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ABSTRACT This study investigated the effects of
fermented-feed diets on growth performance, immune
status, and antioxidant responses in laying hen chicks
and the underlying molecular mechanism, specifically,
the role of the nuclear factor-kB (NF-kB) signaling
pathway. A total of 80 healthy 14-day-old laying hen
chicks were randomly divided into 4 treatments: basal
diet (CON); basal diet supplemented with 7.5% fer-
mented feed (FD); FD diet plus the NF-kB inhibitor
BAY 11-7082 (FD + BAY); and FD diet plus the NF-«kB
inhibitor JSH-23 (FD + JSH). The NF-kB inhibitors
were administered by intraperitoneal injection. The
experiment lasted 21 D. Fermented feed supplementa-
tion significantly increased the body weight and average
body weight gain of laying hen chicks but significantly
decreased the feed conversion ratio. Additionally, fer-
mented feed supplementation significantly increased
mitogen-activated T-cell and B-cell proliferation in the
peripheral blood, as well as elevated the serum concen-
trations of interleukin (IL)-1, IL-2, IL-4, IL-6, and tumor

necrosis factor (TNF-a); however, NF-kB inhibition
significantly reduced T-cell proliferation and serum IL-1,
IL-6, and TNF-a. levels. The levels of IgA, IgG, IgM, and
Newcastle disease virus antibody in the serum were
significantly increased by the addition of fermented feed.
Furthermore, fermented feed supplementation signifi-
cantly improved antioxidant function, as indicated by
the increases of total antioxidant capacity, total super-
oxide dismutase activity, and glutathione peroxidase
activity and the decrease of malonaldehyde level. How-
ever, NF-kB inhibition reversed these changes. Western
blot analysis showed that fermented feed treatment
increased splenic IkB kinase B and NF-«B protein levels,
whereas these increases were prevented by NF-kB inhi-
bition. In conclusion, fermented feed improves the
growth performance, immune function, and antioxidant
capacity of laying hen chicks. Fermented feed-induced
modulation of T-cell proliferation, T helper type 1 and
T helper type 2 cytokine production, and antioxidation is
associated with NF-kB activation.
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INTRODUCTION

Some meal feeds, such as cottonseed meal and rapeseed
meal, contain high levels of crude protein and metabolic
energy, which should be valuable sources of plant protein.
However, conventional meal feeds contain a variety of
antinutritional factors, such as gossypol, phytic acid, tan-
nins, and other toxic factors. In recent years, probiotic
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fermentation technology has become a powerful tool for
reducing antinutritional factors, improving nutritional
quality and increasing nutrient bioavailability in animal
feed. The fermentation process enhances the concentra-
tions of enzymes and metabolites , as well as the number
of lactobacilli (Stanbury et al., 1995; Song et al., 2010).
The lactic acid bacteria in the fermented feed reduce
intestinal pH by producing organic acids, and they
inhibit the colonization of intestinal pathogens through
antagonistic activity, competitive exclusion, and
bacteriocin production (Sugiharto and Ranjitkar, 2019).
The use of fermented feed improves the weight gain and
feed conversion ratio (FCR) of broiler chickens (Chiang
et al., 2009). Egg weight, shell weight, and shell stiffness
in laying hens are increased via fermented feed supplemen-
tation (Engberg et al., 2009). Furthermore, providing
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fermented diet has been demonstrated to increase immune
responses, alleviate oxidative stress, improve intestinal
morphology, and modulate the gut microbial ecosystem
in poultry (Gao et al., 2009; Hu et al., 2016; Yan et al.,
2019). Thus, fermented feeds are considered to have
beneficial effects on the growth performance and health
of animals. However, the mechanisms underlying these
effects remain unclear.

