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Comparative study of yeast selenium vs.
sodium selenite on growth performance,
nutrient digestibility, anti-inflammatory
and anti-oxidative activity in weaned
piglets challenged by Salmonella
typhimurium

Liangkang Lv, Hui Zhang, Zhengya Liu, Long Lei, Zhi Feng,
Dandan Zhang, Ying Ren and Shengjun Zhao

Abstract

The present study was conducted to investigate the effects of dietary supplementation of selenium from different

sources on the growth performance, nutrient digestibility, and blood immune indices of piglets orally challenged with

Salmonella typhimurium (ST). In a 2� 2 factorial arrangement, 32 piglets (6.43� 0.54 kg of body mass) were assigned

into four groups with or without dietary inclusion of sodium selenite (SS) or yeast selenium (YS) and with or without ST

challenge (5 ml 1� 109 cfu/ml ST or 5 ml saline) on d 13. In each period, YS increased average daily feed intake and

average daily gain but did not reach statistical significance. During the challenged stage, piglets fed YS had higher

digestibility of dry matter, crude protein, crude fat, and YS reduced the amount of Escherichia coli in feces.

Additionally, YS regulated the composition of T-lymphocyte subset and influenced the production of inflammatory

cytokines. In conclusion, in this study selenium-enriched yeast was more effective in enhancing nutrient digestibility,

and inhibiting inflammation and oxidative stress by inducing the activity of the lymphocytes, expression of antioxidant

enzymes and so on.
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Introduction

Selenium is one of the micronutrients in animals and has

been recognized as an essential dietary nutrient for

about 50 years. It can protect against several degenera-

tive diseases, improve the reproductive performance of

animals, and strengthen the immunity of animals.1,2 One

function of selenium is performed by kinds of selenopro-

teins acting as redox catalysts (e.g., glutathione peroxi-

dase) at normal internal environment homeostasis.3

Selenium has additional momentous effects on the

immune response, which might happen independent to

the enzymatic functions.1 Also, the apparent digestibility

of dry matter in selenium-supplement pigs has been

investigated in detail.4 Traditionally, sodium selenite
(SS) is generally supplied in pigs’ diets to improve
animal health, but it has the disadvantage of low
absorption and high toxicity for animals and residual
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selenium in excrement can pollute the environment.5

Selenium of selenium-enriched yeast is biotransformed

by yeast cells, which meets the optimal selenium require-

ment of the animal body without any toxic side effect.6

Meanwhile, selenium-enriched yeast has proven to be

safer, more stable, more absorbent, and less polluting

than inorganic selenium.7

Salmonella typhimurium (ST) is one of the most

important bacterial foodborne pathogens that afflicts

a large number of humans and animals worldwide.8

Particularly for intensive livestock and poultry farms,

ST represents a non-negligible challenge in causing sub-

stantial economic loss.9

Accordingly, we hypothesized that yeast selenium

(YS) supplementation would have better effects on per-

formance, apparent digestibility, and immunity and

anti-oxidation function for piglets than SS. This inves-

tigation was conducted to determine the effect of

selenium-enriched yeast on growth performance, nutri-

ent digestibility, and diarrhea in a piglet model with

ST challenge. Also, T-lymphocyte subsets and serum

indices were determined to explain the enhancement

of immunity and resistance to oxidative stress.

Materials and methods

Animals and diets

The piglets were used in this investigation according to

the Animal Care and Use Committee of Wuhan

Polytechnic University. Thirty-two healthy weaned

crossbred male piglets (Duroc�Large White�
Landrace; weaned at 21� 1 d of age; body mass

(BM)¼ 6.43� 0.54 kg) were selected from a creditwor-

thy farm, and controlled in the Hubei Key Laboratory

of Animal Nutrition and Feed Science (Wuhan

Polytechnic University, Wuhan, China). During the

27 d experiment, piglets were housed individually in

pens, with free access to feed and water. The pre-

starter and starter diets (Table 1) were formulated to

meet National Research Council (NRC) nutrient

requirements.10 The two experimental diets consisted

of the same amounts of most ingredients, such as

cooked corn, expanded corn, expanded soybean and

fermented soybean meal and so on, at each period.

The only difference between the two diets was the

source of selenium in 5% premix, and the content of

selenium in both diets was 0.375 mg/kg.

Bacteria

ST (CICC 21484) was provided from the China Center

of Industrial Culture Collection (Beijing, China). To

determine the CFUs, the inoculum was diluted with

PBS and plated on NB basal medium agar for 24 h

at 37�C.

