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The present study aimed to investigate whether inflammation-associated responses in piglets are
induced by high protein (HP) through activating nuclear factor kappa B (NF-kB) signaling. Sixteen piglets
(35 d of age, Duroc � [Landrace � Yorkshire], weaned at d 21, initial BW ¼ 9.70 ± 0.11 kg) were allocated
to 18% and 26% CP (HP group) at random, comprising 8 replicate pens per treatment. The piglets were
slaughtered to collect intestinal tissues when apparent, persistent, and stable diarrhea syndromes
happened (on d 12). No significant differences were observed in their growth performance (P > 0.05), but
reduction by 19.11%, 25.31%, 23.64% of ADFI, ADG, and G:F, respectively was detected in the HP group. The
HP group had greater (P ¼ 0.002) diarrhea rates. Furthermore, dietary HP had lower ileal villus height
(VH; P ¼ 0.048), ratio of villus height to crypt depth (VH/CD ratio; P ¼ 0.016), and colonic CD (P ¼ 0.034),
as well as had the trend (P ¼ 0.075) to reduce the ileal villus absorptive area. Moreover, HP diets
significantly elevated the goblet cell numbers in the ileal villi (P ¼ 0.016) and colonic crypts (P < 0.001)
and up-regulated (P ¼ 0.012) the mRNA expression of mucin2 (Muc2) in the ileum. In addition, HP diets
increased the myeloperoxidase concentration in the ileum (P ¼ 0.002) and colon (P ¼ 0.007) of piglets.
Dietary HP significantly down-regulated the mRNA expression of tumor necrosis factor-a (TNF-a;
P < 0.001) in the ileum, induced nitric oxide synthase (iNOS; P ¼ 0.040) and interleukin-22 (IL-22;
P ¼ 0.008) in the colon, and inclined to down-regulate interleukin-1b (IL-1b; P ¼ 0.076) expression in the
colon. The relative protein abundance of Galectin-3 (P ¼ 0.046) in the colon and the ratio of phos-
phorylation NF-kB to NF-kB (peNFekB/NF-kB ratio) in the ileum of HP piglets were also greater
(P ¼ 0.038). These results suggest that dietary HP may cause diarrhea in piglets by activating NF-kB
signaling induced intestinal inflammation.
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1. Introduction

Piglets are faced with great growth challenges after weaning
owing to nutritional, environmental, and physiological changes,
and are susceptible to post-weaning diarrhea (Pluske et al., 1997).
Among them, nutritional factors (protein, fiber, starch, and elec-
trolyte levels) play amajor role in piglets’ post-weaning health (Gao
et al., 2019). Protein is an indispensable nutrient for piglets. The
National Research Council (NRC, 1998) recommended that the
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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Table 1
The composition and nutritional component of basal diet (%, as-fed basis).

Items Dietary crude protein, %

18 26

Ingredient
Corn, (8.5% CP) 69.07 54.29
Soybean meal, (46% CP) 13.00 15.00
Concentrated soy protein 0.00 9.00
Corn gluten meal, (50% CP) 6.00 8.00
Fish meal, (68% CP) 3.00 6.73
Whey powder 4.96 4.00
Lys, (98% CP) 0.72 0.00
DLeMet 0.09 0.00
L-Thr 0.17 0.00
L-Trp 0.07 0.00
Soybean oil 0.00 0.58
Limestone 0.70 0.50
Dicalcium phosphate 1.10 0.80
Choline chloride, 50% 0.10 0.10
NaCl 0.32 0.30
Vitamin and Mineral Premix1 0.70 0.70

Total 100 100
Calculated composition
Crude protein (analyzed) 17.91 25.98
NE, MJ/kg 10.17 10.17
Ca 0.62 0.65
AP 0.37 0.38
Lys 1.34 1.34
Met 0.41 0.49
Met þ Cys 0.69 0.88
Thr 0.79 0.98
Trp 0.22 0.26