The nuclear factor-kB (NF-kB) proteins are a family of
transcription factors that play crucial roles in inflamma-
tion and immune responses (Morgan and Liu, 2011;
Oeckinghaus et al., 2011). In addition, NF-kB proteins
regulate the expression of numerous genes that are
involved in cell proliferation, differentiation, and
survival (Morgan and Liu, 2011; Oeckinghaus et al.,
2011). The activation of NF-kB is mainly classified into
canonical and noncanonical pathways. The canonical
pathway is induced by the majority of physiological
NF-kB stimuli, such as cytokine receptors, antigen
receptors, and pattern-recognition receptors. This
pathway is dependent on the catalytically active IkB ki-
nase § (IKKP) and the regulatory subunit IKKYy, leading
mainly to the phosphorylation of IkBal and nuclear trans-
location of mostly p65-containing heterodimers. The non-
canonical pathway is stimulated by specific tumor
necrosis factor (TNF) receptor family members and de-
pends on the IKKo-mediated cleavage of pl00 to p52
(Morgan and Liu, 2011). The expression pattern of NF-
kB and its effects on various cellular processes have
been well documented in studies of lactic acid bacteria.
Lactobacillus crispatus has been reported to increase the
production of TNF-0, and interleukin (IL)-1B in human
monocytic leukemia cell lines, with the increased produc-
tion being accompanied by NF-kB activation (Klebanoff
et al., 1999). The cell wall components of Lactobacillus
have been shown to bind to immune cell surface
pattern-recognition receptors and then potently induce
cytokine production directly via the NF-kB signaling
pathway (Matsuguchi et al. 2003; Cross et al. 2004). In
addition, the metabolites secreted by Bifidobacterium
infantis and Lactobacillus acidophilus both inhibit IkBot
degradation and downregulate the nuclear translocation
of NF-kB, exerting antiinflammatory effects in mature
human fetal enterocytes (Guo et al., 2015).

There is limited information concerning the effects of
fermented feed supplementation on the growth perfor-
mance, immune response, and antioxidant function of
laying hen chicks and on the underlying molecular mech-
anisms. In this study, we assessed the effects of fer-
mented feed supplementation with or without NF-kB
inhibition on the growth performance, immune response,
and antioxidant activities of laying hen chicks.

MATERIAL AND METHODS

Experimental Design and Bird Management

All of the experimental procedures were approved by
the Animal Care and Use Committee of Qingdao Agri-
cultural University. A total of 80 14-day-old White
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Leghorn specific pathogen-free chickens were randomly
assigned to 4 groups (each with 5 replicate cages and 4
birds per cage) for the experiment:

I. CON group, fed a basal diet;
II. FD group, fed a basal diet supplemented with 7.5%
fermented feed;

III. FD + BAY group, fed a basal diet supplemented
with 7.5% fermented feed and intraperitoneally
injected with the NF-kB inhibitor BAY 11-7082
(HY-13453, MedChemExpress, Monmouth Junc-
tion, NJ) at 20 mg/kg body weight (BW) at 15, 20,
25, 30, and 35 D of age; and

IV. FD + JSH group, fed a basal diet supplemented with
7.5% fermented feed and intraperitoneally injected
with the NF-kB inhibitor JSH-23 (HY-13982, Med-
ChemExpress, Monmouth Junction, NJ) at 3 mg/kg
BW at 15, 20, 25, 30, and 35 D of age.

The animals in the CON and FD groups were intraper-
itoneally injected with an equal volume of saline. The
doses of BAY 11-7082 and JSH-23 were in accordance
with the manufacturer’s instructions. There were no sig-
nificant differences in initial BW among the treatments.
All birds were vaccinated using combined Newcastle dis-
ease virus and infectious bronchitis virus at 7 D and
21 D of age via intranasal and intraocular administration
and using infectious bursal disease virus at 12 D and 27 D
of age via the drinking water. Feed and water were pro-
vided ad libitum. The ingredient composition and
nutrient levels of the diets are shown in Table 1.

