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ABSTRACT 

 

VALENTE JÚNIOR, Dante Teixeira, M.Sc., Universidade Federal de Viçosa, July, 2020. 
Crude protein and lactose on performance, intestinal morphology and expression of 
genes related to intestinal integrity and immune system of piglets. Adviser: Alysson 
Saraiva. 
 
The present study was carried out to evaluate the effects of crude protein (CP) and lactose 

(LAC) levels on performance, intestinal morphology and gene expression associated to 

epithelial integrity and activation of the immune system of piglets. A total of 120 

commercial castrated male and female hybrid piglets, weaned at 21 days of age and 7.88 

± 0.9 kg initial body weight, were assigned to a randomized block design, in a 2 × 3 

factorial arrangement, with 2 levels of crude protein (CP, 20.0 and 24.0%) and 3 levels 

of lactose (LAC, 8.0, 12.0 and 16.0%), with 10 replicates and two piglets per experimental 

unit. There was no interaction (P > 0.05) between CP and LAC levels for any performance 

variables and serum urea nitrogen concentration (SUN). Piglets fed diets with 24.0% CP 

had higher average daily feed intake (ADFI; P = 0.048) compared to those fed 20.0% CP. 

Diets containing 12.0 or 16.0% LAC resulted in higher (P < 0,01) ADFI and average daily 

gain (ADG) of piglets compared to the 8.0% LAC diet. Pigs fed 12.0% LAC diets had 

greater (P = 0.018) final body weight (final BW) than those fed 8.0 and 16.0% LAC diets. 

There was no effect (P = 0.164) of LAC concentration on feed:gain ratio (F:G). Piglets 

consuming 20.0% CP diets had lower (P < 0.001) SUN than piglets fed 24.0% CP diets. 

Regardless of diet CP levels, piglets fed 12.0 or 16.0% LAC diets had higher duodenum 

and ileum villous height (P = 0.02 and P = 0.006, respectively). Interactions (P < 0.05) 

were observed between CP and LAC for duodenum, jejunum and ileum crypt depth. 

Piglets fed 24.0% CP diet with 12.0 or 16.0% LAC had lower duodenum crypt depth, and 

piglets fed 24.0% CP diet with 12.0 LAC had lower ileum crypt depth than those fed with 

8.0% LAC. There were interactions (P < 0.05) between the CP and LAC for duodenum 

and ileum villus height:crypt depth ratio. Piglets fed 24.0% CP diet with 12.0 or 16.0% 

LAC had higher duodenum and ileum villus height:crypt depth ratio compared to those 

fed 24.0% CP with 8.0% LAC. Interactions (P < 0.05) were observed between CP and 

LAC levels for gene expression of IL-6 and TNFα. However, there was no effect of LAC 

on the expression of these cytokines in the diets with 20.0 or 24.0% CP. Similarly, there 

was a tendency for interaction (P = 0.07) between CP and LAC in the IL-1β gene 

expression. Whilst, at the levels of 20.0 and 24.0% CP there was no effect of LAC on the 



 

 

 

 

expression of IL-1β. There was interaction (P = 0.025) between CP and LAC for 

haptoglobin (Hp) gene expression. At 24.0% CP piglets fed 16.0% LAC had lower 

expression of Hp. Gene expression of TGF β1 and occludin were not influenced (P > 

0.05) by CP and LAC levels of the diets. There was interaction (P = 0.012) between CP 

and LAC in gene expression of the ZO-1, and the diet with 16.0% LAC was more efficient 

in decreasing gene expression of ZO-1 compared to 8.0 and 12.0% LAC. In conclusion, 

concentration of 12.0% LAC in the diet improves performance of piglets from 21 to 35 

days old regardless of diet CP content. The inclusion of 12.0 and 16.0% LAC in the diet 

promotes improvements in intestinal morphology, being more evident in the diet with 

24.0% CP compared to 20.0% CP. In addition, increasing inclusion of LAC in the diet 

with higher level of CP (24.0%) decreases the immune system activation and reduces the 

permeability of the intestinal epithelium. 

 

Keywords: Immune system. Intestinal morphology. Lactose. Piglets. Prebiotic. Weaning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

RESUMO 

 

VALENTE JÚNIOR, Dante Teixeira, M.Sc., Universidade Federal de Viçosa, julho de 
2020. Proteína bruta e lactose no desempenho, morfologia intestinal e expressão de 
genes relacionados à integridade intestinal e sistema imunológico de leitões. 
Orientador: Alysson Saraiva. 
 

O presente estudo foi realizado para avaliar os efeitos dos níveis de proteína bruta (PB) e 

lactose (LAC) sobre o desempenho, morfologia intestinal e expressão gênica associada à 

integridade epitelial e ativação do sistema imunológico de leitões. Um total de 120 leitões 

híbridos machos e fêmeas castrados comerciais, desmamados aos 21 dias de idade e 7,88 

± 0,9 kg de peso corporal inicial, foram distribuídos em um delineamento de blocos ao 

acaso, em um arranjo fatorial 2 × 3, com 2 níveis de proteína bruta (PB, 20,0 e 24,0%) e 

3 níveis de lactose (LAC, 8,0, 12,0 e 16,0%), com 10 repetições e dois leitões por unidade 

experimental. Não houve interação (P> 0,05) entre os níveis de PB e LAC para nenhuma 

das variáveis de desempenho e concentração de uréia sérica. Leitões alimentados com 

dietas com 24,0% PB tiveram maior consumo de ração médio diário (CRD; P = 0,048) 

em comparação aqueles alimentados com 20,0% PB. Dietas contendo 12,0 ou 16,0% de 

LAC resultaram em maior (P <0,01) CRD e ganho de peso médio diário (GPD) dos leitões 

em comparação com a dieta de 8,0% de LAC. Leitões alimentados com dietas de 12,0% 

LAC tiveram maior (P = 0,018) peso médio final (PMF) do que aqueles alimentados com 

dietas de 8,0 e 16,0% LAC. Não houve efeito (P = 0,164) da concentração de LAC na 

conversão alimentar. Os leitões que consumiram dietas com 20,0% PB tiveram menor (P 

<0,001) concentração de ureia sérica do que os leitões alimentados com dietas com 24,0% 

PB. Independentemente dos níveis de PB da dieta, os leitões alimentados com 12,0 ou 

16,0% de LAC apresentaram maior altura das vilosidades do duodeno e íleo (P = 0,02 e 

P = 0,006, respectivamente). Interações (P <0,05) foram observadas entre PB e LAC para 

profundidade de cripta do duodeno, jejuno e íleo. Leitões alimentados com dieta de 24,0% 

PB com 12,0 ou 16,0% LAC tiveram menor profundidade de cripta do duodeno, e leitões 

alimentados com dieta 24,0% PB com 12,0% LAC tiveram menor profundidade de cripta 

do íleo em relação aqueles alimentados com 8,0% LAC. Houve interações (P <0,05) entre 

o PB e LAC na relação altura das vilosidades:profundidade de cripta do duodeno e íleo. 