1 Vitamin and Mineral Premix supplied per kilogram of feed: 2,200 IU of Vitamin
A, 220 IU of Vitamin D3, 16 IU of Vitamin E, 0.5 mg of Vitamin K3, 0.0175 mg of
Vitamin B 12, 3.5 mg of riboflavin, 30mg of niacin, 10mg of D-pantothenic acid, 0.05
mg of biotin, 0.3 mg of folic acid, 1.0 mg of thiamine, 7 mg pyridoxine, and 4.0 mg
ethoxyquin; 150 mg of Fe (FeSO4), 100 mg of Zn (ZnSO4), 30 mg of Mn (MnSO4), 25
mg of Cu (CuSO4), 0.5 mg of I (KIO3), 0.3 mg of Co (CoSO4), 0.3 mg of Se (Na2SeO3),
and 4.0 mg of ethoxyquin.
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requirement of CP was 20% for weaned piglets, while according to
the latest edition of NRC (1998), it is 2% to 4% lower than that stated
in the former one. Previous studies suggested that dietary CP be-
tween 19% and 23% could satisfy the growth demands of weaned
piglets (Htoo et al., 2007; Opapeju et al., 2009). As reported by Wu
et al. (2015), pigs fed high protein (HP) diets showed better growth
performance. However, other groups demonstrated that a high
level of dietary protein may yield potentially toxic metabolites in
the gut, which is closely associated with post-weaning nutrition
diarrhea (PWND) (Pieper et al., 2014; Richter et al., 2014; Bikker
et al., 2006; Kluess et al., 2010).

Lan et al. (2015) indicated that HP diets led to lower indices
relevant to mucosal immune responses, predominantly in the
ileum and colon of rats. Maladjustment of gut immunity may be
involved in the pathogenic mechanism of inflammatory bowel
disease (IBD) (Nenci et al., 2007). Wu et al. (2015) found that in-
testinal inflammatory responses contributed to diarrhea in weaned
piglets. Yi et al. (2015) found that cathelicidin-BF could suppress
intestinal inflammation by down-regulating the nuclear factor
kappa B (NF-kB) signaling pathway to reduce diarrhea in weanling
piglets. NF-kB is crucial for most immune and inflammatory re-
sponses. Yet, NF-kB hyperactivation contributes to inflammatory
diseases, which is activated by IkB kinase (IKK) complex and IKK-
mediated IkBa phosphorylation, thus resulting in IkBa degrada-
tion and translocation of NF-kB dimer to the nucleus (Sun, 2017).
NF-kB is a key regulator of the pro-inflammatory process as well as
sustaining homeostasis in intestinal epithelial cells and a decisive
factor in preventing intestinal inflammation (Li and Verma, 2002;
Karin and Greten, 2005).

Conventionally, piglets are given antibiotics to decrease PWND.
However, the misuse of antibiotics leads to the development of
antibiotic-resistant bacterial strains (Xiao et al., 2015). Accordingly,
measures taken to control PWND are based on the etiology of
diarrhea other than dietary antibiotics. Although substantial
studies have been released on the influences of various protein
sources and related contents on piglets, the etiology of diarrhea
associated with higher protein in piglets is not fully understood.
Hence, we hypothesized that HP induced diarrhea and
inflammation-associated responses, which may be via activating
NF-kB signaling in piglets. To this aim, effects of HP on morpho-
logical changes to gut architecture and intestinal inflammation-
associated responses were dissected to provide a theoretical basis
and scientific evidence to decrease PWND and regulate intestinal
health.

2. Materials and methods

2.1. Animal ethics

All experiments in the present study were conducted according
to the guidelines of animal welfare in China, and the experimental
design and procedures were reviewed and approved (Approval
number 2016-093) by the Animal Care and Use Committee of Hu-
nan Normal University, Changsha, Hunan province, China (Yin et al.,
2020).