Fermented Feed Preparation

Lactobacillus plantarum (CICC20765) and L. aci-
dophilus (CICC6006) were obtained from the China
Center of Industrial Culture Collection and recovered
in sterile Mann-Rogosa-Sharpe (MRS) broth medium
at 37°C for 16 h with orbital shaking at 160 r/min. After
streak cultivation on an MRS agar plate, a single colony
was selected for culture in MRS broth medium under the
above conditions. For the feed fermentation, 4 parts corn
was mixed with 3 parts cottonseed meal and 3 parts
rapeseed meal. The L. plantarum culture and the L. ac-
idophilus culture were both added at a concentration of
approximately 5 X 10" colony forming units (CFU) /kg
of feed. Sterile water was supplemented to achieve 60%
moisture content. Then, the wet mixture was transferred
to closed plastic bags without air agitation and fer-
mented for 72 h at 32°C. The feedstuffs were fermented
and used to formulate the fermented diet every week. Af-
ter fermentation, the pH value was less than 6.0, and the
quantity of lactic acid bacteria was greater than 1 X
10? CFU /kg feed. The basal diet was formulated accord-
ing to the National Research Council (NRC, 1994).

Growth Performance

BW and feed consumption for each replicate were
recorded at 35 D of age. Average daily gain (ADG),
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Table 1. Ingredients and nutrient composition of the diets.

Ttems (%, unless otherwise indicated) Control Fermented feed

Ingredient
Corn (8.7% CP) 63.43 59.75
Soybean meal (47.9% CP) 26.50 24.00
Wheat bran 4.00 2.75
Limestone 1.20 1.15
Calcium hydrogen phosphate 1.30 1.30
D,L-Met (98%) 0.15 0.14
L-Lys (98%) 0.12 0.11
Sodium chloride 0.30 0.30
Fishmeal (64.5% CP) 2.00 2.00
Premix’ 1.00 1.00
Lactic acid bacteria fermented feed 0.00 7.50

Total 100.00 100.00
Nutrient level”
ME (Mcal/kg) 2.85 2.86
CP 19.03 19.09
Calcium 0.92 0.93
Nonphytate phosphorus 0.41 0.40
Lys 0.97 0.98
Met 0.36 0.35

"Premix provided the following per kilogram of mixed feed: Mn, 60 mg;
Fe, 80 mg; Zn, 60 mg; Cu, 8 mg; I, 0.35 mg; Se, 0.30 mg; vitamin A, 5,000
IU; vitamin D3, 3,000 IU; vitamin E, 20 IU; vitamin B1, 4 mg; vitamin B2,
4 mg; vitamin B5, 20 mg; vitamin B6, 5 mg; vitamin B12, 0.02 mg; niacin,
10 mg; folic acid, 0.8 mg; and biotin, 0.2 mg.

“Nutrient levels were calculated by analysis.

average daily feed intake (ADFI), and the FCR were
calculated during the feeding period.

Sample Collection

At 35 D of age, after 8 h of starvation, 5 birds (1 bird
per replicate) were randomly selected from each treat-
ment group. Blood samples were aseptically collected
from the wing vein into the EDTA-containing or com-
mon vacutainers. The blood samples in the common
vacutainers were centrifuged at 3,000 r/min for 15 min
at 4°C. Serum samples were obtained and stored at
—20°C for cytokine, immunoglobulin (Ig), and antioxi-
dant index analyses. The chickens were then killed by
jugular exsanguination. The spleen samples were
collected, immediately frozen in liquid nitrogen, and
stored at —80°C for western blot detection.

Lymphocyte Proliferative Responses

Peripheral blood mononuclear cells were isolated as
previously described (Wu et al., 2019) with some modi-
fications. Briefly, EDTA blood samples were diluted
1:1 with sterile PBS and then carefully layered on top
of an equal volume of Ficoll lymphocyte separation me-
dium (P8740, Solarbio, Beijing, China). After centrifu-
gation for 20 min at 2,000 r/min, the white flocculent
material at the plasma-Ficoll interface was aseptically
collected. The lymphocyte suspension was washed 3
times with PBS and then centrifuged at 1,500 r/min
for 10 min. Then, the cells were resuspended in RPMI
1640 (Gibco, Carlsbad, CA) complete culture medium
supplemented with 5.0% (v/v) fetal bovine serum, 100
U/mL penicillin, 100 pg/mL streptomycin and 10 mM
HEPES at final concentration. The number of live cells
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was counted using trypan blue staining. The cells were
adjusted to 5 X 10° cells/mL in RPMI 1640 complete
culture medium for the subsequent proliferative re-
sponses. The proliferation of T cells and B cells was stim-
ulated with 45 pg/mL concanavalin A (ConA; C2613,
Sigma Aldrich Co., St. Louis, MO) and 10 pg/mL
lipopolysaccharide (LPS; L3129, Sigma Aldrich Co.),
respectively, and assessed by 3-(4,5-dimethylthiazol)-
2,5-diphenyltetrazolium bromide assay according to
the method of Wu et al. (2019). The stimulation index
was expressed as a percentage of the absorbance value
of stimulated cells relative to the absorbance value of
control cells.