Leitões alimentados com dieta de 24,0% PB com 12,0 ou 16,0% LAC tiveram maior 

relação altura de vilosidades:profundidade de cripta no duodeno e íleo em comparação 

aqueles alimentados com 24,0% PB com 8,0% LAC. Foram observadas interações (P 



 

 

 

 

<0,05) entre os níveis de PB e LAC na expressão gênica de IL-6 e TNFα. Porém, não 

houve efeito da LAC na expressão dessas citocinas nas dietas com 20,0 ou 24,0% PB. Da 

mesma forma, houve tendência de interação (P = 0,07) entre PB e LAC na expressão do 

gene IL-1β. Já nos níveis de 20,0 e 24,0% PB não houve efeito da LAC na expressão de 

IL-1β. Houve interação (P = 0,025) entre PB e LAC na expressão do gene da haptoglobina 

(Hp). Com 24,0% de PB, os leitões alimentados com 16,0% de LAC apresentaram menor 

expressão de Hp. A expressão gênica de TGF β1 e occludina não foi influenciada (P> 

0,05) pelos níveis de PB e LAC das dietas. Houve interação (P = 0,012) entre PB e LAC 

na expressão gênica de ZO-1, e a dieta com 16,0% LAC diminuiu a expressão gênica de 

ZO-1 em comparação com 8,0 e 12,0% LAC. Em conclusão, a concentração de 12,0% de 

LAC na dieta melhora o desempenho de leitões de 21 a 35 dias de idade, 

independentemente do teor de PB da dieta. A inclusão de 12,0 e 16,0% de LAC na dieta 

promove melhorias na morfologia intestinal, sendo mais evidente na dieta com 24,0% de 

PB em comparação com 20,0% de PB. Além disso, o aumento da inclusão de LAC na 

dieta com maior nível de PB (24,0%) diminui a ativação do sistema imunológico e a 

permeabilidade do epitélio intestinal. 

 

Palavras-chave: Desmame. Lactose. Leitões. Morfologia intestinal. Prebiótico. Sistema 

imune. 
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ABSTRACT 

The present study was carried out to evaluate the effects of crude protein (CP) and lactose 

(LAC) levels on performance, intestinal morphology and gene expression associated to 

epithelial integrity and activation of the immune system of piglets. A total of 120 weaned 

piglets with initial weight 7.88 ± 0.9 kg were assigned to a randomized block design, in 

a 2 × 3 factorial arrangement (20.0 and 24.0% CP and 8.0%, 12.0%, and 16.0% LAC), 

with 10 replicates. Piglets fed 24.0% CP had higher average daily feed intake (ADFI). 

Diets containing 12.0 or 16.0% LAC resulted in higher ADFI and average daily gain of 

piglets compared to 8.0% LAC. Pigs fed 12.0% LAC diets had greater final body weight 

than those fed 8.0 and 16.0% LAC diets. Piglets consuming 20.0% CP diets had lower 

SUN. Piglets fed 12.0 or 16.0% LAC diets had higher duodenum and ileum villous height 

(VH). Interactions were observed for duodenum, jejunum and ileum crypt depth (CD) 

and duodenum and ileum VH:CD ratio. Piglets fed 24.0% CP diet with 12.0 or 16.0% 

LAC had lower duodenum and ileum CD, and higher duodenum and ileum VH:CD ratio  

than those fed 8.0% LAC. Interactions were observed between CP and LAC levels for 

gene expression of IL-6, TNFα, haptoglobin (Hp) and zonula occludens-1 (ZO-1), and a 

tendency for interaction of IL-1β gene expression was observed. However, there were no 



10 

 

 

 

effect of LAC on expression of IL-6, TNFα and IL-1β. At 24.0% CP, piglets fed 16.0% 

LAC had lower expression of Hp and ZO-1. Concentration of 12.0% LAC in the diet 

improves performance of piglets regardless of diet CP content. In addition, increasing 

inclusion of LAC in the diet promotes improvements in intestinal morphology and 

integrity, and decreases the immune system activation, being more evident in piglets fed 

higher CP diets. 

Key words: inflammatory response, intestinal morphology, lactose, piglets, prebiotic, 

weaning. 

 

1 INTRODUCTION 

Weaning of piglets is the most critical phase in the whole pig production cycle. 

Piglets are subjected to several stressors such as separation of the sow and littermates, 

environmental changes, establishment of a new social hierarchy and adaptation to a solid 

and less digestible diet with the presence of anti-nutritional factors (Jiao et al., 2014). 

The stressful events associated with weaning cause damage to the mucosa of the 

gastrointestinal tract (GIT), changing its morphology and permeability (Kim, Hansen, 

Mullan, & Pluske, 2012; Moeser, Pohl, & Rajput, 2017) which together with changes in 

the intestinal microbiota and activation of the immune system compromise piglet 

performance (Moeser et al., 2017; Pluske, Turpin, & Kim, 2018; Wen et al., 2018). 

Thus, with lesser digestive and absorptive capacity of the GIT after weaning, diets 

with higher crude protein (CP) levels provide greater amount of fermentative substrate in 

the large intestine benefiting pathogenic bacteria species (Heo et al., 2009; McLamb, 

Gibson, Overman, Stahl, & Moeser, 2013). 

Protein fermentation in the large intestine results in increased production of toxic 

compounds such as ammonia, biogenic amines, hydrogen sulfide and branched chain 

fatty acids which may cause damage to the intestinal epithelium and are directly 

correlated with the incidence of post-weaning diarrhea in piglets (Kröger et al., 2013; 

Pieper et al., 2016a; Wen et al., 2018). 