2.2. Animals and diet

Sixteen crossbred piglets, 35 d of age (Duroc � [Landrace
� Yorkshire], weaned at d 21), were grouped by initial BW of
9.70± 0.11 kg, assigned to 18% and 26% CP (HP) at random, and each
group had 8 piglets. They were provided corn and soybean diets
containing similar nutritional levels except for CP contents. Diet
formulations (Table 1) satisfied piglets’ nutrient demands (NRC,
2012), and lack of antibiotics or growth promoters. All pigs were
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housed individually, and had free access to clean water and
assigned diets, and were fed four times per day at 08:00, 12:00,
16:00, and 20:00. The room temperature was maintained at around
28 �C by lamps.
2.3. Sample collection and measurements

2.3.1. Sample collection
Piglets were slaughtered with 4% sodium pentobarbital solution

(40 mg/kg BW) when obvious, persistent, and steady diarrhea
symptoms occurred on d 12 (Ren et al., 2014). Briefly, the entire
intestine was removed and divided into 2 segments: about a 10 cm
section proximal to the ileocecal junction was regarded as the
ileum; at 5 cm from the caecum, an approximately 10 cm segment
was taken to represent the proximal colon. The middle portions of
the ileum and colon (about 4 cm) segments were rinsed with 0.9%
saline (pH ¼ 7.0), and then an approximately 2 cm intestinal
segment was fixed in 4% neutral-buffered formalin and stored at
room temperature before morphology measurements, and the
other intestinal tissues were quickly frozen in liquid nitrogen and
transferred to -80 �C until mRNA expression and protein abundance
analysis (He et al., 2013; Yan et al., 2018).
2.3.2. Growth performance and diarrhea rate
Piglets were weighed at the start (d 0) and end of the experi-

ment (d 12), and the number of pigs who had diarrhea was moni-
tored each day. Average daily gain (ADG), ADFI, and G:F were
measured according to Yang et al. (2013). The incidence of diarrhea
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in piglets was daily recorded thrice according to the method of Liu
et al. (2008).
2.3.3. Intestinal morphology
Paraffin sections were prepared according to Wang et al.

(2020b). Measurements were blindly executed for villus height
(VH), crypt depth (CD), the ratio of VH to CD (VH/CD ratio), and
villus width (VW) (Li et al., 2019). The VH/CD ratio and villus surface
area were calculated (De Vos et al., 2014; Zong et al., 2019). Each
value is the average of at least 30 well-oriented, complete villus-
crypt structures.
2.3.4. Alcian blue-periodic acid-Schiff (AB-PAS) staining
Goblet cells were visualized by staining with AB-PAS (Nanjing

Jiancheng Bioengineering Institute, Nanjing, China) according to
the protocol, using the methods described by Deng et al. (2020a).
The number of goblet cells were counted in at least 30 villi and
crypts.
2.3.5. Enzyme-linked immuno-sorbent assay
Myeloperoxidase (MPO) concentrations in intestinal samples

were determined using the enzyme-linked immuno-sorbent assay
(ELISA) kit (Sangon Biotech Co., Ltd., China) according to the man-
ufacturer's protocol, having a detection range of 5 to 180 ng/L. Intra
and inter-assay precision coefficient of variation (CV) was about 9%
and 15%. The ELISA kit employs a quantitative sandwich enzyme
immunoassay technique.
2.3.6. RNA extraction and real-time quantitative PCR
Ileal and colonic tissues were ground into a fine powder over

liquid nitrogen (Zhou et al., 2012). Total RNA extraction, cDNA
synthesis and real-time quantitative PCR (RT-qPCR) were con-
ducted according toWang et al. (2020a). Primers were designed for
the selected genes (Table 2) using Primer 5.0 (Premier Biosoft In-
ternational, Palo Alto, CA, USA). The housekeeping gene (b-actin)
was used to normalize the expression of the target gene, and
calculated using the 2�△△CT method (Xiong et al., 2015). All
Table 2
The primer sequences of intestinal inflammatory genes for PCR.

