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Abstract Selenium (Se) is an essential trace element for
humans and animals and is associated with many physiolog-
ical functions. Previous studies have shown that low-Se diet
may affect inflammatory cytokine productions and histology
in the digestive system and that sulfide hydrogen (H,S) may
contribute to the protection against tissue injury and the inhi-
bition of inflammation in the gastrointestinal tract. In this
study, we investigated the relationship between Se
deficiency-induced inflammation and H,S production in the
small intestine in chickens. One hundred twenty 1-day-old
chickens were fed with diets with different Se concentrations
(0.15 mg/kg in the control and 0.028 mg/kg in the low-Se-diet
group). Chickens were euthanized and small intestinal tissues
were extracted. We observed histology, measured H,S con-
centration, and evaluated the mRNA expression of H,S-pro-
ducing enzymes cystathionine y-lyase (CSE), cystathionine
[3-synthase (CBS), and 3-mercaptopyruvate sulfurtransferase
(3-MST), and inflammatory factors TNF-«, NF-kB p50,
COX-2, and PTGES. Our results showed that chickens fed
with low-Se diet exhibited histological changes, lower H,S
production, and lower mRNA expression of H,S-producing
enzymes (CSE, CBS, and 3-MST) whereas higher mRNA
expression of intestinal inflammatory factors (TNF-«,
NF-kB p50, COX-2, and PTGES) compared to controls.
Our results indicate that low-Se diet could impact H,S, H,S-
producing enzymes, and inflammatory factors in the small
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intestine, implying that Se is important in maintaining intesti-
nal functions and H,S production is downregulated in Se
deficiency-induced inflammation. The downregulation exac-
erbates the inflammation and impacts H,S-mediated intestinal
functions.

Keywords Chicken - Gastrointestinal tract - Hydrogen
sulfide - Inflammatory factor - Selenium

Introduction

Selenium (Se) is an essential trace element and is associated
with various biological activities in both humans and animals.
Se was first regarded as a toxic substance and later was rec-
ognized as a necessary micronutrient with anti-oxidant, im-
mune-regulation, and anti-inflammatory effects [1, 2]. Se
plays an important role in the major metabolic pathways and
the immune functions [3—5]. Nutritional deficiency of Se
could cause high blood pressure or even hypertension [6],
pancreatic atrophy [7, 8], cardiovascular disease [3], and can-
cer [9]. For instance, muscle diseases were found to be asso-
ciated with low-Se diet in calves, lambs, and chickens and can
be prevented by Se supplementation [10-12]. Keshan disease,
prevalent in a wide belt extending from northeast to southwest
China, was found to be associated with Se-deficient soil, and
Se supplementation has been adopted to reduce the affliction
[13].

The gastrointestinal tract is responsible for transporting and
digesting food, and absorbing nutrients. Mucosal immune re-
sponses are subtle and many factors may cause digestive dis-
orders including bacterial or viral infection, alteration of intes-
tinal flora, and immune dysfunctions. Dietary Se is absorbed
mainly in the small intestine, which is also believed to be the
target organ of Se deficiency. In chickens, Se deficiency-
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induced significantly higher inflammatory damage and meth-
ane dicarboxylic aldehyde (MDA) levels, accompanied with
significantly higher levels of inducible nitric oxide synthase
(iNOS) and nitric oxide (NO) but significantly lower levels of
glutathione (GSH) and glutathione peroxidase (GSH-Px) in
the small intestinal tissues [14]. In chickens, Se deficiency
may cause functional disorders or even histological changes
and may induce inflammatory factor production in the gastro-
intestinal tract including the small intestine [15, 16].

On the other hand, the use of Se supplementation is con-
sidered to improve host immune responses because of its anti-
oxidant, anti-inflammatory functions. It was found that Se-
enriched diet could increase intestinal motility in
Trypanosoma cruzi (T. cruzi) infected mice and that Se could
be used to modulate inflammatory responses involved in in-
testinal disturbances caused by 7. cruzi infection [17].