In this way, lactose (LAC) serve as a fermentative substrate in the large intestine 

as lactase activity reduces after weaning (De Vos et al., 2014), resulting in reduced protein 

fermentation (Pieper, Vahjen, & Zentek, 2016b). 

In addition, LAC beneficially modulates the microbiota by increasing lactic acid, 

with reduction of intestinal pH and promotes an increase in short-chain fatty acids 

(SCFAs) production, leading to decreased inflammatory response and increased 
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proliferation of intestinal epithelial cells (Pierce, Callan, McCarthy, & O’Doherty, 2007; 

Soares et al., 2020; Venema, 2012), reflecting in greater integrity and functionality of the 

intestinal villi (Soares et al., 2020).  

In our recent study, assessing LAC and CP levels for weaned piglets, supply of 

higher dietary concentrations of LAC improved the intestinal morphology and integrity 

without affecting piglet performance (Soares et al., 2020). Unlike the present study, 

Soares et al. (2020) used antibiotic and zinc oxide as growth promoters in the diets, as 

well as more digestible protein sources in the diet with higher CP content. 

However, the ban/restriction of antibiotics and zinc oxide use as growth promoters 

in the diets for weaned piglets has been discussed around the world due antimicrobial 

resistance and excess zinc excretion, respectively (Pei et al., 2019; Pluske et al., 2018). 

Thus, higher inclusion of LAC in diets without these growth promoters may result in 

greater magnitude responses on intestinal health, immune response and piglet 

performance (Soares et al., 2020). In addition, the magnitude of LAC effect may also be 

dependent on the protein content of the diet (Pierce et al., 2007). 

Thus, the hypothesis is that increasing the inclusion of LAC in diets with high CP 

concentration improves performance, morphology and epithelial integrity of the intestine, 

in addition to decreasing the activation of the immune system of piglets weaned at 21 

days of age.  

In this way, the present study was carried out to evaluate the effect of CP and LAC 

levels on performance, intestinal morphology and gene expression associated to epithelial 

integrity and activation of the immune system of piglets during the first two weeks after 

weaning. 

 

2 MATERIAL AND METHODS 

All methods involving the handling of pigs followed the ethical principles of animal 

research (CONCEA) and were approved by the Commission of Ethics in the Use of 

Production Animals (CEUAP) of the Universidade Federal de Viçosa (protocol 

100/2018). 

 

2.1 Animals, experimental design, housing and diets 

A total of 120 castrated male and female piglets (Agroceres PIC) weaned at 21 days 

of age and 7.88 ± 0.86 kg of body weight were assigned to a randomized block design, in 

a 2 × 3 factorial arrangement, with two levels of crude protein (CP, 20.0 and 24.0%) and 
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three lactose levels (LAC, 8.0, 12.0 and 16.0%), with 10 replicates and 2 piglets per 

experimental unit, represented by the cage.  

Piglets were housed during the experimental period of 14 days in metal cages, with 

plastic slatted floors, equipped with semiautomatic feeders and nipple drinkers, located 

in climatic-controlled nursery rooms in which the temperature was maintained within the 

thermoneutral zone during the experimental period by means of air conditioners. Ambient 

temperature inside the rooms was recorded daily (5:00 p.m.), using maximum and 

minimum thermometers, kept in an empty cage in the center of the room, half height of 

the piglets’ body. 

Experimental diets (Tables 1) were formulated to meet the nutritional requirements 

of pigs in the pre-initial phase, as recommended by Rostagno et al. (2011). The dietary 

treatments consisted of: 20.0% CP + 8.0% LAC, 20.0% CP + 12.0% LAC, 20.0% CP + 

16.0% LAC, 24.0% CP + 8.0% LAC, 24.0% CP + 12.0% LAC and 24.0% CP + 16.0% 

LAC. 

   Piglets had free access to feed and water throughout the experimental period (21 

to 35 days of age). During the trial, feed was weighed before feeding and feed wastage 

and leftovers were collected and weighed daily to determine average daily feed intake 

(ADFI). At the end of the experimental period, piglets were individually weighed to 

determine final body weight (final BW), average daily gain (ADG), and feed:gain ratio 

(F:G). 

 

2.2 Slaughter procedures and intestinal samples collection 

 At 35 days of age, one piglet from each experimental unit, with average body 

weight closest to the average weight of the piglets in the block was electrically stunned 

followed by exsanguination to collect histological samples. 

 Segments of 2.0 x 2.0 cm of the intestine were sampled corresponding to 

duodenum (10 cm from pylorus), jejunum (the middle portion) and ileum (5 cm proximal 

to the ileocecal junction), according to Yang, Jiang, Zheng, Wang, & Yang (2014). 

Histological sections were then washed in physiological solution and fixed in 4.0% 

paraformaldehyde solution for 24 hours at room temperature.  

 

2.3 Sample collection for gene expression analysis 

 In order to collect jejunum samples for gene expression of cytokines and tight 

junction’s proteins, the instruments that came into contact with the tissue were sanitized 
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with alcohol 70%, dried with paper towel and sprayed with RNAse Exterminator (Protech 

Technology Enterprise CO., Ltd., Taipei, Nanking Dist., Taiwan) between each sampling. 

   The portion of the sampled jejunum was washed with sterile saline serum for 

removal of the digesta in contact with the tissue. From the tissue sample obtained, about 

ten 0.25 cm3 subsamples were collected, washed individually in sterile serum, placed in 

cryotubes with a capacity of 1.8 mL, frozen instantaneously in liquid nitrogen, and stored 

at - 80°C for further analysis. 

 

2.4 Blood analysis 

At the end of the experimental period, the remaining piglet of each experimental 

unit was fasted for 14 hours and then blood was collected by puncture in the orbital sinus, 

using hypodermic needles (40 x 1.6 mm) and packed in 10 mL tubes without 

anticoagulants. Samples were immediately sent at room temperature to the Viçosa clinical 

laboratory for determination of serum urea nitrogen concentration (SUN) (Ureal Cobas c 

311, Roche Diagnostics GmbH, Basel, Switzerland). 