Genes1 Primers Sequences (50e30) Products length, bp

IL-1b Forward CCTGGACCTTGGTTCTCT 123
Reverse GGATTCTTCATCGGCTTCT

IL-6 Forward GGCAAAAGGGAAAGAATCCAG 87
Reverse CGTTCTGTGACTGCAGCTTATCC

IL-10 Forward GGGCTATTTGTCCTGACTGC 105
Reverse GGGCTCCCTAGTTTCTCTTCC

COX-2 Forward CCAGGTTTAAGATCTGATGTGGGGA 165
Reverse TGCCCTTCCATCATTACGAATCCTT

IL-22 Forward AGCAAGCGTGAAGGTGCGGTT 169
Reverse GCGGACATCTGGGAGCCCTTT

TNF-a Forward ACAGGCCAGCTCCCTCTTAT 102
Reverse CCTCGCCCTCCTGAATAAAT

IFN-g Forward CCATTCAAAGGAGCATGGAT 146
Reverse GAGTTCACTGATGGCTTTGC

TGF-b Forward CGAGCCCTGGATACCAACTA 164
Reverse AGGCTCCAGATGTAGGGACA

iNOS Forward ACGAGCTTCTACCTCAAGCTATTGA 116
Reverse TGTTTCTATCTCCTTTGTTACCGCT

Muc2 Forward AGACGGGCGGAGACTTTGAATC 102
Reverse CTTGGATGGGAACGCTGGGATA

b-actin Forward AGTTGAAGGTGGTCTCGTGG 216
Reverse TGCGGGACATCAAGGAGAAG

1 IL ¼ interleukin; COX ¼ cyclo-oxygenase; TNF ¼ tumor necrosis factor; TGF-
b ¼ transforming growth factor-b; iNOS ¼ inducible nitric oxide synthase;
Muc2 ¼ mucin 2.
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samples were in triplicate on each 384-well plate, and the mean
value of each duplicate was calculated for subsequent statistical
analyses.
2.3.7. Western blotting analysis
Western blotting was performed according to Deng et al.

(2020b). Primary antibodies used in this study were as follows: b-
actin (Santa Cruz Biotechnology Inc., CA, USA; SC-47778) at 1:3,000
dilution; galectin-3 (LGALS3; Sangon Biotech Co., Ltd., Shanghai,
China; D220661) at 1:500 dilution; phosphorylation NF-kB
(peNFekB; Cambridge, MA, USA; ab86299) at 1:1,000 dilution; and
NF-kB (Cambridge, MA, USA; ab16502) at 1:1,000 dilution. The
secondary antibody (Santa Cruz Biotechnology Inc., CA, USA) was
diluted at 1:3,000. Protein abundance was measured using the
Image-Pro Plus version 6.0 software (Media Cybernetics, San Diego,
CA, USA). The housekeeping protein, b-actin, served to normalize
the expression of the target protein.
2.4. Statistical analysis

Data were analyzed using SPSS statistics 20 (SPSS Inc., Chicago,
IL, USA). Any value that deviated more than 3 standard deviations
from the standardized mean was eliminated. Non-parametric
testing was performed if the data were not normally distributed
(such as diarrhea rates). Values were expressed as mean ± SEM.
Differences were assessed by independent-samples T-test, consid-
ered significant when P < 0.05 and tendencies when P < 0.10. All
figures in this study were drawn using Graphpad Prism 6.0
(GraphPad Inc., San Diego, CA, USA).
3. Results

3.1. Growth performance, diarrhea rates

It was shown that there was no significant difference in growth
performance between the 2 groups, but reduction by 19.11%,
25.31%, 23.64% of ADFI, ADG, G:F, respectively was observed in HP
group (Table 3). Dietary HP increased diarrhea rates significantly
(P ¼ 0.002; Fig. 1).
3.2. Intestinal morphology, goblet cells, and MPO concentration

As shown in Fig. 2, ileal VH (P ¼ 0.048), VH/CD ratio (P ¼ 0.016)
and colonic CD (P¼ 0.034) were significantly lower in the HP group.
Furthermore, dietary HP moderately decreased (P ¼ 0.075) the
surface area of the ileal villus. Besides, the MPO concentrations
were significantly increased both in the ileum (P¼ 0.002) and colon
(P ¼ 0.007; Fig. 3) of piglets fed with HP. Moreover, piglets fed with
26% CP had more goblet cells both in the villus of the ileum
Table 3
Effects of dietary crude protein on growth performance and diarrhea rate in piglets1.