Serum Parameter Measurements

The titers of antibodies against Newcastle disease virus
(NDV) and the levels of total IgG, IgA, and IgM were
determined using commercial ELISA kits (RY-12194,
RY-12204, RY-12314, and RY-12311; Shanghai Runyu
Biotechnology Co., Ltd., Shanghai, China) according to
the manufacturer’s instructions. The total antioxidant
capacity (T-AOC), malondialdehyde (MDA) level, gluta-
thione peroxidase (GSH-Px) activity and total superoxide
dismutase (SOD) activity were measured using colori-
metric kits (RY-12190, RY-12193, RY-12628, and RY-
12378; Shanghai Runyu Biotechnology Co., Ltd.)
following the manufacturer’s guidelines.

Western Blot Analysis

Splenic protein was extracted using RIPA lysis buffer
(P0013 B, Beyotime, Shanghai, China) containing pro-
tease and phosphatase inhibitor cocktails (P1049, Beyo-
time). The protein concentration was quantified by the
bicinchoninic acid method using a protein assay kit
(P0012S, Beyotime). Equal amounts (30 pg) of tissue
lysate dissolved in 5 X SDS-PAGE loading buffer
(P0015, Beyotime) were heated at 95°C for 10 min and
then separated on a 12% SDS-PAGE gel (P0012AC,
Beyotime). The separated proteins were electrophoreti-
cally transferred to a 0.45 um polyvinylidene difluoride
membrane (FFP24, Beyotime). Nonspecific binding sites
were blocked by incubation of the membrane in commer-
cial Quick Blocking Buffer (P0256, Beyotime) at room
temperature for 10 min. Then, the membranes were
incubated overnight at 4°C with specific primary anti-
bodies: rabbit anti-NF-kB (1: 1,000; ab16502, Abcam,
CA, UK), rabbit anti-TKKf (1:1,000; bs-4880R, Bioss,
Beijing, China), and mouse anti-f-actin (1:1,000; Beyo-
time). After washing 3 times for 5 min with tris-buffered
saline containing 0.1% Tween 20 (TBST), the mem-
branes were incubated with a horseradish peroxidase-
conjugated secondary anti-mouse (A0208, Beyotime)
or anti-rabbit (A0216, Beyotime) antibody diluted in
TBST (1:3,000) containing 5% nonfat milk for 2 h at
room temperature. After washing the membranes 3
times with TBST, the proteins were detected with an
ECL Hypersensitive Chemiluminescence kit (P0018F'S,
Beyotime). Then, signal capture and band density
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Table 2. Growth performance of laying hen chicks.

Ttems' CON FD FD + BAY FD + JSH SEM P-value
BW (g, day 35)  299.31"  326.74" 329.53" 330.11° 3.205  <0.001
ADG (g) 9.39" 10.69" 10.93* 10.91* 0.163 0.010
ADFI (g) 30.04 29.93 30.60 30.64 0.255 0.859
FCR (g/g) 3.21% 2.81° 2.80° 2.81° 0.037  <0.001

2bValues within the same row with different superscripts were significantly different

(P < 0.05).

'CON, control diet; FD, fermented feed; FD + BAY, fermented feed and intraperitoneally
injection with the NF-kB inhibitor, BAY11-7082; FD + JSH, fermented feed and intraperi-
toneally injection with the NF-kB inhibitor, JSH-23; BW, body weight; ADG; average daily
gain; ADFI, average daily feed intake; FCR, feed conversion ratio.

quantification were performed using a Tanon 5200
chemiluminescence image analysis system (Tanon,
Shanghai, China). Data were expressed as the ratio of
target proteins relative to B-actin.