 

2.5 Intestinal morphology assessment 

The histological samples were cross-sectionally cut and dried in ethyl crescent 

gradients, diaphanized in xylene and embedded in liquid paraffin at 60°C. Transverse cuts 

5 μm thickness were stained with hematoxylin and eosin. Three cuts of 5 μm thickness 

each were placed per slide. The cuts were semi-serial using 1 in 10 cuts. 

    For morphological readings, an optical microscope (EVOS® XL Core) was used 

with 10x magnification, coupled to the image analyzer ImageJ 1.50i; java1.6.0_20 

(National Institutes of Health, USA). Heights of 20 villi and their 20 crypts were selected 

and measured. 

 

2.6 Gene expression analysis 

Total RNA extraction was performed using Trizol (Life Technologies) following 

the manufacturer instructions. The RNA concentration was estimated by NanoVueTM 

Plus spectrophotometer (GE Healthcare, Freiburg, Germany), and RNA integrity was 

evaluated through 1.0% agarose gel electrophoresis. Complementary DNA synthesis was 

performed according to Goscript Reverse Transcription System protocol (Promega, 

Madison, WI, USA; Applied Biosystems, Foster City, CA, USA). GenBank numbers to 

access the primers of the genes are shown in Table 2. Primers were used for reverse 
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transcription quantitative PCR with GoTaq qPCR Master Mix (Promega) in ABI Prism 

7300 Sequence Detection Systems thermocycler (Applied Biosystems). Geometric means 

of Ct values of GAPDH was used to normalize target genes expression. Gene of interest 

relative expression was calculated by 2-ΔCt (Livak & Schmittgen, 2001).   

 

2.7 Statistical analysis 

The cage was considered the experimental unit for analysis of performance data 

(ADFI, ADG, F:G, and final BW). One piglet from each experimental unit, slaughtered 

at 35 days of age, was considered the experimental unit for analysis of serum urea 

nitrogen concentration, intestinal morphology and gene expression. The data were 

analyzed using the GLM procedure of SAS 9.4 (SAS Inst., Inc., Cary, NC) licensed by 

Universidade Federal de Viçosa. The means were compared by Tukey test. When there 

was interaction LAC levels were analyzed within 20.0 and 24.0% CP diets. For all 

statistical analyzes probability values less than 0.05 were considered significant and 

probability values between 0.05 and 0.10 was considered as trend. 

 

3 RESULTS 

 

3.1 Performance and serum urea nitrogen concentration 

During the experimental period the average temperature inside the nursery rooms 

was 27.35ºC ± 1.19ºC the minimum temperature was 26.48 ± 0.85ºC and the maximum 

temperature was 28.21 ± 0.79ºC. The thermoneutral zone for piglets in the first two weeks 

after weaning is established between 27 to 30°C (Kummer, Gonçalves, Lippke, Marques, 

& Mores, 2009). Therefore, in the present study the piglets were kept in thermoneutral 

environment. 

There was no interaction (P>0.05) between the CP and LAC for any performance 

variables (Table 3). Piglets fed diets with 24.0% CP had higher ADFI (P = 0.048) 

compared to those fed 20.0% CP. Diets containing 12.0 or 16.0% LAC resulted in higher 

ADFI and ADG (P = 0.003 and P = 0.007, respectively) of piglets compared to the 8.0% 

LAC diet. Similarly, the diet with 12.0% LAC resulted in a higher final BW (P = 0.018) 

of piglets compared to 8.0 and 16.0% LAC diets. However there was no effect (P = 0.164) 

of LAC concentration on F:G. 
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There was also no interaction (P=0.699) between dietary CP and LAC for SUN. 

Piglets consuming 20.0% CP diets had lower (P<0.001) SUN than piglets fed 24.0% CP 

diets (Table 3). 

 

3.2 Intestinal morphology 

There were no interaction (P > 0.05) between the CP and LAC diets for duodenum, 

jejunum and ileum villous height, and for jejunum villous height:crypt depth ratio  (Table 

4). No effect (P > 0.05) of LAC and CP was observed in jejunum villous height:crypt 

depth ratio. However, piglets fed 12.0 or 16.0% LAC diets had higher (P < 0.05) 

duodenum and ileum villous height.  

Interactions (P < 0.05) were observed for duodenum, jejunum and ileum crypt 

depth, and duodenum and ileum villous height:crypt depth ratio.  

There were no differences (P > 0.05) in jejunum crypt depth of piglets fed 8.0, 

12.0 or 16.0% LAC in diets with 20.0 or 24.0% CP. Nonetheless, piglets fed 24.0% CP 

diet with 12.0 or 16.0% LAC had lower (P < 0.05) duodenum and ileum crypt depth, and 

higher (P < 0.05) duodenum and ileum villous height:crypt depth ratio than those fed 

8.0% LAC. 

 

3.3 Gene expression 

Interactions (P < 0.05) were observed between CP and LAC levels of the diets for 

gene expression of IL-6, TNFα, haptoglobin (Hp) and zonula occludens-1 (ZO-1), and a 

tendency (P = 0.07) for interaction of IL-1β gene expression was observed (Table 5). 

However, there were no effect of LAC on expression of IL-6, TNFα and IL-1β. At 24.0% 

CP, piglets fed 16.0% LAC had lower expression of Hp and ZO-1. 

The gene expression of TGF β1 and occludin were not influenced (P> 0.05) by 

CP and LAC levels of the diets. 

 

4 DISCUSSION 

 

4.1 Performance and serum urea nitrogen concentration 

The stress caused by weaning causes physiological changes that compromise the 

piglet's intestinal health (Moeser et al. 2017; Pluske et al., 2018; Wen et al., 2018). Thus, 

after weaning piglets have reduced digestive and absorptive capacity of GIT, resulting in 
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greater amount of protein substrate for the proliferation of pathogenic bacteria in the large 

intestine (Heo et al., 2009; McLamb et al., 2013). 

Toxic compounds such as ammonia, biogenic amines, hydrogen sulfide and 

branched-chain fatty acids generated from residual protein fermentation cause damage to 

the intestinal epithelium, impair energy metabolism of enterocytes, and are directly 

correlated with incidence of post-weaning diarrhea in piglets (Pieper et al., 2016a; Rist, 

Weiss, Eklund, & Mosenthin, 2013; Wen et al., 2018). 