Experimental design

The 2� 2 factorial experiment was utilized for this

study with dietary treatments (SS vs. selenium yeast)

and ST challenge (saline vs. ST). Based on similar BM,

pigs (n¼ 32) were randomly divided into four treat-

ments: (i) SS-SC (piglets received a SS diet and injected

with 5ml 1� 109 cfu/ml ST); (ii) SS-NC (piglets

received a SS diet and injected with 5ml saline); (iii)

YS-SC (piglets received a selenium yeast diet and

injected with 5ml 1� 109 cfu/ml ST); and (iv) YS-NC

(piglets received a selenium yeast diet and injected with

5ml saline). There were eight replicates (n¼ 8) for each

treatment in each sampling time, and each replicate had

one pig. After 3 d of acclimatization, the animals

received the pre-starter ration during d 1–13 and starter

diets during 14–27. On d 13 of the trial, piglets in

groups SS-SC and YS-SC were orally challenged with

5ml of ST inoculum (1� 109 cfu/ml), while piglets in

the groups SS-NC and YS-NC were treated with equiv-

alent amounts of saline. Piglets were weighed on the

d 1, d 13, d 20, and d 27 of the trial at 8:00 am.

Meanwhile, daily feed intake, diarrhea occurrence,

and skin/fur situation of piglets were recorded.

Sample collection

On d13 (before challenge), d 14, d 20, and d 27 of the

trial, two heparinized vacuum tubes of blood were

obtained from the precava of each piglet. The blood

was centrifuged at 3500 g for 10 min at 4�C and

stored at �80�C for further analyses. Following the

last blood collection, all piglets were slaughtered,

humanely. The fecal samples were collected for mea-

surement of apparent digestibility (on d 10–12, d 17–19,

and d 24–26), and microbial composition (ST and

Escherichia coli) of feces (on d 13, d 14, d 20, and d 27).

Measurement of nutrient digestibility

For each diet (Table 1), 0.1% TiO2 was mixed individ-

ually and supplied in the premix. By measuring the

levels of nutrients in feed (NR) and fecal (NF) samples

and the concentration of TiO2 in feed (IR) and fecal (IF)

samples, apparent digestibilities (DN) were calculated

using the equation DN¼ (1� IRNF/IFNR)� 100%.11

Measurement of fecal microbial

The standard culture method (SCM) was used for the

present study in determining the content of bacteria in

piglets’ fresh fecal sample, which was based on previous

studies.12 The fecal sample was diluted by the sterilized
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saline. Then, the appropriate diluted sample was inoc-

ulated in the bacterial test tablets (Biopeony Beijing

Co., Ltd), colonies counted, and the color show test

carried out according to the instructions.

Measurement of antioxidase and inflammatory

cytokines of blood samples

The contents of catalase (CAT), superoxide dismutase

(SOD), glutathione peroxidase (GSH-Px), malondial-

dehyde (MDA), IgA, IgG, and IgM were tested using

the commercial assay kits according to the manufac-

turers’ instructions (Nanjing Jiancheng Bioengineering

Institute, Nanjing, China). The concentrations of IL-1,

IL-2, and IL-6 were measured with the commercial

porcine ELISA kit (Shanghai Enzyme-linked

Biotechnology Co., Ltd. (Shanghai, China)). White

blood cells (WBCs) were analyzed by Bayer

ADVIA2120i according to the instructions. Servicebio

Bio-Technology Co., Ltd. (Wuhan, China) was

entrusted with measuring CD3þ cell, CD4þ cell,

CD8þ cell, contents of total protein (tp), urea, NO,

C-reactive protein (CRP) in whole blood.

Statistical analysis

All data were analyzed as a 2� 2 factorial design by

ANOVA using the general linear model (GLM) proce-

dures of SPSS version 17.0 (SPSS Inc., Chicago, IL,

USA). The statistical model consisted of the main

effects of dietary treatment (SS or selenium yeast)

and challenge (saline or ST), and their interactions.

Post hoc testing was conducted using Duncan’s multi-

ple comparison tests. The data were considered

Table 1. Composition of experimental diets (%, as-fed basis).

Itema

Creep feed Conservation feed

Pre-starter-SS Pre-starter-YS Starter-SS Starter-YS

Cooked corn 16.5 16.5 51 51

Expanded corn 15 15 10 10

Dehulled soybean meal 0 0 10 10

Expanded soybean 10 10 10 10

Puffed rice 18 18 0 0

Soybean oil 1 1 0.6 0.6

Fermented soybean meal 8 8 4 4

Rice bran meal 0 0 0 0

Soybean lecithin 2 2 1.5 1.5

Low protein whey powder 8 8 5 5

Plasma protein powder 4 4 2 2

Milk replacer 5 5 0 0

Fat emulsion powder 2.5 2.5 1.25 1.25

Sugar 5 5 0 0

Antimildew agent 0.06 0.06 0.08 0.08

Premixb (with sodium selenite) 5 0 5 0

Premixb (with selenium yeast)c 0 5 0 5

Total 100 100 100 100

Nutrition composition

Digestible energyd, MJ/kg 15.24 15.24 14.52 14.52

Crude fibere, % 1.47 1.47 2.08 2.08

Crude proteine, % 17.12 17.12 17.73 17.73

Total calciume, % 0.46 0.46 0.41 0.41

Total phosphoruse, % 0.5 0.5 0.71 0.71

Total lysinee, % 1.51 1.51 1.47 1.47

Total methioninee, % 0.55 0.55 0.41 0.41

Total methionineþ cystinee, % 0.79 0.79 0.68 0.68

aThe nutrient content of each feed in the formula was calculated by referring to NRC (2012) feed nutrient value table.
bThe premix provided the following amounts per kilogram of complete diet: titanium dioxide 1 g; VA 11,500 IU; VD3

