.17 0.54

MDCP 1.37 1.17

Limestone 1.42 1.31

Salt 0.20 0.2

Vitamin premix1 0.15 0.15

Mineral premix2 0.15 0.15

Total 100.00 100.00

Calculated composition (%)

Metabolizable energy (kcal/kg) 3000 3100

Crude protein 22.50 20.80

Calcium 0.96 0.87

Available phosphorus 0.48 0.43

Lys 1.44 1.26

Met+Cys 1.08 0.95

Thr 0.97 0.86

1 Supplied per kg diet: 10,000 IU vitamin A, 4500 IU vitamin D3, 70 mg
vitamin E, 3 mg vitamin B1, 8.1 mg vitamin B2, 4.3 mg vitamin B6,
0.017 mg vitamin B12, 3.2 mg vitamin K3, 20 mg pantothenic acid,
65 mg niacin, 0.19 mg biotin, 2.2 mg folic acid, 18 mg ethoxyquin
2 Supplied per kg diet: 20 mg Fe, 16 mg Cu, 110 mg Zn, 120 mg Mn,
1.25 mg I, 0.9 mg Co, and Se (0, 0.15, 0.3, or 0.45 ppm Se based on
treatments)
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0.15 ppm, 0.30 ppm, and 0.45 ppm). Orthogonal contrasts
were done to compare the SeS treatments with the hot-melt
extruded sodium selenite (SeHME) treatments. Pen replicate
was the experimental unit for all measurements. Treatment
means were separated by Turkey multiple range tests at P <
0.05 statistical level. The linear regression model with the
following equation was used to compare the relative bioavail-
ability (RBV) of Se from SeHME and SeS: y = b + c1x1 + c2x2,
in which y is the response variable (serum SE and GPx activ-
ities), b is the intercept, c1 is the slope of SeS, x1 is the sup-
plemental SeS intake, c2 is the slope of SeHME, and x2 is the
supplemental SeHME. The RBVof SeHME as compared with
SeS was calculated as the ratio of their linear slopes as de-
scribed by [17].

Results

Plasma Profiles and Relative Bioavailability of Se

The effects of dietary Se concentration and source on plasma
profiles and estimates of the RBV of Se are presented in
Table 4. In phase 1, there were significant linear and quadratic
responses (P < 0.01) for higher plasma Se concentration in
SeS treatment. In addition, the plasma Se concentration in-
creased linearly (P < 0.05) in supplemental SeHME. An in-
creased Se concentration of plasma occurred in SeHME treat-
ment that in SeS (P < 0.05). Compared with SeS (100%), the
RBVof SeHME was 115% and 111% based on plasma Se in
phases 1 and 2, respectively. The serum GPx activity analyses
revealed that supplemental SeS and SeHME significantly in-
creased the activity of GPx in the plasma in phase 1 (P < 0.05)
and phase 2 (P < 0.01). Compared with the SeS group, the
plasma GPx activity was increased (P < 0.01) with the sup-
plementation of dietary SeHME in phase 1. However, only a
tendency for higher (P = 0.06) plasma GPx was observed in
SeHME treatment that in SeS in phase 2. Using GPx activity

as the criterion, the RBV values of SeHME to SeS were 178
and 209 in phases 1 and 2, respectively. There was a linear
increase (P < 0.01) in the white blood cells (WBC).
Comparing the SeS and SeHME diets, the WBC increased
(P < 0.05) significantly in diets with SeHME. No statistical
significance was found for RBC. In phase 2, the plasma Se
concentration increased (linear and quadratic, P < 0.01) as
supplementation of Se increased in the SeS and SeHME diets.
The supplemental SeHME significantly increased (P < 0.05)
the plasma Se compared with SeS. However, there no signif-
icant difference was observed in the WBC and RBC.