Hydrogen sulfide (H,S) is an endogenous gaseous trans-
mitter and is considered to be the third endogenously pro-
duced gaseous signaling molecule [18]. H,S has been in-
volved in multiple regulations of physiologic and pathologic
functions. H,S plays an important role in the cardiovascular,
central nervous, and gastrointestinal systems. H,S is generated
from L-cysteine, cysteine, and homocysteine by three en-
zymes: cystathionine y-lyase (CSE), cystathionine 3-
synthase (CBS), and 3-mercaptopyruvate sulfurtransferase
(3-MST) [19, 20]. There have been multiple studies on the
effects of H,S in the gastrointestinal tract [21], including the
stimulation of intestinal secretion [22], the reduction in colo-
rectal distension-induced visceral pain [23], and the relaxation
of ileal smooth muscle [24]. In addition, studies have demon-
strated that H,S exhibits anti-inflammatory actions, including
the inhibition of leukocyte endothelial adherence, the reduc-
tion in edema formation, and the enhancement of gastric ulcer
healing [25]. It was also found that H,S could attenuate the
gastric injury caused by anti-inflammatory non-steroidal
drugs [20].

The relationship between Se and the gastrointestinal tract
has been studied in two directions. In one direction, low
absorption caused by gastrointestinal damage could lead to
Se deficiency. In the other direction, low-Se diet could im-
pact gastrointestinal inflammatory cytokine productions and
histology. However, more studies are still in need on Se
deficiency-induced inflammation as well as the impacts of
Se on gastrointestinal functions. The current study focused
on H,S production considering the following two observa-
tions: (1) H,S is closely involved in many gastrointestinal
functions; (2) endogenous H,S production could improve
inflammation in the gastrointestinal tract and the inhibition
of H,S production will exacerbate the inflammation [26]. By
studying H,S production, we intended to have more under-
standing of Se deficiency-induced inflammation, as well as
the impact of low-Se diet on H,S-mediated gastrointestinal
functions.

Materials and Methods
Animal and Experimental Design

Animal use protocols were approved by the Institutional
Animal Care and Use Committee at Nanjing Agricultural
University in accordance with the Guidelines for
Experimental Animals of the Ministry of Science and
Technology (2006, Beijing, China).

One hundred twenty 1-day-old chickens were obtained
from Bada Livestock and Poultry Co., Ltd. Jiangsu
(Changzhou, Jiangsu, China), and were randomly divided into
2 groups with 60 in each group. These chickens were fed
either with commercial granulated diet containing 0.15 mg
Se/kg (control group), or the Se-deficient diet containing
0.028 mg Se/kg (low-Se-diet group). Food and water were
provided with free access. In each group, at days 10, 20, and
30, respectively, 15 chickens were randomly selected from the
remaining live chickens and then were euthanized. In this
experiment, we raised more chickens than chickens eutha-
nized (120 chickens were raised and 90 chickens were eutha-
nized) to ensure there were enough chickens even when some
non-euthanized chickens were dead. Small intestines were
harvested and frozen immediately in liquid nitrogen and then
stored at —80 °C.

Histological Analysis

Small intestinal tissues were collected when chickens were
sacrificed at day 30. Tissues were fixed in 10 % neutral buft-
ered formalin, embedded in paraffin, deparaftinized with xy-
lene, and rehydrated with graded alcohol. The sections were
stained with hematoxylin and eosin (H&E) and visualized
with a microscope (Olympus, Japan).

Measurement of H,S Production in Small Intestinal Tissue

The procedure was described in a previous study [27]. Briefly,
small intestinal tissues were homogenized into 10 % (w/v)
homogenates in 4 °C 50 mM potassium phosphate buffer
(pH 6.8). Reactions were performed in 5-mL Erlenmeyer
flasks and the following were added: 0.5 ml of 1 % zinc
acetate, 2.5 ml of distilled water, 0.1 ml of homogenates in
potassium phosphate buffer, 0.5 ml of 20 mM N, N-dimethyl-
p-phenylenediamine sulfate salt in 7.2 M hydrochloric acid
(HC1), and 0.4 ml of 30 mM FeCl; in 1.2 M HCI, incubated
20 min at room temperature. After incubation, 1 ml of 10 %
trichloroacetic acid was added with distilled water to total
volume 5 ml. Centrifuged 4000g for 5 min, supernatant was
collected and measured by a spectrometer (Shimadzu UV
2100, Japan) at 670 nm. Standard curve was plotted based
on NaHS at different concentrations and the linear regression
function was y=0.00020571 x+0.00138095 with
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R?=0.98962774. The H,S concentration in homogenates was
determined by this standard curve. The result was expressed in
micromoles per liter.