4000 IU; VE 45 mg; VK3 3.5 mg; VB3 2 mg; VB2 6.5 mg; VB6 5 mg; VB12 0.05 mg; nicotinic acid 25 mg; calcium

pantothenate 9.5 mg; folic acid 0.65 mg; biotin 0.5 mg; choline chloride 500 mg; VC 288 mg; Fe L80 mg; Cu L40 mg;

I 1mg; Se 0.3 mg; Zn 50 mg; Mg 68 mg; Co 0.3 mg.
cSelenium yeast, provided by Lesaffre Company, France.
dCalculated.
eAnalyzed.
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significant at P< 0.05, and 0.05<P< 0.1 was consid-

ered as trend. All data are presented as mean� SEM.

Results

Growth performance

Before ST challenge, YS supplementation enhanced

average daily feed intake (ADFI) significantly

(P< 0.05; Table 2). In other groups, no differences

were observed in ADFI after ST challenge (P> 0.05).

During d 14–20, piglets infected with ST had a lower

average daily gain (ADG) than that of the piglets

treated with saline (P< 0.05). There was no significant

difference in feed conversion rate (FCR) among all

treatment groups throughout the trial.

Nutrient digestibility

As shown in Table 3, at the non-challenged stage, diet

treatments did not significantly affect the digestibility

of crude fat. Piglets supplied YS had higher digestibility

of dry matter and crude protein. It is worth mentioning

that the YS had contributed significantly to the devel-

opment of dry matter and crude protein digestibility, as

indicated by statistics showing before ST (P< 0.05).

Form d 14 to 27, the digestibility of dry matter, crude

protein and crude fat in YS group were remarkably

higher than that in SS group (P< 0.001). There was

Table 2. Effects of YS supplementation on growth performance of weaned piglets during the whole test.

Item

SS YS
SEM

P value

SC NC SC NC Diet type ST Interaction

(d1–d13)

ADFI, g/d 304.089a 313.924ab 323.845b 315.945ab 4.322 0.018

ADG, kg/d 0.168 0.173 0.170 0.170 0.008 0.908

FCR, % 1.753 1.745 1.718 1.746 0.105 0.874

(d14–d20)

ADFI, g/d 589.891 591.653 595.910 629.799 21.834 0.320 0.421 0.468

ADG, kg/d 0.370ab 0.379ab 0.346a 0.391b 0.014 0.689 0.058 0.194

FCR, % 1.603 1.561 1.673 1.571 0.068 0.564 0.307 0.665

(d21–d27)

ADFI, g/d 788.394 801.909 814.811 842.259 27.573 0.236 0.464 0.802

ADG, kg/d 0.446 0.466 0.475 0.498 0.033 0.355 0.520 0.956

FCR, % 1.713 1.648 1.650 1.591 0.090 0.514 0.497 0.972

Values are mean and pooled SEMs, n¼ 8 (1 pig/pen). Labeled means in a row without a common letter differ, P< 0.05. ADFI, average daily feed intake;

ADG, average daily gain; FCR, feed conversion rate.

Table 3. Effects of YS supplementation on nutrient digestibility of weaned piglets during the whole test.

Item

SS YS

SEM

P value

SC NC SC NC Diet type ST Interaction

(d7–d13)

Dry matter, % 80.91 82.18 84.32 84.65 1.26 0.03

Crude protein, % 65.17a 66.33ab 73.32b 73.54b 1.870 < 0.001

Crude fat, % 46.30 54.68 54.26 54.85 5.093 0.43

(d14–d20)

Dry matter, % 78.01a 77.39a 87.23b 86.57b 1.282 < 0.001 0.62 0.99

Crude protein, % 64.41a 65.47a 79.69b 80.32b 2.390 < 0.001 0.73 0.93

Crude fat, % 29.15a 31.07a 89.73b 90.01b 2.075 < 0.001 0.68 0.33

(d21–d27)

Dry matter, % 70.13a 73.21a 87.31b 85.48b 1.695 < 0.001 0.72 0.16

Crude protein, % 60.48a 62.45a 82.81b 80.55b 2.626 < 0.001 0.96 0.43

Crude fat, % 19.08a 43.79b 90.36c 86.13c 2.290 < 0.001 < 0.001 < 0.001

Values are mean and pooled SEMs, n¼ 8 (1 pig/pen). Labeled means in a row without a common letter differ, P< 0.05.
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an interaction between diet and ST on the digestibility
of crude fat (P< 0.001).