Item2 Dietary crude protein, % P-value

18 26

IBW, kg 9.73 ± 0.16 9.69 ± 0.16 0.872
FBW, kg 13.05 ± 0.52 11.63 ± 0.88 0.184
ADFI, g/d 501.36 ± 48.72 405.56 ± 58.51 0.229
ADG, g/d 276.56 ± 44.68 206.55 ± 61.76 0.367
G:F, g/g 0.55 ± 0.07 0.42 ± 0.10 0.327

1 Values are represented as means ± SEM of 8 piglets per treatment. The data
were analyzed by independent-samples T-test. SEM: standard error of the mean.

2 IBW¼ Initial body weight; FBW¼ Final body weight; ADFI¼ Average daily feed
intake; ADG ¼ Average daily gain; G:F ¼ gain-to-feed ratio.



Fig. 1. Effects of dietary high protein on diarrhea rates of piglets. Diarrhea rate
(%) ¼ total number of pigs with diarrhea/(total number of pigs � experimental
days) � 100%. The values in the figure are expressed as mean and SEM (n ¼ 8); the
differences were assessed by the non-parametric testing and denoted as follows:
*P < 0.05, **P < 0.01, ***P < 0.001.
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(P ¼ 0.016) and in the crypt of the colon (P < 0.001), and higher
mRNA expression of ileal Muc2 (P ¼ 0.012; Fig. 4).

3.3. The mRNA expression of inflammatory genes in the intestine

Dietary HP significantly down-regulated the mRNA expression
of ileal TNF-a (P < 0.001; Table 4), colonic iNOS (P¼ 0.040) and IL-22
Fig. 2. Effects of high protein on intestinal morphology in piglets (A) Villus height (B) crypt
colonic crypts depth. Representative images of (G and H) ileal and (I and J) colonic histomor
values in the figure are expressed as mean and SEM (n ¼ 8); the differences were assess
***P < 0.001.
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(P ¼ 0.008; Table 5). It had the tendency to decrease the expression
of IL-1b (P ¼ 0.076; Table 5) in the colon.
3.4. Relative protein abundance of LGALS3 and NF-kB

As captured in Fig. 3, the relative protein abundance of LGALS3
was significantly elevated in the colon of piglets fed with HP
(P ¼ 0.046). For NF-kB signaling, its activation was assessed by the
ratio of phosphorylated NF-kB to NF-kB (peNFekB/NF-kB ratio). It
was found that the HP diet significantly enhanced (P¼ 0.038; Fig. 5)
peNFekB/NF-kB ratio in the ileum.
4. Discussion

Dietary protein levels and sources may be associated with
diarrhea in weaned piglets (Pluske et al., 2002). Many studies have
investigated the impacts of dietary protein contents on the diarrhea
index, growth performance, and morphological structure of
weaned piglets (Bikker et al., 2006; Heo et al., 2015; Wu et al.,
2015). We found that 26% CP could stably and significantly cause
diarrhea, therefore, the present study selected this protein content
as a high protein level comparedwith the actual production. The HP
depth (C) villus height to crypts depth ratio (D) villus width (E) villus surface area (F)
phology in piglets. Images were taken at 10� magnification. Scale bars at 200 mm. The
ed by the independent-samples T-test and denoted as follows: *P < 0.05, **P < 0.01,



Fig. 3. Effects of dietary high protein on the protein abundance of (A and B) LGALS3 and (C and D) MPO concentration in ileum and colon. The protein abundance of LGALS3 was
determined by western blotting and normalized using b-actin as an internal control. The values in the figure are expressed as mean and SEM (n ¼ 3); the differences were assessed
by the independent-samples T-test and denoted as follows: *P < 0.05, **P < 0.01, ***P < 0.001. LGALS3 ¼ galectin-3; MPO ¼ myeloperoxidase.
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diets have been demonstrated to be associated with an increase of
potentially toxic metabolites, thus increasing the incidence of post-
weaning diarrhea (Pieper et al., 2012, 2016). In parallel, the present
study found that dietary HP significantly increased diarrhea rates.
Although no significant difference was observed in growth per-
formance between 18% and 26% CP, HP diets reduced ADFI, ADG,
G:F by 19.11%, 25.31%, 23.64%, respectively. These results indicated
that the worse growth performance observed in the HP group
might be because excessive protein was indigestible for piglets.