Quantitative Real-Time Polymerase Chain Reaction

Small intestinal samples were harvested and stored at =80 °C
at the time of sacrifice. Total RNA was extracted using TRIzol
reagent (Invitrogen, Shanghai, China) according to the manu-
facturer’s instructions. The RNA pellet was dissolved in
diethyl-pyrocarbonate-treated water, and the concentration
and purity of the total RNA were determined by spectropho-
tometrically at 260/280 nm. First-strand cDNA was synthe-
sized from 10 pg of total RNA using Oligo dT primers, M-
MLV reverse transcriptase, and RNase inhibitor (TaKaRa,
Dalian, Liaoning, China) according to the manufacturer’s
protocol.

PCR primers were designed using Primer Premier 5.0
(PREMIER Biosoft International, USA) and synthesized by
Invitrogen on the basis of known chicken sequences (Table 1).
General PCRs were first performed to confirm the specificity
of the primers. The PCR products were electrophoresed on
2 % agarose gels, extracted, cloned into the pMD18-T vector
(TaKaRa, China), and sequenced. Quantitative RT-PCR reac-
tions were carried out using the ABI Prism Step One Plus
detection system (Applied Biosystems, Foster City, CA,
USA). Reactions were performed in a 20-pl reaction mixture
containing 10 ul of 2 x SYBR Green I PCR Master Mix
(TaKaRa), 2 pul of cDNA, 1 ul of each primer (10 uM), and
6 ul of PCR-grade water. The PCR procedure consisted of a
95 °C step for 30 s followed by 40 cycles consisting of 95 °C
for 15 s and 60 °C for 30 s. A dissociation curve was run for

each plate to confirm the production of a single product.
GAPDH was used as an internal control. Results (fold chang-
es) were determined using the 2722 " method.

Data Analysis

All statistical analyses were performed using GraphPad Prism
5.0 software (GraphPad, San Diego, CA, USA). Our study has
two groups (control group and low-Se-diet group) and three
time points (days 10, 20, and 30). Because we are interested
both in group effect and time effect, and want to test jointly for
group effect (comparison between groups) and time effect
(comparison across time), we used two-way ANOVA with
the Bonferroni multiple-test adjustment. Results were present-
ed as the mean =+ standard deviation (S.D.). P values less than
0.05 were considered to be statistically significant.

Results
Histological Changes

To evaluate the effect of Se on the intestinal tract, we fed 1-
day-old chickens with low-Se diet (low-Se-diet group) or nor-
mal diet (control group). Small intestinal tissues were collect-
ed when chickens were sacrificed at day 30. As shown in
Fig. 1, there was no pathological changes observed in the
control group (Fig. 1a), whereas in the low-Se-diet group,
we observed that inflammatory cells were involved in submu-
cosal, that some epithelial cells were destroyed, that local mu-
cosa showed edema and hyperemia, and that there was

Table 1 Polymerase chain

reaction primers Target gene GenBank no. Forward and reverse sequence
CSE XM_422542.3 Forward: 5'-TGCGTATTTCCAGCGTCCTT-3"
Reverse: 5'-ACATCACTGTGCCCGTTCAT-3’
CBS XM_416752.3 Forward: 5-GAAGGGTTACCGCTGTATCAT-3'
Reverse: 5-GCAGTAGTTGGGGTCCTCAC-3’
3-MST NM_001277377.1 Forward: 5'-AACTGGCTGCGAGAAGGATTT-3'
Reverse: 5-ACGACTTGGAAGCGATGGG-3'
TNFa GU230788.1 Forward: 5'-GCCCTTCCTGTAACCAGATG-3'
Reverse: 5-ACACGACAGCCAAGTCAACG-3'
PTGES NM_001194983.1 Forward: 5'-GTTCCTGTCATTCGCCTTCTAC-3’
Reverse: 5'-CGCATCCTCTGGGTTAGCA-3’
NF-«B p50 M86930 Forward: 5-TCAACGCAGGACCTAAAGACAT-3'
Reverse: 5'-GCAGATAGCCAAGTTCAGGATG-3'
COX-2 NM_001167718.1 Forward: 5-TGTCCTTTCACTGCTTTCCAT-3’
Reverse: 5'-TTCCATTGCTGTGTTTGAGGT-3’
GADPH K01458 Forward: 5'-AGAACATCATCCCAGCGT-3'