Microbial counting of feces

Before ST challenge, the concentration of ST in YS-NC
group was higher than the SS-NC group (P< 0.05;
Table 4), and E. coli in YS-SC group was higher than
SS-SC (P< 0.05). One d post ST challenge, fecal ST
level in SS-NC group was higher than that in YS-NC
group (P< 0.05). Fecal E. coli was lower in SS-NC
group when compared with the YS-NC (P< 0.05).
Seven d after challenge, the level of ST in the YS-SC
group was higher than that of YS-NC group (P< 0.05).
Moreover, the concentration of E. coli in the SS-NC
group was higher than the YS-NS group (P< 0.05).
Compared with the SS treatment, there was a signifi-
cant difference in E. coli between SS-SC and YS-SC
groups at d 14 post challenge (P< 0.05), and SS-
SC group had a higher E. coli level than that of
SS-NC group (P< 0.05). There was an interactive
effect between diet and ST on the level of E. coli.

T-Lymphocyte subset

Before ST challenge, piglets that had been fed YS had a
higher CD4þ T cells concentration compared with pig-
lets supplied SS (P¼ 0.001; Table 5). No significant
difference was found in the CD3þ, CD8þ, and CD4þ/
CD8þ ratio (P> 0.05). One d after ST challenge, CD4þ

cells and CD3þ cells in YS-SC group were higher than
that in SS-SC group (26.75% and 35.64%, respective-
ly). CD8þ cells in YS-SC group declined significantly
by 21.98% compared with SS-SC group (P> 0.05),
while the immune cells of CD3þ in YS-SC advanced.
There was a significant interaction between SS

challenge and diet on the CD3þ cells (P< 0.05).

Seven d after ST challenge, compared with piglets sup-

plied with SS, piglets fed with YS had a higher CD4þ

cells and CD4þ/CD8þ ratio (P< 0.05). Fourteen d

after ST challenge, the piglets fed YS diet had a

higher number of CD3þ cells, and a lower one of

CD8þ cells compared with piglets fed SS diet

(P< 0.05). There was a significant increase of CD4þ/
CD8þ ratio in piglets infected by ST at 14 d post-

challenge.

Serum biochemical indexes

Before ST challenge, no difference was seen in IgA,

IgG, IgM, CAT, GSH-PX, and WBCs between differ-

ent selenium sources (P> 0.05; Tables 6 and 7), while

the piglets supplied with SS had higher contents of

urea, SOD, MDA, compared with pigs fed YS

(P< 0.05). Compared with SS group, piglets fed YS

had higher levels of NO, CRP, IL-1, IL-6 (P< 0.01),

and IL-2 (P< 0.05).
One d after ST challenge, piglets fed with YS had

higher IgG content (P< 0.01), CAT activity (P< 0.05)

and a lower IgA level (P< 0.01), and tended to have a

lower proportion of urea compared to piglets fed with

SS (P¼ 0.051). Concentrations of NO and CRP in YS

group were remarkably higher than that in SS group

(P< 0.01). Except for IL-6 concentration, there was no

interaction between ST treatment and diet observed

concerning the selected immune factors. Compared

with pigs treated with ST, animals injected with saline

had higher levels of IL-1, IL-2, and IL-6 (P< 0.05)

compared with piglets treated with ST.
Seven d after ST challenge, no different changes in

some indices were found in piglets fed between YS and

Table 4. Microflora (ST and E. coli) counting of feces at d14, d16, d22, and d28.

Item

SS YS
SEM

P value

SC NC SC NC Diet type ST Interaction

Before ST challenge

ST 102, CFU/g 36a 26a 20a 306b 11.393 < 0.001

E. coli 103, CFU/g 133a 112a 187b 133a 13.434 0.010

1 d challenge

ST 102, CFU/g 31ab 39b 19ab 5a 9.755 0.026 0.805 0.268

E. coli 103 CFU/g 89ab 72a 131bc 171c 19.018 0.001 0.559 0.147

7 d after ST challenge

ST 102, CFU/g 20b 7ab 20b 4a 5.094 0.798 0.009 0.733

E. coli 103, CFU/g 125a 298b 141a 118a 29.869 0.010 0.017 0.003

14 d after ST challenge

ST 102, CFU/g 6b 5ab 5ab 2a 0.875 0.024 0.041 0.710

E. coli 103, CFU/g 114b 58a 59a 66a 8.278 0.009 0.005 0.001

Values are mean and pooled SEMs, n¼ 8 (1 pig/pen). Labeled means in a row without a common letter differ, P< 0.05.
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Table 5. Effects of YS supplementation on CD4þ, CD3þ, CD8þ and CD4þ/CD8þ ratio of whole blood in weaned pigs.