Morphometric indices, including VH and CD and their ratio,
have commonly been used as indicators of piglets' intestinal health
(Han et al., 2013; Heinritz et al., 2016). A previous study showed
duodenal and jejunal VH and VH:CD ratio was reduced by higher
protein levels (Wu et al., 2015). Decreased VH:CD ratio is consid-
ered to impair the digestive and absorptive capacity of the small
intestine (Montagne et al., 2003). Our study showed that VH, VW,
VH:CD ratio, and the villous surface area of the ileum narrowed
under treatment with HP, which is in accordance with piglets’ in-
testinal mucosa being more easily damaged when fed a high CP
(van Beers-Schreurs et al., 1998; Wu et al., 2017), thus resulting in
poor growth performance. A previous study demonstrated that CD
was increased when pigs were fed with higher protein levels (Gao
et al., 2020), conflicting with our finding that dietary HP decreased
colonic CD, which could be because that research focused more on
the ileum, while the change appeared in the colon in our study.
Crypt depth may be dependent on the proliferation and shedding
rate of epithelial cells (Hampson, 1986; Williams et al., 2013);
however, more experiments are needed to further elucidate this
notion.
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Intestinal inflammation reflects the status of intestine health
and is related to diarrhea, which includes the following criteria:
epithelial hyperplasia and goblet cell depletion; leukocyte infil-
tration; and indicators of severe inflammation such as crypt edema,
submucosal inflammation, and ulceration (Izcue et al., 2008). To
better mirror intestinal inflammation, the present study measured
the number of goblet cells, inflammatory cell infiltration, mRNA
expression of inflammatory cytokine, and relative protein abun-
dance of peNFekB/NF-kB ratio. Neutrophils secreted enzymes,
MPO, whose concentration was often analyzed, which could be
considered as the marker of neutrophil infiltration (Lan et al., 2015).
LGALS3, also known asMac2, is a marker molecule on the surface of
macrophages; the expression level of intestinal mucosa directly
reflects the number of macrophages. In our study, the MPO con-
centration in the ileum and colon, and protein abundance of
LGALS3 in the colon were significantly elevated, suggesting that
intestinal inflammation was induced, as also proved by previous
studies (Lan et al., 2015; Yi et al., 2016). Moreover, mucus secreted
by goblet cells is an essential element of the mucosal barrier, and
mucus 2 (Muc2) is the most abundant intestinal mucus (Garrett
et al., 2010). Our findings showed that goblet cells in the ileal vil-
lus and colonic crypts were significantly enhanced in the HP diet, as
well as the ileal mRNA expression of Muc2, which may protect the
intestine from inflammation.

Cytokines are vital for modulating the intestinal inflammatory
response (Al-Sadi et al., 2009). Previous studies have shown that
dietary HP significantly increased the jejunal expression of IL-1b
and IFN-g (Wu et al., 2015). Mu et al. (2016) showed that an up-
regulation of pro-inflammatory genes was observed in rats fed



Fig. 4. Effects of dietary high protein on the number of (A, B and C) goblet cells and the mRNA expression of (D and E) Muc2 of ileum and colon in piglets. Representative images of
alcian blue-periodic acid-Schiff staining of piglets' (F and G) ileum and (H and I) colon. Goblet cells are blue. Images were taken at 20� magnification. Scale bars at 100 mm. The
values in the figure are expressed as mean and SEM (n ¼ 8); the differences were assessed by the independent-samples T-test and denoted as follows: *P < 0.05, **P < 0.01,
***P < 0.001. Muc2 ¼ mucin 2.

Table 4
Effects of dietary crude protein on expression of ileum inflammatory genes in
piglets1.

Item2 Dietary crude protein, % P-value

18 26

IL-6 1.03 ± 0.08 0.90 ± 0.13 0.298
INOS 1.06 ± 0.12 0.69 ± 0.18 0.113
TNF-a 1.01 ± 0.05a 0.46 ± 0.06b <0.001
IL-1b 1.06 ± 0.13 1.08 ± 0.34 0.952
IL-10 1.02 ± 0.07 0.84 ± 0.09 0.125
IL-22 1.14 ± 0.22 1.04 ± 0.29 0.806
TGF-b 1.03 ± 0.09 0.96 ± 0.07 0.595
IFN-g 0.94 ± 0.13 0.77 ± 0.10 0.337
COX-2 0.96 ± 0.07 1.03 ± 0.08 0.486

a, b Within a variable, values with different superscripts differ significantly at
P < 0.05.