Reverse: 5'-AGCCTTCACTACCCTCTTG-3'
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Fig. 1 Histological changes. |
Histology in small intestinal |
tissues from chickens fed with
low-Se diet and normal diet at day 3
30 was analyzed. Representative
H&E-stained sections at x40 |
magnification from a control w
group and b low-Se-diet group ‘

architectural distortion (Fig. 1b). These results indicated low-
Se diet may cause inflammatory lesion in the small intestine.

Effect of Se on H,S Concentration

It has been reported that H,S could protect the integrity of
gastrointestinal mucosa. To evaluate whether Se may impact
the H,S production in the small intestine, small intestinal tis-
sues were harvested when chickens were euthanized at days
10, 20, and 30. H,S concentration was evaluated. As shown in
Fig. 2, we found that there were no significant changes in H,S
concentration over time (days 10, 20, and 30) in the control
group whereas H,S concentration decreased with time (days
10, 20, and 30) in the low-Se-diet group. Compared with the
control group, the low-Se-diet group showed a significantly
higher H,S concentration at day 10 and a significantly lower
H,S concentration at day 20 and 30. The largest difference
between the control group and low-Se-diet group was ob-
served at day 30. These results indicated low-Se diet may
decrease H,S concentration over the 30-day period, which
could impact many H,S-mediated intestinal functions.

30- 3 control
* low Se

2 %
g *#
2 w#
0, 10-
T

0-

10d 20d 30d

Fig. 2 Effect of Se on H,S production in small intestinal tissues. H,S
concentration in small intestinal tissues harvested from chickens fed with
low-Se diet and normal diet at days 10, 20, and 30 were determined. Data
were presented as the mean + standard deviation (S.D.), n = 15. An
asterisk symbol indicates statistically significant difference in each time
point between the low-Se-diet group and control group (p < 0.05). A
number sign indicates statistically significant difference in the low-se-
diet group at day 20 or 30 compared to that in the low-se-diet group at
day 10 (p < 0.05)

Effect of Se on mRNA Expression of H,S-Producing
Enzymes

We next investigated whether low-Se diet reduced the expres-
sion of H,S-producing enzymes. CSE, CBS, and 3-MST have
been found to be closely associated with H,S production, and
they are crucial in influencing gastrointestinal functions espe-
cially via H,S production. The H,S-producing enzymes CSE,
CBS, and 3-MST mRNA expression in small intestinal tissues
from the low-Se-diet group and control group were measured
by quantitative real-time polymerase chain reaction (QPCR).

As shown in Fig. 3, the mRNA expression of CSE and
CBS in the low-Se-diet group was significantly higher than
that in the control group at day 10, whereas significantly lower
than that in the control group at days 20 and 30. The mRNA
expression of 3-MST also shows the similar pattern in that
significantly higher at days 20 and 30, though failed to show
significant difference from that in the control group at day 10.
Over time, the mRNA expression of CSE, CBS, and 3-MST in
the control group did not show significant changes, whereas
there were significant changes and patterns on the dynamics of
the expression in the low-Se-diet group over time. All the
expression of CSE, CBS, and 3-MST in the low-Se-diet group
decreased with time. Moreover, H,S concentration (Fig. 2)
and CSE and CBS mRNA expression (Fig. 3) showed similar
patterns in the dynamics.

These results indicated that low-Se diet may reduce the
mRNA expression of H,S-producing enzymes CSE, CBS,
and 3-MST. They also indicated that the change of CSE is
very similar to the change of H,S concentration in terms of
both between-group difference and across-time dynamics.
Thus, Se could impact both H,S concentration and H,S-pro-
ducing enzymes CSE, CBS, and 3-MST and are very closely
associated to intestinal functions.