Statistical Analysis

All data were analyzed by one-way ANOVA and the
post hoc Duncan’s multiple range test using SPSS statis-
tical software (version 18.0; SPSS Inc., Chicago, IL).
P < 0.05 was considered statistically significant. The re-
sults are expressed as the mean and pooled SEM.

RESULTS

Growth Performance

As shown in Table 2, relative to the control diet, 7.5%
fermented feed supplementation significantly increased
the BW at 35 D of age (P < 0.001) and the ADG from
14 to 35 D of age (P = 0.01) but significantly decreased
the FCR from 14 to 35 D of age (P < 0.001). In the NF-
kB inhibition groups, FD + BAY, and FD + JSH, the
BW at 35 D of age and ADG, ADFI, and FCR
throughout the period were not significantly different
from those observed in the FD group (P > 0.05).

Lymphocyte Proliferative Response

Relative to the CON group, the 7.5% fermented feed
group showed significantly enhanced T-cell and B-cell
proliferation, as indicated by the increased ConA and
LPS stimulation index in the FD group (P < 0.001;
Table 3). The T-cell proliferation response in the
FD + BAY and FD + JSH groups was significantly
inhibited relative to that in the FD group (P < 0.05).
However, the B-cell proliferative response in the 2 NF-
kB blockage groups did not differ from that in the FD
group (P > 0.05).

Serum Cytokine Concentrations

Serum IL-1, IL-2, IL-4, 1L-6, and TNF-a levels in the
CON group were significantly lower than those in the
FD group (P < 0.05; Table 4). Birds in the
FD + BAY and FD + JSH groups had significantly
lower serum levels of IL-1, IL-6, and TNF-o than those

in the FD group (P < 0.05). However, the serum levels
of IL-2 and IL-4 in the FD + BAY and FD + JSH groups
were comparable to those observed in the FD group
(P> 0.05).

Serum Total Immunoglobulin Levels and
NDV Antibody Titers

As shown in Table 5, the serum levels of IgA, IgG,
IgM, and NDV antibody in the FD, FD + BAY, and
FD + JSH groups were significantly increased relative
to those in the CON group (P < 0.05). However, no sig-
nificant difference was observed among the FD,
FD + BAY, and FD + JSH groups (P > 0.05).

Serum Antioxidant Parameter Analysis

As shown in Table 6, relative to the control birds, the
birds fed fermented feed had significantly elevated serum
T-AOC levels and higher total SOD and GSH-Px
activities but markedly reduced serum MDA levels
(P < 0.05). However, these changes were significantly
inhibited by the administration of the NF-kB inhibitors,
BAY11-7082 and JSH-23, when comparing the
FD + BAY and FD + JSH birds with the FD birds
(P <0.05).

Splenic Expression of NF-xkB and IKK(3
Proteins

Relative to the CON group, the FD group had signif-
icantly increased splenic protein expression levels of
NF-kB and IKKP (P < 0.001; Figure 1). The 2 groups
treated with NF-kB inhibitors (FD + BAY and
FD + JSH) had significantly lower splenic protein

Table 3. Proliferation of blood lymphocytes of laying hen chicks.

Ttems' CON FD FD + BAY FD + JSH SEM P-value
ConA SI 045" 0.52* 0.40¢ 0.40¢ 0.012  <0.001
LPS SI 0.42°  0.58" 0.61* 0.57* 0.018  <0.001

““Values within the same row with different superscripts were signifi-
cantly different (P < 0.05).

LCON, control diet; FD, fermented feed; FD + BAY, fermented feed
and intraperitoneally injection with the NF-kB inhibitor, BAY11-7082;
FD + JSH, fermented feed and intraperitoneally injection with the NF-
kB inhibitor, JSH-23; ConA, concanavalin A; LPS, lipopolysaccharides, SI,
stimulation index.
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Table 4. Serum cytokine levels of laying hen chicks.