Gene Expression of Selenoproteins

The effects of dietary Se concentration and sources on gene
expression are presented in Table 5. There was a significant
linear response of SeS and SeHME treatments (P < 0.01) for
the expression of SelW, GPx1, GPx2, GPx3, and GPx4 in the
livers. In addition, SeHME showed an upregulated (P < 0.01)
expression of GPx-4 compared with SeS. In the spleens, the
effect of the SeS dose approached significance (P < 0.05)
towards the upregulation of the relative expression of SelW,
GPx2, GPx3 (linear, P < 0.05), GPx1, and GPx4 (linear and
quadratic, P < 0.05). In the spleens, increasing SeHME dose
from 0 to 0.45 ppm upregulated the relative expression of
SelW, GPx1, GPx3, and GPx4 (linear, P < 0.01) and showed
a tendency for higher relative expression of GPx2 (quadratic,
P = 0.08). There was a quadratic effect (P < 0.05) for SeHME
to upregulate the relative expression of SelW. There was a
significantly higher (P < 0.05) expression of SelW in
SeHME treatment compared with that in SeS treatment.

TBARS Analysis

The effects of dietary Se concentration and sources on
TBARS of chicken thigh meat are presented in Table 6. No
statistical significance was found for TBARS until day 6.

Table 3 Primers used for
quantitative RT-PCR Target gene Accession no. Primer sequence (5′-3′) Product length

SelW GQ919055.1 F: GCTTCACTCCGTGTCATCCA

R: ACGAAACATCAGTGGCGTCA

153

GPx1 HM590226.1 F: TCGAGAAGTGCGAGGTGAAC

R: GTACTGCGGGTTGGTCATCA

113

GPx2 NM001277854.1 F: CCTTCTACGACCTCAGTGCC

R: GGTGTAATCCCTCACCGTGG

125

GPx3 NM001163232.1 F: GCACCATCTACGACTACGGG

R: TAGGGCCCCAGCTCATTTTG

163

GPx4 AF498316.2 F: GATCGAGAAGGATCTGCCCG

R: AATCTTCGGGTCTGCCTCAC

146

β-actin JF436880.1 F: TTACCCACACTGTGCCCATC

R: CGCGCACAATTTCTCTCTCG

156

SelW, selenoproteinW; GPx, glutathione peroxidase
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However, the SeHME chicks showed a lower (P < 0.01)
TBARS on day 9. Moreover, a decreased (P < 0.01) TBARS
occurred in SeS treatment compared with that in control
treatment.

Growth Performance

The effects of dietary Se concentration and sources on growth
performance are presented in Table 7. In phase 1, there was a
linear improvement (P < 0.01) in weight gain and a tendency
(P = 0.08) for higher feed intake as the dietary SeHME con-
centration increased. Comparing the SeS and SeHME diets,
the relative growth performance was increased (P < 0.05) sig-
nificantly in diets with SeHME. In phase 2 and also the overall
period, Se supplementation had no effects on growth perfor-
mance, feed intake, and FCR.

Discussion

One of the main focuses of this study was to compare the
bioavailability of dietary Se in the forms of selenite and
SeHME in broiler chickens. The linear increase in the Se
concentration of serum explained that the increasing supple-
mented doses of Se sources were absorbed properly via the
gastro-intestinal tract. The dietary Se level and the absorption
rate were reflected in Se concentrations in the plasma [4, 5] or
livers [9]. In serum, the Se concentration in SeHME was
higher than in SeS. Previous studies have also shown that
nano-particles had a higher absorption efficiency than

common inorganic trace minerals in broiler chickens [8, 12].
The magnitude of variation between the plasma Se of broilers
fed diets supplemented with Se was much less than the differ-
ence values in the GPx activity. Nano-size particles have been
indicated to increase the efficiency of absorption owing to
small particle size and high surface area.

Broilers receiving supplementation of SeHME increased
WBC compared to those receiving the SeS at 14 days of
age. Moreover, dietary Se supplementation resulted in a line-
arly higher WBC counts in chickens, and these significant
changes may be associated with a predominant antioxidant
role of Se and possibly higher blood cells lifespan [18]. The
biological effect of Se on farm animals is usually related to
selenoprotein production, which participates in the differenti-
ation and proliferation of immunological cells [19].
Conversely, the supplementation of Se had no consistent ef-
fect on WBC in the second phase on day 32. Thus, long-term
Se supplementation cannot affect WBC.