Effect of Se on mRNA Expression of Crucial
Inflammatory Factors

We next measured the mRNA expression of inflammatory

factors. Crucial inflammatory factors considered were
TNF-«, NF-kB p50, COX-2, and PTGES, playing
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Fig. 3 Effect of Se on mRNA expression of CSE, CBS and 3-MST in
small intestinal tissues. a CSE, b CBS, and ¢ 3-MST mRNA expression
in small intestinal tissues of low-Se-diet and normal-diet chickens at days
10, 20, and 30 were measured by qPCR. Copy number was normalized to
GAPDH and was expressed as fold change relative to normal-diet
controls at day 10. Data were presented as the mean + standard deviation

important roles in gastrointestinal functions, especially
gastrointestinal immune responses. As shown in Fig. 4,
the mRNA expression of all the four inflammatory factors
TNF-, NF-kB p50, COX-2, and PTGES in the low-Se-
diet group was significantly higher than that in the control
group at all the three time points (days 10, 20, and 30).
Regarding across-time difference, the mRNA expression
of all the 4 inflammatory factors TNF-«, NF-kB p50,
COX-2, and PTGES in the low-Se-diet group increased
with time whereas the mRNA expression of these cyto-
kines in the control group did not show significant differ-
ence over time.

Fig. 4 Effect of Se on mRNA A
expression of TNF-«, NF-kB
p50, COX-2, and PTGES in small
intestinal tissues. a TNF-, b NF-
kB p50, ¢ COX-2, and d PTGES
mRNA expression in small
intestinal tissues of low-Se-diet
and normal-diet chickens at days
10, 20, and 30 were measured by
qPCR. Copy number was
normalized to GAPDH and was
expressed as fold change relative
to normal-diet controls at day 10.

TNF-a
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e
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(S.D.), n = 15. An asterisk symbol indicates statistically significant
difference in each time point between the low-Se-diet group and control
group (p < 0.05). A number sign indicates statistically significant
difference in the low-se-diet group at day 20 or 30 compared to that in
the low-se-diet group at day 10 (p < 0.05)

These results indicated that low-Se diet may increase the
mRNA expression of inflammatory factors TNF-«, NF-xB
p50, COX-2, and PTGES, implying the upregulation of these
inflammatory factors and Se deficiency-induced
inflammation.

Discussion
Se plays an important role in a variety of physiological pro-

cesses in both humans and animals. Se deficiency could in-
duce intestinal disorders and inflammation. H,S exhibits anti-

Data were presented as the

mean + standard deviation (S.D.),
n = 15. An asterisk symbol
indicates statistically significant
difference in each time point
between the low-Se-diet group
and control group (p < 0.05). A
number sign indicates statistically
significant difference in the low-
se-diet group at day 20 or 30
compared to that in the low-se-
diet group at day 10 (p < 0.05)
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inflammatory functions and has many effects on the digestive
system. In this study, we found that Se deficiency could cause
inflammation, decrease H»S concentration and the mRNA ex-
pression of H,S-producing enzymes and increase the mRNA
expression of inflammatory factors in the small intestinal tis-
sue, which implied that H,S is downregulated in the Se
deficiency-induced inflammation and that Se could impact
many H,S-mediated intestinal functions.

In the gastrointestinal tract, H,S is involved in many phys-
iological and pathophysiological processes and could protect
gastric mucosal integrity [28]. The inhibition of H,S synthesis
in colon with inflammation exacerbated colitis and the inhibi-
tion of H,S synthesis in healthy rats caused small intestinal
inflammation and mucosal injury [26]. On the other hand,
exogenous H,S donors could increase the resistance of the
mucosa to injury [20, 29, 30]. H,S-producing enzymes CBS
and CSE are widely expressed in the gastrointestinal tract
[21]. More than 70-95 % of colonic H,S synthesis has been
inhibited if the colonic tissue was co-incubated with inhibitors
of CSE and CBS [26]. It was reported that mice completely
deficient in CBS could not survive because of the H,S-altered
leukocyte interactions with the endothelium [31]. A study was
conducted by treating rats with a number of inhibitors of H,S
synthesis, and results indicated that H,S produced in the con-
text of colitis could exert a predominantly beneficial effect,
i.e., inhibition of its synthesis could lead to exacerbated colitis
[26]. In the present study, we observed reduced H,S concen-
tration as well as reduced mRNA expression of H,S-produc-
ing enzymes CSE, CBS, and 3-MST in the small intestinal
tissues from the low-Se-diet group. The downregulation of
H,S and H,S-producing enzymes could impact many gastro-
intestinal functions as above discussed. To our best knowl-
edge, there is no other study on the impact of low-Se diet on
H,S and H,S-producing enzymes though this issue is very
important.