Although high levels of CP in the diet have been associated with incidence of 

diarrhea and decreased performance of weaned piglets, in the present study no effects 

were observed on ADG and F:G. 

Interestingly, piglets fed 24.0% CP diet had a higher ADFI, despite the high 

concentration of soybean meal in the diet. In agreement with the present study, Nyachoti, 

Omogbenigun, Rademacher, and Blank (2006) and Yue and Qiao (2008) also observed a 

reduction in ADFI when the CP content in the diet was reduced from 23.0 to 19.0%. 

According to Leray, Segain, Cherbut, and Galmiche (2003), the reduction of CP 

in the diet decreases the gastric emptying through modulation of cholecystokinin (CCK) 

release and gastric muscle sensitivity to CCK in rats. Likewise, Tian et al. (2016) 

observed an increase in CCK concentrations in the gastric antrum of weaned piglets fed 

17% CP compared to those fed 20% CP. Thus, the reduction in ADFI of piglets fed 20.0% 

CP observed in the present study may be related to less gastric emptying, through the 

modulation of CKK release. 

Nevertheless, Kim, Heo, Mullan, and Pluske (2011) and Wu et al. (2015) did not 

observe differences in ADFI of piglets fed 23.0 or 19.0% CP in the diets. The 

discrepancies between our study and those others may explained by the greater piglets 

weight at the beginning of the experimental period (7.88 vs ~5.7 kg), which may have 

mitigated post-weaning stress. 

However, the increase of ADFI in piglets fed 24.0% CP did not result in better 

ADG and F:G, which is explained by greater amino acid catabolism, evidenced by higher 

SUN observed in piglets fed 24.0% CP. 

LAC has been studied as an alternative to mitigate the effects of diets with high 

levels of CP. In our recent study, Soares et al. (2020) did not observe positive effects of 

dietary LAC levels on performance variables of weaned piglets, regardless of CP level in 

the diets. 
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However, in the present study, 12.0 or 16.0% LAC in diet promoted an increase 

in ADG of piglets, which is consistent with higher ADFI and final BW observed. 

Nevertheless, the increase in weight gain had no influence in F:G. Unlike Soares et al. 

(2020), we did not use antibiotics and zinc oxide as growth promoters in diets, which may 

have evidenced the positive responses of increased LAC in diets on piglet’ performance.  

Similar results on growth performance were also reported by Kim et al. (2010), 

Lynch, Callan, and O’Doherty (2009) and O’Doherty, Dillon, Figat, Callan, and Sweeney 

(2010) supplementing LAC in the diet for weaned piglets. 

LAC beneficially modulates the microbiota by increasing lactic acid, with 

reduction of intestinal pH and promotes an increase in short-chain fatty acids (SCFAs) 

production, leading to decreased inflammatory response and increased proliferation of 

intestinal epithelial cells (Jeong et al., 2019; Pierce et al., 2007; Soares et al., 2020). 

Which may explain the improved performance of piglets that consumed diets with higher 

LAC content. 

The highest ADFI of piglets fed 12.0 or 16.0% LAC diets can be attributed at least 

to two factors. Firstly, diets containing LAC are more palatable (Lynch et al., 2009) and 

thus are more attractive to piglets, stimulating consumption. Secondly, there is an 

association between feed digestibility and feed intake by piglets, and LAC 

supplementation in the diet of weaned piglets improves nutrient digestibility coefficients 

(Jeong et al., 2019; Kim et al., 2010; O'doherty et al., 2010). 

The SUN is commonly used as an indicator of the efficiency of use of dietary 

nitrogen for protein synthesis (Heo et al., 2009; Morales et al., 2016). As observed in the 

present study, at higher CP diets SUN concentration increases, indicating greater 

catabolism of amino acids as piglets are subjected to a greater supply of nitrogen (Fang 

et al., 2019; Wu et al., 2015). 

 

4.2 Intestinal morphology 

Villous height is positively correlated to enzyme production and surface area for 

digestion and absorption of nutrients, being a good indicator of intestinal health (Soares 

et al., 2020). In the present study, the inclusion of 12.0 or 16.0% LAC in the diets 

promoted an increase in duodenum and ileum villous height regardless of CP level in the 

diet, which is consistent with the results of ADFI and ADG. 

The renewal rate and migration of enterocytes from crypts to villi is a normal 

process in the intestine, however, the speed at which this process occurs changes the 
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intestinal morphology (Parker et al., 2017). At high rate of cell renewal that can be caused 

by pathogenic bacteria colonization in the intestine, the crypts become deeper resulting 

in greater energy losses to support cell renewal (Baurhoo, Letellier, Zhao, & Ruiz-Feria, 

2007). In this sense, the performance of piglets is associated with the villous height:crypt 

depth ratio (Lu, Zou, & Wang, 2008). The higher villous height and lower the crypt depth 

the better the digestion and absorption of nutrients (Li et al., 1991). 

In this study, the addition of 12.0 or 16.0% LAC in the diet with 24.0% CP 

decreased duodenum and ileum crypt depth and increased duodenum and ileum villous 

height:crypt depth ratio (Figure 1), improving the performance of piglets. 

 LAC in the intestine acts as an inhibitor of protein fermentation. Carbohydrate 

fermenting bacteria incorporate amino acids as microbial protein, limiting the availability 

of substrate for protein fermentation (Pierce et al., 2006a; 2006b), decreasing the 

concentration of toxic compounds such as ammonia and hydrogen sulfide in the intestinal 

lumen. These metabolites interfere the energy metabolism of intestinal mucosal cells, 

inducing cellular energy deficiency (Blachier, Mariotti, Huneau, & Tomé, 2007; 

Leschelle et al., 2002), that negatively influences the intestinal morphology of piglets. 

 In this sense, supplementation of 12.0 or 16.0% LAC in the diet may have reduced 

protein fermentation and the formation of ammonia and hydrogen sulfide in the intestinal 

lumen, increasing the longevity of enterocytes, resulting in increased villous height. 

 Another hypothesis is that the use of LAC as a fermentative substrate for 

acidophilic bacteria such as Lactobacillus spp., resulting in reduction of intestinal pH 

through the production of lactic acid and control of the population of pathogenic bacteria 

(Daly et al., 2014; Jeong et al., 2019; O'doherty et al., 2010). With the reduction of 

intestine colonization by pathogens, the turnover of intestinal epithelial cells decreases, 

resulting in greater villous height and reduction of crypt depth. 