Ttems' CON FD FD + BAY FD + JSH SEM P-value
IL-1 (ng/L) 15.28”  18.46" 11.95¢ 11.92° 0620  <0.001
IL-2 (ng/L) 223.93" 252.51% 248.60" 251.77" 3.880 0.050
IL-4 (ng/L) 16.97°  19.06° 18.67* 19.03% 0.407 0.029
IL-6 (ng/L) 6.54" 8.96" 4.32¢ 4.30¢ 0.454 <0.001
TNF-a (pg/mL) 11.43° 14.81* 8.50°¢ 7.71¢ 0.666 <0.001

““Values within the same row with different superscripts were significantly different

(P <0.05).
Abbreviation: IL, interleukin.

!CON, control diet; FD, fermented feed; FD + BAY, fermented feed and intraperitoneally
injection with the NF-kB inhibitor, BAY11-7082; FD + JSH, fermented feed and intraperi-
toneally injection with the NF-kB inhibitor, JSH-23; TNF-0,, tumor necrosis factor-o.

expression levels of NF-kB and IKKf} than the FD group
(P < 0.001).

DISCUSSION

Fermented feed has attracted increasing amounts of
attention because of its potential to improve the nutri-
tional quality of feed and promote animal growth perfor-
mance (Stanbury et al., 1995; Chiang et al., 2009;
Engberg et al., 2009; Yan et al., 2019). Our results
showed that relative to control treatment, fermented
feed supplementation significantly enhanced BW at 35 D
of age and ADG from 14 to 35 D of age but significantly
decreased the FCR from 14 to 35 D of age in laying hen
chicks. Feed fermentation enriches the contents of
probiotics, vitamins, organic acids, amino acids, peptides,
enzymes, and growth-promoting factors. This feed process-
ing technology aids the digestion and absorption of nutri-
ents by the host and thereby improve animal growth
performance (Stanbury et al., 1995; Peralta et al., 2008).
Previous studies have reported that fermentation
increased the quality of cottonseed meal and rapeseed
meal and thereby promoted growth performance in
poultry (Jazi et al., 2017; Drazbo et al., 2019).

Evaluation of the lymphocyte proliferative response to
mitogens is an important method for measuring cellular
immunity. Our study showed that relative to control
treatment, fermented feed supplementation significantly
increased ConA-induced T-cell proliferation and LPS-
induced B-cell proliferation. Similarly, previous studies
reported that the oral administration of some Lactoba-
cillus strains induced lymphocyte proliferation in the
spleen of cyclophosphamide-immunosuppressed mice
(Jang et al., 2013) and the peripheral blood of broilers

(Shen et al., 2014). Nuclear factor-«B is a critical nuclear
transcription factor in immunity, stress responses,
apoptosis, and differentiation. The IKK complex,
composed of IKKa and IKKP, promotes the activation
of NF-kB in response to stimuli such as cytokines and an-
tigens (Oeckinghaus et al., 2011). Our results demon-
strated that relative to fermented feed supplementation
alone, treatment with the NF-kB inhibitors BAY11-
7082 and JSH-23 reduced ConA-induced T-cell prolifer-
ation in the peripheral blood. Previous studies have
demonstrated that mice lacking individual NF-kB pro-
teins have defective B-cell and T-cell proliferation and
impaired cytokine production (Sha et al., 1995; Doi
et al., 1997; Gerondakis et al., 1998). We speculate that
the lack of an effect of NF-kB inhibitor treatment on
B-cell proliferation may be because of the effects of
downstream or other signaling pathways.