Item

SS YS
SEM

P value

SC NC SC NC Diet type ST Interaction

Before ST challenge

CD4þ 15.36%a 19.42%ab 23.13%b 22.62%b 1.40% 0.001

CD3þ 14.56% 12.64% 13.67% 16.76% 1.60% 0.321

CD8þ 21.95%b 9.37%a 20.03%b 17.35%b 1.86% 0.172

CD4þ/CD8þ 3.13%c 0.13%a 2.13%bc 1.71%b 0.40% 0.454

1 d after ST challenge

CD4þ 20.82% 24.00% 26.39% 21.11% 1.84% 0.473 0.546 0.029

CD3þ 13.71%a 19.46%b 18.46%ab 14.74%ab 1.70% 0.995 0.115 0.009

CD8þ 22.65%b 9.16%a 15.22%a 9.30%a 2.20% 0.126 0.460 0.112

CD4þ/CD8þ 17.99%ab 13.41%a 22.38%b 17.08%ab 2.50% 0.122 0.061 0.888

7 d after ST challenge

CD4þ 21.96%ab 21.45%a 23.42%ab 25.46%b 1.25% 0.037 0.546 0.315

CD3þ 11.30% 14.24% 12.85% 26.92% 1.08% 0.742 0.115 0.279

CD8þ 26.92% 27.06% 29.25% 24.92% 2.79% 0.974 0.460 0.431

CD4þ/CD8þ 21.58%a 20.92%a 29.13%b 30.85%b 2.50% 0.001 0.826 0.623

14 d after ST challenge

CD4þ 22.12% 22.62% 24.48% 27.56% 2.20% 0.107 0.423 0.562

CD3þ 13.90%a 17.11%ab 17.83%ab 22.00%b 2.10% 0.045 0.090 0.820

CD8þ 30.66%b 20.09%a 15.71%a 18.56%a 2.93% 0.009 0.198 0.030

CD4þ/CD8þ 20.42%b 14.28%a 16.82%ab 14.08%a 2.00% 0.347 0.034 0.398

Values are mean and pooled SEMs, n¼ 8 (1 pig/pen). Labeled means in a row without a common letter differ, P< 0.05.

Table 6. Effects of YS supplementation on antioxidase of serum in weaned pigs.

Item

SS YS

SEM

P value

SC NC SC NC Diet type ST Interaction

Before ST challenge

CAT, U/ml 36.90 34.094 33.24 34.35 1.46 0.255

GSH-Px, U/ml) 1210.79b 1110.55ab 960.81a 1153.086b 53.10 0.061

SOD, U/ml 110.38b 105.85b 91.058a 81.45a 4.82 0

MDA, nmol/ml 4.43b 4.32b 3.45a 4.30b 0.19 0.012

1 d after ST challenge

CAT, U/ml 32.19ab 34.53a 36.15ab 38.76b 1.82 0.033 0.186 0.942

GSH-Px, U/ml 991.26 928.48 1011.30 1004.16 59.58 0.429 0.562 0.644

SOD, U/ml 77.93 70.72 81.10 85.35 5.84 0.139 0.801 0.335

MDA, nmol/ml 3.85ab 3.77ab 4.36b 3.55a 0.24 0.534 0.074 0.136

7 d after ST challenge

CAT, U/ml 30.49 32.02 33.10 32.12 1.30 0.179 0.893 0.2

GSH-Px, U/ml 857.28 911.52 940.30 949.87 36.59 0.108 0.391 0.547

SOD, U/ml 74.75 80.76 74.58 77.03 4.002 0.63 0.299 0.661

MDA, nmol/ml 3.74a 3.77a 4.75b 3.91a 0.29 0.058 0.17 0.148

14 d after ST challenge

CAT, U/ml 34.42 37.64 38.10 40.18 2.112 0.105 0.301 0.64

GSH-Px, U/ml 885.56a 858.20a 985.81ab 1191.77b 71.66 0.005 0.223 0.115

SOD, U/ml 90.54ab 100.49b 95.72ab 86.95a 3.32 0.219 0.86 0.009

MDA, nmol/ml 4.34 4.18 4.07 3.10 0.36 0.528 0.744 0.906

Values are mean and pooled SEMs, n¼ 8 (1 pig/pen). Labeled means in a row without a common letter differ, P< 0.05.

Lv et al. 253



SS diets, except that CRP, IL-2, and IL-6 levels in YS-
SC group were higher than that in SS-SC group
(P< 0.01). The ST treated piglets fed YS diet tended
to have a higher MDA content than piglets of SS-NS
group (P¼ 0.058). ST treatment and diet did not affect
the indices shown in Tables 6 and 7.

Fourteen d post ST challenge, YS diet up-regulated
the contents of urea, GSH-Px, IL-2, and IL-6 (P< 0.05),
and down-regulated the NO level compared with piglets
fed with SS (P< 0.01). Pigs fed YS tended to have a
higher IgG content than that in pigs fed SS (P¼ 0.07).
As shown in the present data, there was an interaction

Table 7. Effects of YS supplementation on inflammatory cytokines and other performance of serum in weaned pigs.