 Studies with LAC supplementation in the diet of weaned piglets reported 

increased production of volatile fatty acids in different segments of the intestine (Pierce 

et al., 2007; Lynch et al., 2009; Jeong et al., 2019). Among volatile fatty acids, butyrate 

is associated with increased secretion of GLP-2, which plays an important role in 

proliferation, differentiation, and reduction of enterocytes apoptosis (Liu, Ipharraguerre, 

& Pettigrew, 2013; Sigalet et al., 2015). Therefore, one can infer the supply of the higher 

levels of LAC (12.0 or 16.0%) in the present study may have contributed to a higher 

production of volatile fatty acids and this may be associated with increased villous height 

and villous height:crypt depth ratio of the intestinal segments. 
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4.3 Gene expression 

 Weaning is associated with an increased inflammatory response, contributing to 

disorders of the intestinal mucosa through the positive regulation of pro-inflammatory 

cytokines such as IL-6, TNFα and IL-1β (Pié et al., 2004). In addition to causing damage 

to the intestinal epithelium, proinflammatory cytokines divert nutrients used from growth 

in response to infection to control the immune challenge, causing deficiency in the use of 

energy and nutrients, thus impairing the piglets' performance (Elsasser, Caperna, Li, 

Kahl, & Sartin, 2008). 

 Although LAC did not alter the gene expression of IL-6, TNFα and IL-1β in the 

present study, the pattern of response between the CP levels with the increase in LAC 

levels in the diet was different (Figure 2). Piglets fed 24.0% CP had a numerical reduction 

of 32.0, 42.6 and 45.3% in the expression of IL-6, TNFα and IL-1β, respectively, by 

increasing LAC in the diets, suggesting that increasing LAC inclusion in diets with higher 

levels of CP may attenuate the inflammatory response, which is consistent with the results 

of intestinal performance and morphometry in this study. 

Haptoglobin (Hp) is an acute-phase protein which has its expression increased 

when there is a high degree of infection and inflammation (Soler, Gutiérrez, Müllebner, 

Cerón, & Duvigneau, 2013). As a result, Hp has been widely used as a marker of infection 

in pigs (Benga et al., 2009).  

In this study the inclusion of LAC did not influence the expression of Hp in the 

jejunum of piglets fed the 20.0% CP diet. However, as the levels of LAC increased in the 

diet with 24.0% CP the expression of Hp in the jejunum was reduced (Figure 2), 

evidencing the inclusion of LAC in the diet with 24.0% CP attenuated intestinal 

inflammation, resulting in the improvement of intestinal morphology and performance of 

piglets. 

 The inflammatory response can be regulated by the expression of anti-

inflammatory cytokines such as TGF β1 through the inactivation of NF-κB (Monteleone, 

Pallone, & MacDonald, 2004). However, in the present study there was no effect of the 

diets on the expression of TGF β1 in jejunum, indicating the attenuation of the 

inflammatory response by LAC could be mainly linked to other two factors. 

 First, LAC may attenuate the inflammatory response by increasing volatile fatty 

acids (Jeong et al., 2019), such as acetate, propionate and butyrate, which bind to GPR41, 

GPR43 and GPR109a receptors in the intestinal epithelium, leading to inactivation of NF-
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κB and suppression of pro-inflammatory cytokines (Levy, Blacher, & Elinav, 2017). 

Second, LAC favors the growth of acidophilic bacteria decreasing the population of 

pathogenic bacteria (Kim et al., 2010; Jeong et al., 2019), which reduces pathogen bonds 

in the intestinal epithelium and consequently the activation of the immune system. 

 Occlusive junction proteins such as occludin and ZO-1 are responsible for 

decreasing the permeability of the intestinal epithelium, preventing the passage of 

microorganisms and toxins into the intercellular space, maintaining the integrity and 

functionality of the intestinal epithelium (He et al., 2017). 

In the present study, the levels of CP and LAC did not influence the expression of 

occludin. However, increasing LAC in the 24.0% CP diet resulted in a reduction in the 

expression of ZO-1 in the piglets' jejunum.  

 A possible explanation for this result is related to the regulation of ZO-1 on cell 

proliferation. It has been shown in tissues with greater cell proliferation ZO-1 expression 

can be decreased (Balda, Garrett, & Matter, 2003; De Longh, Wederell, Lovicu, & 

McAvoy, 2005; Unger et al., 2002). 

 Balda and Matter (2009) and González-Mariscal et al. (2014) reported that ZO-1 

directs the transcription factor ZONAB away from the nucleus, decreasing the induction 

of genes such as CD1, CDK4 and PCNA involved in cell proliferation. Thus, the reduced 

expression of ZO-1 correlates with the increased proliferation of epithelial cells 

(González-Mariscal et al., 2014), which is consistent with the results of intestinal 

morphology of the present study. 

Although at the same time that the increase in LAC levels in the diet promoted a 

reduction in inflammatory response and an improvement in intestinal morphology and 

consequently in performance of the piglets, interestingly, a reduction in ZO-1 expression 

occlusive junction protein was observed. In this sense, one can infer the improvement of 

intestinal health promoted by LAC may have reduced the need for ZO-1 synthesis in the 

intestinal barrier. 