Cytokines play a central role in the cell-mediated im-
mune response. T helper type 1 (Thl) cytokines (IL-1,
IL-2, TNF-0. and interferon) activate cell-mediated im-
mune responses, whereas Th2 cytokines (IL-4, IL-6, and
IL-10) promote B-cell growth and differentiation and
drive humoral immune responses (Kohut et al., 2001).
Our results indicated that the addition of fermented feed
to the diet significantly improved the cellular immunity
of laying hen chicks, as indicated by the higher serum
levels of IL-1, IL-2, and TNF-a. and the higher ConA stim-
ulation index in the FD group. The fermented feed supple-
mentation also enhanced the humoral immunity of laying
hen chicks, as reflected by the increased serum IL-4 and
IL-6 levels and B-lymphocyte proliferation in the FD
group. The increased production of cytokines because of
fermented feed supplementation may be because of the
presence of lactobacilli. The predominant components of

Table 5. Total serum Ig levels and NDV antibody titers of laying hen chicks.

Ttems' CON FD FD + BAY FD+JSH SEM  Puvalue
IgA (ng/mL) 106.75"  128.00° 124.25% 121.65°  2.216 0.011
IgG (pg/mL) 1.00 1.28% 1.30" 1.29° 0030  <0.001
IgM (ng/mL) 554.75"  649.25" 634.50° 651.75° 9385  <0.001
NDV-Ab (pg/L)  307.00°  358.95" 365.29" 34871 5051  <0.001

2bValues within the same row with different superscripts were significantly different

(P < 0.05).

'CON, control diet; FD, fermented feed; FD + BAY, fermented feed and intraperitoneally
injection with the NF-kB inhibitor, BAY11-7082; FD + JSH, fermented feed and intraperi-
toneally injection with the NF-«B inhibitor, JSH-23; Ig, immunoglobulin; NDV-Ab, Newcastle

disease virus antibody titers.
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Table 6. Serum antioxidant parameters of laying hen chicks.

Ttems' CON FD FD + BAY FD + JSH SEM P-value
T-AOC (U/mL) 0.85" 1.10% 0.68° 0.65¢ 0.046 <0.001
SOD (pg/mL) 4.89P 6.15" 3.85°¢ 3.93¢ 0.244 <0.001
GSH-Px (pmol/mL) 1.30° 1.56" 1.02¢ 1.16° 0.476 <0.001
MDA (nmol/L) 1.74* 1.57° 1.75% 1.78% 0.042 0.043

““Values within the same row with different superscripts were significantly different

(P < 0.05).

'CON, control diet; FD, fermented feed; FD + BAY, fermented feed and intraperitoneally
injection with the NF-kB inhibitor, BAY11-7082; FD + JSH, fermented feed and intraperi-
toneally injection with the NF-kB inhibitor, JSH-23; T-AOC, total antioxidant capability;
SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; MDA, malonaldehyde.

their cell walls, peptidoglycans, and lipoteichoic acid are
immunologically active (Bhakdi et al., 1991; Standiford
et al, 1994; Cross et al., 2001). These results are
consistent with previous studies showing that
Lactobacillus strains increased the production of Thl
and Th2 cytokines in cells from both healthy humans
and mice (Vissers et al., 2010; Lee et al., 2016).
Compared with fermented feed supplementation
alone, BAY11-7082 and JSH-23 administration effec-
tively inhibited the fermented feed-induced production
of IL-1, IL-6, and TNF-a. This finding indicates that fer-
mented feed stimulates IL-1, IL-6, and TNF-a produc-
tion, at least in part, via NF-kB signaling. Nuclear
factor-kB has been reported to bind to kB response ele-
ments in the promoters and enhancers of target genes,
including TNF-o, IL-1, and IL-6 (Miettinen et al.,
2000). TNF-a. is known to initiate an autoregulatory
feedback loop in which the activation of NF-kB induces
the production of TNF-o, which further activates NF-kB
(Bauerle et al., 1994; Ghosh et al., 1998). To the best of
our knowledge, few studies have investigated the role of
NF-kB in the regulation of cytokine production induced
by fermented feed. However, some studies have reported
that the bacterial components of Lactobacillus bind to
immune cell surface pattern-recognition receptors and
then potently induce cytokine production directly via
the NF-kB signaling pathway (Matsuguchi et al., 2003;
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Cross et al., 2004). Previous studies have demonstrated
that L. crispatus increases the production of TNF-o
and IL-1B and activates NF-kB in human monocytic
leukemia cell lines (Klebanoff et al., 1999). Jiang et al.
(2012) found that L. acidophilus upregulates the
mRNA levels of cytokines such as IL-1¢, and IL-1B and
that the inhibition of NF-kB significantly reduces these
levels in intestinal epithelial cell lines stimulated with
L. acidophilus.