1 Values are expressed as mean ± SEM of 8 piglets per treatment. The data were
analyzed by independent-samples T-test.

2 IL¼ interleukin; iNOS¼ inducible nitric oxide synthase; TNF-a¼ tumor necrosis
factor-a; TGF-b ¼ transforming growth factor-b; IFN-g ¼ interferon-g; COX-2 ¼
cyclo-oxygenase-2.

Table 5
Effects of dietary crude protein on expression of colon inflammatory genes in
piglets1.

Item2 Dietary crude protein, % P-value

18 26

IL-6 0.95 ± 0.14 0.67 ± 0.11 0.144
INOS 1.16 ± 0.21a 0.55 ± 0.14b 0.040
TNF-a 0.94 ± 0.07 0.78 ± 0.10 0.226
IL-1b 1.16 ± 0.22 0.59 ± 0.20 0.076
IL-10 1.03 ± 0.09 0.94 ± 0.12 0.541
IL-22 1.07 ± 0.13a 0.49 ± 0.13b 0.008
TGF-b 0.96 ± 0.07 0.88 ± 0.08 0.510
IFN-g 1.04 ± 0.10 0.84 ± 0.12 0.204
COX-2 1.54 ± 0.14 1.23 ± 0.13 0.124

a,b Within a variable, values with different superscripts differ significantly at P < 0.05
or show a tendency toward differing at P < 0.10.

1 Values are expressed as mean ± SEM of 8 piglets per treatment. The data were
analyzed by independent-samples T-test. SEM: standard error of the mean.

2 IL¼ interleukin; iNOS¼ inducible nitric oxide synthase; TNF-a¼ tumor necrosis
factor-a; TGF-b ¼ transforming growth factor-b; IFN-g ¼ interferon-g; COX-
2 ¼ cyclo-oxygenase-2.
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Fig. 5. Effects of dietary high protein on the activation of NF-kB signaling of the (A) ileum and (B) colon in piglets. Protein abundances of NF-kB and peNFekB were determined by
western blotting. The values in the figure are expressed as mean and SEM (n ¼ 3); the differences were assessed by the independent-samples T-test and denoted as follows:
*P < 0.05, **P < 0.01, ***P < 0.001.
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with the HP diets. These results are inconsistent with our results
that HP diets down-regulated the mRNA of expression of ileal TNF-
a, and colonic iNOS, IL-1b, and IL-22. The current study suggested
that HP diets affected both ileal and colonic goblet cells, increased
the secretion of mucus, and lessened parameters relevant to basal
intestinal inflammatory status. Increasing the mucus content may
protect the intestinal immune cells from luminal antigenic stimu-
lation, which decreases the expression of intestinal cytokines (Lan
et al., 2015). Besides, Muc2 expression might be directly respon-
sible for down-regulation of the pro-inflammatory cytokines, as it
has been recently shown that this mucin attenuates pro-
inflammatory cytokines produced by dendritic cells (Shan et al.,
2013). In the colon, the present results showed that a HP diet
slightly reduced the pro-inflammatory IL-1b, IL-22, and iNOS gene
expression, which may be linked with an increased amount of
short-chain fatty acids (SCFA) in the luminal colonic content (Lan
et al., 2015); however, further studies are needed to confirm this.
Notably, NF-kB signaling is crucial for maintaining epithelial
integrity and intestinal homeostasis and has significant implica-
tions for comprehending the underlying mechanisms of patho-
genesis in human IBD (Nenci et al., 2007). The present study
revealed that HP diets may activate NF-kB signaling and aggravate
intestinal inflammation. Further studies are required to explore the
mechanism of HP regulating inflammation.

5. Conclusion

This study suggests that dietary supplementation with HP
caused piglets’ diarrhea through impaired intestinal morphology,
lessened parameters related to basal gut inflammatory status and
may activate NF-kB signaling to induce intestinal inflammation.
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