 

5 CONCLUSION 

 In conclusion, 12.0% LAC in the diet improves performance of piglets from 21 to 

35 days of age regardless CP content. The inclusion of 12.0 or 16.0% LAC in the diet 

promotes improvements in intestinal morphology, which are more evident in the diet with 

24.0% CP. In addition, increasing LAC content in the diet with 24.0% CP decreases the 

activation of the immune system and reduces the permeability of the intestinal epithelium. 
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Table 1. Composition of experimental diets 

Ingredient, % 

Crude protein, % 
20.0 24.0 

Lactose, % 
8.0 12.0 16.0 8.0 12.0 16.0 

Corn 42.79 42.79 42.79 31.80 31.80 31.80 
Soybean meal  18.50 18.50 18.50 30.00 30.00 30.00 
Starch 9.00 4.92 0.85 9.00 4.92 0.85 
Lactose 8.17 12.25 16.32 8.17 12.25 16.32 
Micronized soybean 12.00 12.00 12.00 12.00 12.00 12.00 
Blood plasma 4.00 4.00 4.00 4.00 4.00 4.00 
Soybean oil 1.10 1.10 1.10 1.40 1.40 1.40 
Dicalcium phosphate 1.70 1.70 1.70 1.60 1.60 1.60 
Limestone 0.92 0.92 0.92 0.92 0.92 0.92 
Salt 0.45 0.45 0.45 0.45 0.45 0.45 
L-lysine, 78.0% 0.40 0.40 0.40 0.05 0.05 0.05 
Vitamin premixa 0.30 0.30 0.30 0.30 0.30 0.30 
DL-methionine, 99.0% 0.21 0.21 0.21 0.11 0.11 0.11 
Mineral premixb 0.20 0.20 0.20 0.20 0.20 0.20 
Antioxidant 0.01 0.01 0.01 0.01 0.01 0.01 
L-threonine, 98.5% 0.175 0.175 0.175 - - - 
L-valine, 96.5% 0.065 0.065 0.065 - - - 
L-tryptophan, 99.0% 0.020 0.020 0.020 - - - 
Calculated nutritional compositionc 
Calcium, % 0.850 0.850 0.850 0.850 0.850 0.850 
ME, kcal/kg 3400 3400 3400 3400 3400 3400 
Available phosphorus, % 0.450 0.450 0.450 0.450 0.450 0.450 
Lactose, % 8.00 12.00 16.00 8.0 12.000 16.00 
SID Lysine, %  1.350 1.350 1.350 1.350 1.350 1.350 
SID Met+Cis, % 0.756 0.756 0.756 0.756 0.756 0.756 
Crude protein, % 20.00 20.00 20.00 24.00 24.00 24.00 
Sodium, % 0.280 0.280 0.280 0.280 0.280 0.280 
SID threonine, % 0.850 0.850 0.850 0.850 0.850 0.850 
SID tryptophan, % 0.243 0.243 0.243 0.285 0.285 0.285 
SID valine, % 0.931 0.931 0.931 1.071 1.071 1.071 
SID isoleucine, % 0.747 0.747 0.747 0.941 0.941 0.941 
aContent per kilogram of product: folic acid (125.00 mg), calcium pantothenate (4,000.00 
mg), biotin (12.50 mg), niacin (825.00 mg), vitamin B6 (250.00 mg), vitamin  B2 (1,350.00 
mg), selenium (75.00 mg), vitamin B1 (250.00 mg), vitamin A (2,100,000 U.I.), vitamin 
B12 (6,000.00 mcg), vitamin D3 (350.000 U.I.), vitamin E (5,000 U.I.), vitamin K3 (850.00 
mg). 
bContent per kilogram of product: Fe (20.0g), Cu (56.0g), I (400.0 mg), Zn (32.0 g), Mn 
(14.0 g). 
cValues calculated according to Rostagno et al. (2011). 
Abbreviation: SID, standardized ileal digestible. 
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Table 2. Oligonucleotides used on gene expression analysis of cytokines and tight 
junctions’ proteins 

Genes GenBank number Sequence 
Size, 
bp 

GAPDH NM_001206359.1 
F:´CAAAGTGGACATTGTCGCCATCA´ 
R:´AGCTTCCCATTCTCAGCCTTGACT´ 

124 

TNF-α NM_214022.1 
F:5′CATCGCCGTCTCCTACCA3′ 

R:5′CCCAGATTCAGCAAAGTCCA3′ 199 

IL-1β NM_214055.1 
F:5′TCTGCCCTGTACCCCAACTG3′ 
R:5′CCCAGGAAGACGGGCTTT3′ 132 

IL-6 NM_001252429.1 
F:5′CCTGTCCACTGGGCACATAAC3′ 

R:5′CAAGAAACACCTGGCTCTGAAAC3′ 253 

Hp NM_214000.2 
F:5'GCTAAGAATCTCCGCTTGG3' 
R:5'CAATCTCCACCTCCTGTTTC3' 

100 

TGF β1 NM_214015.1 
F:5′GGACCTTATCCTGAATGCCTT3′ 

R:5′TAGGTTACCACTGAGCCACAAT3′ 133 

Occludin NM_001163647.1 
F:5′ TCCTGGGTGTGATGGTGTTC3′ R:5′ 

CGTAGAGTCCAGTCACCGCA3′ 145 

ZO-1 XM_003353439.2 
F:5′AAGCCCTAAGTTCAATCACAATCT3

′ R:5′ ATCAAACTCAGGAGGCGGC3′ 130 

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehyidrogenase; TNFα, tumor 
necrosis factor alpha; IL-1β, interleukin 1 beta; IL-6, interleukin 6; Hp, haptoglobin; TGF-
β1, transforming growth factor beta 1; ZO-1, zonula occludens-1.  
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Table 3. Effects of crude protein (CP) and lactose (LAC) on performance and serum urea 
nitrogen concentration (SUN) of piglets from 21 to 35 days of age 

CP (%) 
LAC (%) 

Mean 
P-value SEM 

(n=10) 8.0 12.0 16.0 CP LAC CP x LAC 
Initial body weight, kg 

20.0 7.88 7.86 7.90 7.88 
0.914 0.957 0.933 0.061 24,0 7.87 7.88 7.87 7.87 

Mean 7.87 7.87 7.88  
Final body weight, kg 

20.0 10.98 11.41 11.44 11.28 
0,305 0,018 0,603 0,208 24.0 11.06 11.82 11.47 11.45 

Mean 11.02b 11.61a 11.46ab  

Average daily feed intake, kg 
20.0 0.285 0.330 0.335 0.317 B 

0.048 0.003 0.899 0.014 24.0 0.313 0.355 0.351 0.340 A 
Mean 0.299b 0.343a 0.343a  