Item

SS YS

SEM

P Value

SC NC SC NC Diet type ST Interaction

Before ST challenge

IgA, g/l 1.20 1.20 1.22 1.21 0.012 0.231

IgG, g/l 19.91 19.97 20.32 20.17 0.24 0.219

IgM, g/l 2.42 2.41 2.42 2.42 0.009 0.538

IL-1, pg/ml 30.42a 34.88ab 45.37c 39.10b 2.16 0

IL-2, pg/ml 21.41a 25.65ab 30.18b 28.47b 2.15 0.029

IL-6, pg/ml 110.66a 113.79a 122.72b 116.96ab 2.46 0.004

CRP, mg/l 3.32a 3.83a 5.39b 3.43a 0.22 0.002

WBC, 109/l 20.54 20.31 20.89 27.90 2.73 0.157

NO, mmol/l 76.071a 80.37ab 86.001bc 88.30c 2.45 0.001

Urea, mmol/l 3.96b 3.31ab 2.72a 2.43a 0.38 0.009

1 d after ST challenge

IgA, g/l 1.24ab 1.300b 1.19a 1.21a 0.023 0.004 0.127 0.417

IgG, g/l 20.34a 20.44a 20.60ab 20.85b 0.11 0.006 0.132 0.517

IgM, g/l 2.42 2.43 2.43 2.43 0.009 0.598 0.416 0.916

IL-1, pg/ml 39.55b 41.72b 34.067a 41.98b 1.82 0.133 0.022 0.104

IL-2, pg/ml 31.69ab 35.25ab 30.036a 38.031b 2.23 0.277 0.001 0.811

IL-6, pg/ml 123.71b 126.32b 114.58a 130.81b 2.90 0.377 0.008 0.027

CRP, mg/l 3.78a 4.39b 4.55b 4.61b 0.19 0.016 0.09 0.159

WBC, 109/l 21.71 19.30 22.74 21.96 2.74 0.506 0.566 0.768

NO, mmol/l 90.14a 92.10a 100.93b 108.62b 2.752 0 0.049 0.541

Urea, mmol/l 2.88b 2.69ab 2.59ab 2.22a 0.18 0.051 0.136 0.628

7 d after ST challenge

IgA, g/l 1.14 1.15 1.16 1.17 0.027 0.561 0.658 0.841

IgG, g/l 20.95 20.93 20.95 20.97 0.048 0.604 0.992 0.727

IgM, g/l 2.40 2.40 2.40 2.41 0.006 0.207 0.192 0.815

IL-1, pg/ml 50.93 42.61 43.69 45.40 3.18 0.434 0.274 0.117

IL-2, pg/ml 47.34a 39.36a 57.78b 61.44b 2.88 0 0.593 0.094

IL-6, pg/ml 148.94a 146.63a 170.33b 177.50b 6.71 0.003 0.885 0.242

CRP, mg/l 4.91a 5.10a 6.88b 7.016b 0.45 0 0.725 0.955

WBC, 109/l 24.90 16.86 19.89 19.91 3.081 0.753 0.204 0.201

NO, mmol/l 101.42 84.98 91.29 101.18 7.36 0.644 0.745 0.127

Urea, mmol/l 1.84 1.49 1.95 1.86 0.19 0.209 0.263 0.507

14 d after ST challenge

IgA, g/l 1.19 1.20 1.2 1.20 0.009 0.314 0.547 0.889

IgG, g/l 21.12b 20.85a 21.089b 21.15b 0.071 0.07 0.153 0.029

IgM, g/l 2.41 2.42 2.41 2.41 0.006 0.977 0.62 0.838

IL-1, pg/ml 37.94 39.85 43.37 42 2.35 0.057 0.616 0.288

IL-2, pg/ml 49.59a 52.96a 62.099b 50.78a 2.82 0.048 0.304 0.009

IL-6, pg/ml 132.014a 144.80a 181.042b 147.59a 6.94 0.003 0.081 0.008

CRP, mg/l 6.57 6.92 7.68 7.22 0.58 0.167 0.865 0.363

WBC, 109/l 20.013 16.90 16.67 14.91 1.78 0.147 0.183 0.705

NO, mmol/l 74.75b 27.50a 25.12a 26.47a 7.20 0.005 0.011 0.007

Urea, mmol/l 2.26a 1.99a 3.16b 2.45a 0.23 0.007 0.042 0.351

Values are mean and pooled SEMs, n¼ 8 (1 pig/pen). Labeled means in a row without a common letter differ, P< 0.05.
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between ST challenge and diet observed in the abun-
dance of IgG, SOD, NO, IL-2, and IL-6 (P< 0.05).

Discussion and conclusion

In the present study, dietary supplementation with YS
resulted in a great increase of ADFI before the chal-
lenge. YS showed significant improvement in ADG,
FCR and feed intake in chicken and cattle, which is
consistent with the present findings.13 YS acts as the
anti-stimulation nutrient to attenuate the growth inhi-
bition under infection and stress conditions and
increases the immune response of weaning pigs.14,15