Pro-inflammatory cytokines were increased in the inflam-
matory response [32]. Se deficiency was found to slow down
the growth of immune organs and decrease immune functions,
which causes many inflammatory diseases [33]. In the acute
phase of immune responses, TNF-« is produced mainly by
activated macrophages and is involved in systematic inflam-
mation. TNF-« secretion is important in maintaining immune
homeostasis. However, over-expression of TNF-o could
cause severe inflammation. NF-kB plays a crucial role in in-
flammatory responses by the regulation of genes encoding
pro-inflammatory cytokines including the expression of
TNF-« [34]. Our results are consistent with Gao et al.’s
(2016) observation in that low-Se diet increased mRNA ex-
pression of TNF-« and NF-kB, implying Se deficiency-
induced inflammation in the small intestine [15].

H,S is closely associated with gastrointestinal functions
and has anti-inflammatory functions. The inhibition of
NF-kB by H,S could downregulate many pro-inflammatory

cytokine productions. For example, the H,S donor GYY4137
inhibited TNF-« production in an endotoxic shock model [35,
36]. Allyl disulfide significantly inhibited NF-kB activation
and production of TNF-« in patients with ulcerative colitis
[37]. HyS-releasing drugs significantly reduced the expression
of TNF-« and IFN-y in rodent models of colitis [26, 38].
Researchers have found that both endogenous and exogenous
H,S promotes resolution of colitis while the inhibition of H,S
production could exacerbate colitis [26]. In the current study,
we are the first to observe the downregulation of H,S and
H,S-producing enzymes in Se deficiency-induced inflamma-
tion in chickens. The downregulation of H,S could exacerbate
the inflammation and impact many intestinal functions. Our
observation of up-regulated NF-«B and TNF-«, together with
the down-regulated H,S and H,S-producing enzymes, is con-
sistent with the studies discussed above on their interactions
[26, 35, 36, 38]. All indicate that H,S production is closely
associated with gastrointestinal inflammation and is believed
as a crucial mediator.

There are also many studies on the interaction of H,S and
inflammatory factors COX-2 and PTGES, as well as their
intestinal functions. It was found that H,S could reduce
COX-2 expression in the circumstance of inflammation, par-
tially due to the inhibition of NF-kB [39, 40]. COX-2 could
catalyze the production of PG with PTGES in an inflamma-
tion response [41]. Increased expression of COX-2 was found
to facilitate the inflammation in the gastrointestinal tract [42].
In the inflammation of gastrointestinal tract, both COX-2 and
PTGES were increased [43]. In the current study, we found an
increase in COX-2 and PTGES mRNA expression in mice fed
with low-Se diet, implying Se deficiency-induced inflamma-
tion. We also found a downregulation of H,S and H,S-pro-
ducing enzymes in mice fed with low-Se diet, implying in-
flammation is exacerbated and many H,S-mediated intestinal
functions are impacted in Se deficiency-induced
inflammation.

In summary, Se is important in regulating H,S and in-
flammation in the digestive system. Low-Se diet could re-
duce H,S concentration, down-regulate H,S-producing en-
zymes CSE, CBS and 3-MST, and up-regulate inflamma-
tory factors TNF-«, NF-kB, COX-2 and PTGES. This H,S
down-regulation could exacerbate Se deficiency-induced
inflammation and impact many H,S-mediated intestinal
functions. There are interactions between Se, H,S, H,S-
producing enzymes, and inflammatory factors in the gas-
trointestinal tract. Further studies will be conducted for
more understanding of the impact of Se on the gastrointes-
tinal tract.
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