Average daily gain, kg 
20.0 0.222 0.254 0.254 0.243 

0.142 0.007 0.739 0.014 24.0 0.229 0.282 0.270 0.260 
Mean 0.225b 0.268a 0.262a  

Feed:gain ratio 
20.0 1.32 1.31 1.33 1.32 

0.741 0.226 0.268 0.037 24.0 1.39 1.27 1.33 1.33 
Mean 1.35 1.29 1.33  

SUN (mg/dl) 
20.0 19.15 18.53 17.63 18.44B 

<0.001 0.274 0.699 1.177 24.0 27.63 25.02 25.57 26.07A 
Mean 23.39 21.78 21.60   

A,BMeans followed by different uppercase letters in the lines differ (p < .05) from each other 
by Tukey test.                    
a.b Means followed by different lowercase letters in the lines differ (p < .05) from each other 
by Tukey test. 
Abbreviations: CP, crude protein; LAC, lactose; SEM, standard error of the mean.                
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Table 4.  Intestinal morphology of piglets 14 days post-weaning fed diets with different levels 
of lactose (LAC) and crude protein (CP) 

CP 
(%) 

LAC (%) 
Média 

P-value SEM 

(n=10) 8.0 12.0 16.0 CP LAC CP x LAC 
Duodenum villous height, μm 

20.0 241.346 248.399 252.511 247.418 
0.105 0.020 0.125 13.411 24.0 227.185 281.317 287.866 265.456 

Média 234.265 b 264.858ab 270.188 a  

Duodenum crypt depth, μm 
20.0 132.256a 141.732a 150.448a 141.478 

0.064 0.051 <0.001 5.345 24.0 171.255a 135.180b 142.750b 149.728 
Média 151.755 138.456 146.599  

Duodenum villous height:crypt depth 
20.0 1.876a 1.819a 1.711a 1.802 

0.274 <0.001 <0.001 0.064 24.0 1.366b 2.138a 2.076a 1.860 
Média 1.621 1.978 1.893  

Jejunum villous height, μm 
20.0 221.071 237.560 226.008 228.213 

0.329 0.351 0.890 11.577 24.0 208.201 225.373 223.127 218.901 
Média 214.636 231.467 224.568  

Jejunum crypt depth, μm 
20.0 109.792 119.440 112.890 114.041 

0.349 0.847 0.019 4.110 24.0 124.122 109.931 117.572 117.208 
Média 116.957 114.685 115.231  

Jejunum villous height:crypt depth 
20.0 2.061 2.043 2.029 2.044 

0.090 0.237 0.162 0.095 24.0 1.726 2.068 1.939 1.911 
Média 1.893 2.056 1.984  

Ileum villous height, μm 
20.0 172.518 190.873 184.764 182.718 

0.109 0.006 0.313 7.038 24.0 156.420 175.759 187.918 173.366 
Média 164.469b 183.316a 186.341a  

Ileum crypt depth, μm 
20.0 102.779a 113.101a 108.006a 107.962 

0.686 0.743 0.009 4,116 24.0 118.183a 102.287b 107.513ab 109.328 
Média 110.481 107.691 107.759  

Ileum villous heigth:crypt depth 
20.0 1.739a 1.738a 1.786a 1.754 

0.013 <0.001 0.001 0.059 24.0 1.348b 1.765a 1.781a 1.631 
Média 1.543 1.752 1.783   
A,BMeans followed by different uppercase letters in the lines differ (p < .05) from each other by 
Tukey test.                    
a.b Means followed by different lowercase letters in the lines differ (p < .05) from each other by 
Tukey test.                                                                                                                                         
Abbreviations: CP, crude protein; LAC, lactose; SEM, standard error of the mean. 
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Table 5. Gene expression of cytokines and tight junction proteins in the jejunum of piglets 
14 days post-weaning fed diets with different levels of lactose (LAC) and crude protein (CP) 

CP (%) 
LAC (%) 

Mean 
P-value SEM 

(n=8) 8.0 12.0 16.0 CP LAC CP x LAC 
IL-6 

20.0 2.502 2.342 3.012 2.619 
0.103 0.307 0.035 0.317 24.0 3.732 2.909 2.537 3.059 

Mean 3.117 2.626 2.775  

TNFα 
20.0 3.233 3.480 3.985 3.566 

0.684 0.484 0.026 0.458 24.0 4.345 3.397 2.493 3.412 
Mean 3.789 3.438 3.239  

IL-1β 
20.0 2.242 2.743 2.873 2.619 

0.765 0.514 0.070 0.454 24.0 3.412 2.915 1.867 2.731 
Mean 2.827 2.829 2.370  

Haptoglobin 
20.0 1.721a 1.759a 1.944a 1.808 

0.168 0.286 0.025 0.172 24.0 2.403a 1.984ab 1.641b 2.009 
Mean 2.062 1.872 1.792  

TGF β1 
20.0 2.283 2.573 2.041 2.299 

0.381 0.236 0.701 0.225 24.0 2.638 2.525 2.259 2.474 
Média 2.460 2.549 2.150  

Occludin 
20.0 4.691 5.057 5.045 4.931 

0.978 0.309 0.156 0.529 24.0 5.546 5.384 3.829 4.920 
Mean 5.119 5.221 4.437  

ZO-1 
20.0 2.618a 3.048a 3.164a 2.944 

0.687 0.404 0.012 0.288 24.0 3.646a 3.111ab 2.369b 3.042 
Mean 3.132 3.080 2.766  

A,BMeans followed by different uppercase letters in the lines differ (p < .05) from each other 
by Tukey test.                    
a.b Means followed by different lowercase letters in the lines differ (p < .05) from each other 
by Tukey test.                                                                                                                              
Abbreviations: CP, crude protein; LAC, lactose; SEM, standard error of the mean; TNFα, 
tumor necrosis factor alpha; IL-1β, interleukin 1 beta; IL-6, interleukin 6; TGF-β1, 
transforming growth factor beta 1; ZO-1, zonula occludens-1. 
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Figure 1. Intestinal morphology of piglets at 35 days of age according to crude protein 
(CP) and lactose in the diets. Means followed by distinct lowercase letters differ from 
each other by Tukey test (P<0.05). 
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Figure 2. Intestinal gene expression of piglets at 35 days of age according to crude protein 
(CP) and lactose in the diets. Means followed by distinct lowercase letters differ from 
each other by Tukey test (P<0.05). Abbreviations: TNFα, tumor necrosis factor alpha; IL-
1β, interleukin 1 beta; IL-6, interleukin 6; ZO-1, zonula occludens-1. 
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