In addition, results of this study indicated that no sig-
nificant effect of YS on the growth performance
occurred in the following 2-wk period. The previous
study on weaned piglets showed that the level of sele-
nium meeting the requirement did not affect the per-
formance of piglets.16 Therefore, the difference was
probably due to the selenium supplementation
(0.375mg/kg) in the two diets which was adequate for
maintaining healthy growth of weaned pigs. We also
measured the selenium content in SS and YS diets. The
results were 0.445� 0.0396mg/kg (pre-starter-SS,
Table 1), 0.487� 0.0346mg/kg (pre-starter-YS),
0.365� 0.0502mg/kg (starter-SS), and 0.398�
0.0272mg/kg (starter-YS). There were no significant
differences between the two group diets in the same
phases. Meanwhile, only SC group showed a trend to
deduce ADG. Accordingly, it had been reported earlier
that the ADG of weaned pigs was decreased in
response to ST injection.17 Also, it was reported that
pigs challenged with ST (3� 109 cfu) produced a phys-
iological febrile and reduced ADG.18 Based on this
result and the previous study, it was possible that YS
supplementation partially alleviated growth inhibition
in the ST infection. Additionally, the model of ST chal-
lenge in weaned piglets was established successfully.

In investigations with weaned piglets, it was usual to
evaluate the effectiveness of nutrient digestion by mea-
suring the digestibility.19,20 Based on the results, titani-
um dioxide was selected as the exogenous indicator to
evaluate the apparent digestibility of nutrients.21 In this
study, YS supplementation increased the digestibility
of dry matter and crude protein before SC, and this
was consistent with earlier findings.22 Likewise, the
appropriately improved apparent digestibility of
nutrients in the total tract was found in diets supple-
mented with YS for lactating dairy cows and sheep.22,23

The results may be associated with the improvement of
rumen microbial activity and the change of fermenta-
tion mode caused by YS addition.23 The present results
indicated that YS supplementation in weaned piglets
diet could significantly improve the digestibility of
nutrients in an experimental challenge model of ST.

This might be because cells of selenium-enriched
yeasts are rich in protein, B vitamins, fat, carbohy-
drates, enzymes, and some coordination factors.6,24

Therefore, it was likely that the selenium yeast product
resulted in superior effects on improving nutrient
digestibility to SS.

In the present study, we observed that dietary sup-
plementation of YS improved ST and E. coli in feces
compared with control piglets before ST challenge.
However, several experiments have shown that YS sup-
plementation reduced the fecal microflora in finishing
pigs.25,26 It was reported that piglets which were fed the
yeast diet had limited effects on microbial counts in
fresh feces.27 The different results might be explained
by the experimental animals, proper doses of YS, and
types of YS. Then, we found YS supplementation
resulted in a decrease of ST compared with piglets
fed SS after 1 d of ST challenge, which was consistent
with previous reports.26 Expectedly, ST up-regulated
this bacterium in excrement microflora during the late
stage of challenge, indicating that the treated pigs may
be successful in infection. Nowadays, overpopulation
of E. coli might cause diarrhea and the inhibition of
animal growth performance has been accepted.28,29

A numerically significant decrease was found in
E. coli of the fresh feces on d 21 of piglets fed YS
diet, and a marked reduction of E. coli in ST-injected
pigs fed selenium-enriched yeast at the last day before
slaughter.

In the current study, we evaluated the effect of YS in
the diet on cytokine production after stimulation.
We simulated the pathological state of weaned piglets
by infecting with ST.18 ST invades the host gut by
attacking specific members of the microbiota selectivity
in the gastrointestinal tract.30 ST is known as common
Gram-negative intracellular bacterium which triggers
inflammasome assembly via the cytosolic receptors
(NLRP and NLRP4), thereby recruiting a series of
cytokines and inflammatory medium.31,32 Thus, it was
considered that the anti-oxidant should be able to con-
tribute some effects of protection on cells and tissues
against stimulation. The cellular immune response
plays a vital role in the organism to response the intra-
cellular pathogens by inhibiting pathogen replication
and accelerating the clearance of infected cells.33

T-Lymphocyte subset is commonly measured as
indication for the immune status in pigs.34 It was dem-
onstrated that feeding YS could improve the immune-
boosting of body, which was consistent with the data of
our study.35 We found that YS supplementation
enhanced the numbers of CD4þ T-lymphocytes
during d 1 to 7. Earlier, it had been reported that
selenium-enriched yeast capsules improved
immunity (i. e., the CD4þ T-lymphocytes count) of
HIV-positive children, and it was indicated that the
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moderate nutritional doses of YS to the aged had an
effectiveness of promoting a T-lymphocyte response for
stimulation.36,37 However, selenium supplementation
from this study had no significant effect on changes
of the CD3þ and CD4þ lymphocyte levels when it
was administered before infection on d 14, which had
been present in previous research.38 The reason why
CD4þ lymphocyte cells would respond differently
between the two periods was unclear. Maybe, the
effects of YS were more evident in pre-feeding pigs
which were just weaned, and then the piglets were
accustomed to the daily diet after 7 d. The percentages
of CD4þ lymphocyte and CD4þ/CD8þ ratio of YS
group was determined to have also improved during
d 15–21 after a single infection in this study.
Moreover, piglets fed YS developed the higher CD3þ