Serum immunoglobulin concentrations can be used as
key indicators of the humoral immunity of animals, as im-
munoglobulins play key roles in protecting the host
against pathogenic viruses and microorganisms (Kong
et al., 2007). IgG (IgY), IgM, and IgA are 3 major immu-
noglobulin classes in avian species (Hanly et al., 1995). In
the present study, we observed that dietary fermented
feed supplementation improved the humoral immune sta-
tus of laying hen chicks by increasing their serum levels of
IgG, IgA, and IgM. Previous studies demonstrated that
the generation of small-sized peptides during fermentation
might be associated with elevated serum immunoglobulin
concentrations in broiler chickens (Tang et al., 2012; Xu
et al., 2012). This conjecture is consistent with the
findings of Wang et al. (2003), who reported that dietary
supplementation of small peptides at 3 g/kg increased
serum immunoglobulin levels in piglets. In the present
study, in addition to measuring the systemic humoral
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Figure 1. Protein expression of IKK (A) and NF-kB (B) in the spleen of laying hen chicks. CON, control diet; FD, fermented feed; FD + BAY,
fermented feed and intraperitoneally injection with the NF-kB inhibitor, BAY11-7082; FD + JSH, fermented feed and intraperitoneally injection with
the NF-kB inhibitor, JSH-23. IKK, IkB kinase f; NF-kB, nuclear factor-xB. Means with different letters were significantly different (P < 0.05).
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immune status, we determined the immune response ca-
pacity to a specific antigen, NDV. Newcastle disease is a
highly contagious and widespread global disease in
poultry that causes severe economic losses every year
(Alexander, 2000). Our data show that fermented feed
supplementation significantly increased the serum NDV
antibody titer, which indicates that the birds fed fer-
mented feed had a stronger immune response to NDV
than did birds of the control group.

Total antioxidant capacity can fully reflect the antioxi-
dant capacity of both enzymatic and nonenzymatic de-
fense systems (Zhang et al., 2018). Antioxidant enzymes,
including SOD and GSH-Px, eliminate superoxide anions
and hydrogen peroxide in response to oxidative damage
(Shen et al., 2014; Zhang et al., 2018). Malondialdehyde
produced during lipid peroxidation can be incorporated
into proteins via reactions with biomolecules, resulting in
the formation of carbonyl derivatives that exert
cytotoxic and genotoxic effects (Uchida and Stadtman,
1993). Therefore, the MDA concentration is a marker of
lipid peroxidation. Our results showed that fermented
feed increased the serum antioxidant capacity of laying
hen chicks by increasing SOD and GSH-Px activities and
T-AOC levels, as well as decreasing MDA concentration.
Similar results have been obtained in other studies using
fermented feed (Lim and Lee, 2011; Wu et al., 2015).
The inhibition of NF-kB pathway signaling significantly
reduces antioxidant index levels after stimulation with
fermented feed, suggesting that the activation of NF-kB
plays an important role in the increase in antioxidation
activity induced by fermented feed. Manganese
superoxide dismutase and copper-zinc superoxide dismut-
ase have been shown in numerous studies to be NF-kB tar-
gets with antioxidant activity (Jones et al, 1997;
Djavaheri-Mergny et al., 2004; Rojo et al., 2004). A
sequence analysis revealed that the mouse GSH-Px genes
have putative NF-kB binding motifs and that NF-xB
actively transactivates GSH-Px in response to oxidative
stress (Zhou et al., 2001). The results of our study corrob-
orate these previous findings.

In conclusion, our results indicate that fermented feed
improves growth performance, immune function, and
antioxidant capacity in laying hen chicks. The roles of
fermented feed in modulating T-cell proliferation, Thl
and Th2 cytokine production, and antioxidation are
associated with NF-kB activation.
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