In addition to serum Se, immune and antioxidant indicators
are routinely used to determine the long-term Se nutritional
status of broiler chickens [5, 9, 20]. In this study, the plasma
GPx was linearly increased in Se-supplemented diets. The
results of this study were in agreement with the findings of
Bakhshalinejad [20], who reported that the higher dose (0.4 vs
0.1 ppm) of dietary Se increased plasma GPx activity of broil-
er chickens at 42 days of age. The extent of plasma GPx
activity modulation by a different Se source or level was in
accordance with that of Hu [5] and Zhou and Wang [9], who
observed an increased plasma GPx activity in Se-enrich diets.
Se is a key trace mineral to control the antioxidant components

Table 4 Effect of dietary Se concentration and sources on serum profiles and relative bioavailability values in broilers

Item Control SeS (ppm) SeHME (ppm) SEM1 P value2 RBV3±SE
(%)

SeS SeHME SeS vs SeHME

0.15 0.3 0.45 0.15 0.3 0.45 L Q L Q

Phase 1 (day 14)

Se (ng/ml) 37.2 99.1 107.5 114.1 110.0 110.3 155.8 6.19 0.002 0.001 0.001 0.190 0.042 115 ± 17.1

GPx activity (mU/ml) 0.295 0.323 0.444 0.539 0.533 0.736 0.905 0.05 0.027 0.665 0.001 0.749 0.005 178 ± 21.0

WBC (103/μl) 10.0 14.2 14.2 14.4 15.8 17.2 21.0 0.76 0.121 0.296 0.002 0.416 0.012

RBC (106/μl) 2.4 2.4 2.5 2.3 2.4 2.4 2.5 0.03 0.193 0.989 0.459 0.953 0.530

Phase 2 (day 32)

Se (ng/ml) 27.9 99.0 126.3 130.6 122.5 135.5 138.6 6.44 0.002 0.001 0.002 0.001 0.030 111 ± 9.6

GPx activity (mU/ml) 0.214 0.370 0.511 0.459 0.473 0.612 1.452 0.10 0.002 0.063 0.005 0.267 0.061 209 ± 20.5

WBC (103/μl) 18.5 17.7 20.1 23.2 21.6 20.1 27.1 1.08 0.206 0.5 0.066 0.491 0.274

RBC (106/μl) 2.19 2.3 2.34 2.29 2.43 2.19 2.34 0.03 0.35 0.31 0.617 0.597 0.896

SeS, sodium selenite; SeHME, hot-melt extruded sodium selenite
1 Standard error of means
2 L, linear; Q, quadratic
3 Relative bioavailability (RBV), slope of SeHME/slope of SeS; SE, standard error
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by regulating the Se-based antioxidant enzymes and body
glutathione pool [1]. The presence of significant differences
in serum GPx content between chickens fed Se-supplemented
and control diets is an expected result because of Se contents,
and Se is strongly connected to the activity of GPx as a deter-
minant antioxidant enzyme in tissues [7]. The linear increase
in serum and organs in the GPx activity showed a great re-
sponse of antioxidant status to dietary Se.

As we mentioned before, Se is a key mineral for optimum
antioxidative activity and immune response [2, 21]. This ex-
periment showed that supplementation of Se to the diet line-
arly increased the activity of selenoproteins in broilers.
Selenoproteins can be produced by hydrogen selenide as a
metabolite derived from sodium selenite through reduction

by thiols [3]. GPx is the primary defense against oxidative
metabolites, with an integral role to modulate free radicals
[19, 22]. Glutathione is collectively beneficial for intracellular
non-enzymatic activity, with the most important role as the
main component of endogenous cellular redox buffers [3,
18, 22]. In addition, previous studies reported that the relation-
ship between GPx activity and Se supply is associatedwith the
form of Se as organic and inorganic [7]. Our findings on the
linear increase in GPx activity can be supported by the re-
search of Zhou and Wang [9] who indicated an increase in
GPx activity in blood and livers of broiler chickens fed in-
creasing levels of Se. Similar results have been reported in rats
[23] and red deer [24]. Moreover, supplementation of Se into
the diet increased GPx activity in different organs [5, 18, 25].
We did not compare the organic and inorganic sources in this
study, but the results showed that GPx activity in the livers and
spleens were almost similar between broilers fed inorganic
sources as SeS or SeHME, with an exception of the livers
GPx4 and spleens SelW that was significantly higher in
broilers fed SeHME. It is well established that the antioxidant
status is directly proportional to the body Se pool. The protec-
tive role of GPx4 on the reversing oxidation of lipid peroxides,
particularly in arachidonic acid and linoleic acid, separates it
from other GPx family members [26]. We could not rule out
that the source of Se affects antioxidant enzyme ratio due to
mostly insignificant differences between SeHME and SeS
groups. However, according to the data obtained in the present
work, the antioxidant status of broiler chickens was linearly
improved by increasing Se supplementation to the diet while
SeHME was superior to SeS source of Se in increasing the