lymphocyte, which was in agreement with a previous
study in chicken, and an unexpected decrease of the
CD8þ cell number.39 This motivated us to investigate
the reason. In general, there were significant effects of
YS on reducing stress and enhancing cellular immunity
when the body was under stress or infection, as shown
in this study. To further explore the intuitionistic anti-
inflammatory effects of YS in piglets, we investigated
various inflammatory indices that responded to weaned
pigs infected with ST, such as immune globulins (IgA,
IgG, and IgM), antioxidant enzymes, cytokines (e.g.
IL-1, IL-2, IL-6) and WBCs. In the present study, sup-
plementation of YS remarkably improved all levels of
IL-1, IL-2, IL-6, as well as the NO and CRP produc-
tion compared with SS weaned pigs before infection.
There were several reports showing that IL-l would
stimulate macrophages and T lymphocytes to respond
to inflammation, IL-2 can promote and maintain cul-
turing of T cells over a long time, and IL-6 is respon-
sible for elevating the differentiation and maturation of
T lymphocytes to modulate immunity.40–42 This was
possibly indicated by our finding that YS supplemen-
tation had a better impact in coping with residual
effects of weaning stress than that of SS. It was
reported that MDA, one of the critical products of
membrane lipid peroxidation, also can aggravate the
damage of membranes, which represents an indirect
index of the degree of the impaired membrane
system.43 NO plays a key regulatory role in the inflam-
matory cascade, especially in the development of
inflammatory responses and signaling.44 CRP, a part
of the body’s non-specific immune mechanisms, is an
acute-phase protein synthesized by hepatocytes in case
of inflammatory stimuli such as microbial invasion or
tissue damage.45,46 Increase of NO, CRP, and decrease
of MDA corresponded to changes of ILs in YS piglets.
Urea is mainly affected by renal function, dietary
protein intake, and catabolism, generally acting as bio-
chemical evaluation of renal function.47 Therefore,

preliminary results showed that the decrease of urea
in YS piglets might indicate better renal function,
which was similar to earlier findings.48 GSH-Px, an
important peroxidase, is widely distributed in the
body, and its viability and concentration can reflect
the body’s selenium level.49 In this study, we found
that weaned piglets fed with YS had higher concentra-
tions of GSH-Px in serum than pigs fed with selenite.
Approximately, it was reported that Se-enriched yeast
was more effective than SS in enhancing the blood
GSH-Px activity in lambs.50 Having investigated of
the activity of GSH-Px in the serum of growing-
finishing pigs, researchers indicated that pigs fed SS
were more active of GSH-Px than selenium yeast,
which contradict our results.51 The effects of different
Se sources on GSH-Px activity may be the difference
between ruminants and non-ruminants, or Se of YS
gets more deposited in tissues and leads to less
GSH-Px in serum. SOD, the primary substance for
scavenging free radicals, is an important antioxidant
enzyme in the organism.52 Experiments have shown
that high levels of erythrocyte SOD activity are
assumed to be due to increased levels of O2

� or intense
oxidative stimulation.53 Consistent with this, we found
that the concentration of SOD in serum increased in
piglets fed SS, indicating that YS was more effective in
alleviating oxidative stress than SS in weaned piglets.

One day after ST challenge, piglets fed YS increased
the production of IgG, an immune globulin known to
play an important role in host defense against several
pathogens. The results showed a trend that the concen-
tration of urea of YS treatment was also less than pig-
lets fed SS, in agreement with the improved renal
function in weaned piglets. CAT is considered as
decomposition enzyme of H2O2 to give H2O and O2

in vitro and catalyze the oxidation of H donors.54

Fortunately, we found that piglets fed YS had higher
activity of CAT compared with SS pigs. All indicated
that dietary YS supplementation might be more effec-
tive in eliminating H2O2 in the body. Uniformly, we
found that NO and CRP in the serum of YS pigs
were higher than those in pigs fed SS. Therefore, YS
was associated with improved function of the inflam-
matory responses. It had been reported that data
showed a downwards shift of IL-1 and IL-6 contents
after 24 h infection of ST, which was consistent with
our findings and indicated that the challenge might be
successful at an inflammatory level.55 On d 7 post-
infection, the levels of IL-2 and IL-6 in piglets fed YS
were higher than those in SS pigs, which might again
indicate the function of YS in inflammation. During
this period, groups YS and SS did not show discrimi-
nating effects on other serum indices. We found that
the YS diet improved the levels of IgG, GSH-Px, IL-2,
and IL-6, compared with SS treatment. So, based on
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the discussion above, these results might provide evi-

dence that YS was more effective in enhancing immu-

nity and alleviating oxidative stress. However, some of

the effects of YS could not be explained by the present

study, which motivates us to continue with further

studies to fully evaluate the effects of YS in pigs.
In summary, dietary supplementation of selenium-

enriched yeast exerted effects in piglets after ST infec-

tion. Particularly, YS seemed to be more effective in

enhancing growth performance and nutrient digestibil-

ity, compared with SS. Also, YS supplementation

improved kidney and immune functions, and alleviated

oxidative stress according to serum biochemical indices

(e.g., urea IL, immune globulins, GSH-Px, SOD) in

weaned piglets.
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