Table 5 Effect of dietary Se concentration and source on the expression of chicken selenoprotein W (SELW), glutathione peroxidase 1 (GPx-1),
glutathione peroxidase 2 (GPx-2), glutathione peroxidase 3 (GPx-3), and glutathione peroxidase 4 (GPx-4)

Item Control SeS (ppm) SeHME (ppm) SEM1 P value2

SeS SeHME SeS vs SeHME

0.15 0.3 0.45 0.15 0.3 0.45 L Q L Q

Liver

SELW 1.01 1.57 2.96 3.54 2.16 3.21 3.73 0.15 0.003 0.977 0.002 0.211 0.254

GPx-1 1.02 1.40 2.26 2.63 1.74 2.60 2.90 0.1 0.002 0.991 0.004 0.126 0.093

GPx-2 1.09 1.32 2.00 2.18 1.38 2.19 2.45 0.19 0.002 0.267 0.005 0.509 0.331

GPx-3 1.02 1.39 2.54 2.75 1.46 2.59 2.52 0.1 0.003 0.654 0.006 0.134 0.859

GPx-4 1.05 1.14 1.35 1.99 1.16 4.25 4.20 0.19 0.001 0.084 0.005 0.773 0.001

Spleen

SELW 1.01 1.22 1.88 2.16 1.86 2.94 2.63 0.13 0.011 0.934 0.001 0.011 0.014

GPx-1 1.02 8.02 8.42 6.94 5.86 9.05 8.18 0.85 0.048 0.04 0.016 0.196 0.961

GPx-2 1.03 1.59 1.79 1.63 1.88 1.93 1.99 0.11 0.017 0.056 0.077 0.282 0.312

GPx-3 1.02 1.34 2.00 2.26 1.85 1.62 2.64 0.12 0.001 0.903 0.004 0.783 0.549

GPx-4 1.01 1.66 2.40 1.78 1.84 1.78 1.93 0.1 0.017 0.026 0.006 0.105 0.667

SeS, sodium selenite; SeHME, hot-melt extruded sodium selenite

Table 6 Effect of dietary Se concentration and sources on thiobarbituric
acid reactive substances of chicken thigh muscle during storage at 4 °C

Item Control SeS
0.3 ppm

HME
0.3 ppm

SEM1 P value

Period (days)

0 0.25 0.24 0.25 0.01 0.440

3 0.36 0.35 0.34 0.03 0.575

6 0.50 0.48 0.47 0.02 0.089

9 0.87c 0.77b 0.68a 0.01 0.001

SeS, sodium selenite; SeHME, hot-melt extruded sodium selenite
1 Standard error of means
ab Values with different superscripts of the row significantly differ (P <
0.01)
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livers GPx4 and spleens SelW. These results indicated that Se
consumption exerts antioxidant properties.

To evaluate the influences of Se on antioxidant status of
broilers, the levels of TBARS as a key marker of lipid perox-
idation were investigated. Oxygen radical formation has been
reported to damage cellular compartments by adverse effects
on DNA, RNA, and lipids [19, 21, 27]. The hydroxyl radical
from accumulated H2O2 readily attaches to polyunsaturated
fatty acids and increase the peroxidation of lipids that directly
decrease meat quality [25]. The lower TBARS in SeHME
treatment may be partially explained by the higher GPx4 ac-
tivity. The higher activity of GPx can be considered as anti-
oxidative compounds due to the prohibiting effects on hydro-
peroxide to prevent lipid oxidation in organs [21, 23, 27].
GPx4 plays a different physiological role in several ways
compared to the other GPx. GPx4 extensively protects lipids
from peroxidation, particularly involving in linoleic acid and
arachidonic acid metabolism [28]. Therefore, in this study, Se
seems to have a role in lipid oxidation by increasing GPx4. In
animal cells, the principal enzymatic antioxidant system for
hydrogen peroxide detoxification is associated with GPx ac-
tivity [2, 23, 29]. The synthesis of selenoproteins is regulated
by the concentration of Se in the diet, thus affecting the
amount of absorbed Se; as a result, it positively contributes
to Se homeostasis. More Se absorbed from SeHME could
have greatly affected selenoprotein synthesis in the livers,
contributing to increased hepatic selenoproteins mRNA ex-
pression. It seems that the differences between the sources of

Se were directly correlated to its antioxidative enzyme con-
tent. Concomitantly with the increase of plasma Se with Se-
supplemented diets, higher levels of GPx presumably im-
proved the antioxidant status of breast meat.

It was noted that supplementation of Se is required for
optimal growth [2, 3]. The present results showed a linear
improvement of ADG by supplementation of SeHME source
in phase 1, which was consistent with previous reports [9, 10].
However, the ADGwas not significantly different between Se
level and source in phase 2, indicating that SeS and SeHME
did not add obvious growth advantage in broiler chickens,
presumably because the Se requirement of broiler chickens
is lower in older age. Moreover, the results in phase 1 suggest
that SeHME can improve growth performance more effective-
ly than SeS for meeting the dietary Se requirement of broiler
chickens and can relatively reduce the amount of dietary Se
additive. Supplementation of SeHMEmay efficiently increase
the rate of intestinal absorption due to smaller particle size.
Same as our study, nano-Se in broiler chickens [5] also
showed a greater growth performance than with common in-
organic salts due to increased Se absorption. Particle size is an
effective parameter, as absorption efficiency enhances with
the reduction of particle diameter [3, 6, 29]. Nano-particles
are easier to absorb as small particle size (around 200 nm) of
Se could be absorbed through the mucus barrier as an intact
nano-particle [5, 30]. The relatively higher production cost of
organic and nano-particles compared with inorganic sources
has limited their application in broiler chickens’ diet.

Table 7 Effect of dietary Se concentration and sources on growth performance in broilers

Item Control SeS (ppm) SeHME2 (ppm) SEM1 P value2

SeS SeHME SeS vs SeHME

0.15 0.3 0.45 0.15 0.3 0.45 L Q L Q

Phase 1 (0–14 days)

Weight gain (g/bird) 324 334 343 347 349 364 367 4.0 0.087 0.759 0.001 0.175 0.02

Feed intake (g/bird) 521 530 534 549 535 558 548 7.4 0.388 0.89 0.076 0.894 0.29

FCR 1.61 1.59 1.56 1.58 1.54 1.53 1.55 0.02 0.605 0.613 0.419 0.431 0.316

Phase 2 (15–32 days)

Weight gain (g/bird) 1349 1346 1320 1302 1384 1397 1423 29.63 0.69 0.936 0.459 0.951 0.243

Feed intake (g/bird) 2197 2210 2140 2214 2215 2319 2295 37.43 0.97 0.774 0.379 0.833 0.303

FCR 1.63 1.64 1.62 1.7 1.6 1.66 1.61 0.03 0.687 0.779 0.889 0.83 0.526

Overall (0–32 days)

Weight gain (g/bird) 1673 1680 1663 1649 1773 1761 1790 30.62 0.834 0.911 0.253 0.828 0.159

Feed intake (g/bird) 2718 2739 2673 2763 2750 2887 2862 40.63 0.894 0.768 0.254 0.826 0.258

FCR 1.62 1.63 1.61 1.68 1.59 1.63 1.6 0.03 0.75 0.752 0.814 0.947 0.477

SeS, sodium selenite; SeHME, hot-melt extruded sodium selenite
1 Standard error of means
2 L, linear; Q, quadratic
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However, environmental issues must take into account regard-
less of the economic cost of making diets. It is crucial for the
poultry industry to use highly absorbable dietary Se to de-
crease the environmental pollution.

Conclusion

The present results showed that dietary supplementation with
SeHME increased plasma Se concentration, plasma GPx ac-
tivity, and expression of GPx4 in the livers of broiler chickens.
Further, the supplemented SeHME had a greater influence in
decreasing thigh TBARS, probably via influencing the anti-
oxidant status of broiler chickens.
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