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Tributyrin differentially regulates inflammatory 

markers and modulates goblet cells number along the 

intestinal tract segments of weaning pigs

Abstract

Butyric acid is widely used in pig production as feed additive to improve growth performance at 

weaning, based on its intestinal health-promoting action. The aim of this study was to evaluate the 

intestinal architecture and expression of inflammatory cytokines and tight junctions (TJ) markers 

in weaning piglets fed with tributyrin, either free or microencapsulated, as dietary source of butyric 

acid. One hundred and eight weaned piglets were divided into pens (4 piglets/pen, nn = = 9) and 

received either a basal diet (control) or the basal diet supplemented with tributyrin at 1750 mg/kg 

(f-TB) or its encapsulated form (m-TB) at 3800 mg/kg (providing 1750 mg/kg of tributyrin equally 

to f-TB). Growth performance was recorded until d21 when 7 pigs/group were euthanized to collect 

intestinal samples (duodenum, jejunum, ileum, colon) for histomorphology, cytokines, and TJ 

markers gene expression analysis. Data were analyzed with 1-way ANOVA. Growth performance 

was not affected. Compared with control pigs, m-TB pigs tended to induce deeper crypts in the 

duodenum (PP  = =  0.09); goblet cells number tended to be reduced by f-TB treatment in 

duodenum villi (PP = = 0.09), by both f-TB and m-TB treatments in ileum villi (PP = = 0.06), and 

by m-TB treatment in colon crypts (PP  = =  0.08). Compared with control animals, f-TB pigs 

showed higher tumor necrosis factor α (TNF-α) expression in duodenum (trend with PP = = 0.06), 

and higher interferon γ (IFN-γ) in the jejunum (PP  = = 0.04), whereas in the colon m-TB pigs 

tended to down regulate IFN-γ (PP = = 0.06). Claudin-1 mRNA in the jejunum was reduced in m-

TB group compared to control group (PP = = 0.05). Occludin mRNA in the ileum was reduced in 
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both groups treated with tributyrin compared to control group (P  <  0.01). In the colon occludin 

mRNA was downregulated both in f-TB and m-TB pigs compared to control pigs (P   <   0.05).

 Overall, the supplementation of tributyrin in the diet reduced the mucous-secreting goblet cells in a 

tract-specific way and modulated the expression of inflammatory cytokines and TJ components 

along the intestinal tract of weaning piglets, without any negative effect on growth performance.

Keywords: Microencapsulation; Pig; Tributyrin; Weaning; Tight junctions

1 Introduction

Tributyrin (TB) is a triester of butyric acid that can be hydrolyzed by intestinal lipases into two molecules of 

butyric acid and monobutyrin, rapidly absorbed by the enterocyte (Leonel et al., 2013). Tributyrin is regarded 

as a precursor of butyric acid, which is well-known for its multiple properties as intestinotrophic, anti-

inflammatory, anti-oxidant, anti-apoptotic, and protective of the epithelial barrier integrity (Guilloteau et al., 

2010). The treatment with TB itself has been associated with various beneficial effects at intestinal and 

systemic level: TB protected the gut integrity through an anti-inflammatory action in a murine ethanol-induced 

intestinal injury model (Cresci et al., 2014) but also in dextran sodium sulfate (DSS)-induced colitis in mice 

and in acetic acid-induced colitis in pigs (Leonel et al., 2013; Hou et al., 2014). In addition, TB showed a 

metabolic effect protecting the liver from a LPS-mediated damage in rats (Miyoshi et al., 2011) and reducing 

inflammation and insulin resistance associated to diet-induced obesity in mice (Vinolo  et  al., 2012). 

Concerning pig production, previous studies showed that TB at 5000 mg/kg for 4 weeks improved growth 

performance, intestinal morphology, and digestive enzyme activity in weaning piglets (Hou et al., 2006). In 

addition, TB in combination with lactitol, as precursor and fermentable source of butyric acid, improved the 

trophic status of the mucosa and reduced histamine levels in nursery piglets (Piva et al., 2002).

Based on these literature findings, we hypothesized that dietary TB could beneficially impact gut health, as 

measured by architecture of the various intestinal segments and local inflammation response in weaning pigs. 

Moreover, as TB is rapidly hydrolyzed and absorbed in the small intestine, a microencapsulated form of TB 

was also tested to verify any additional benefit more distally in the hindgut.

2 Material and methods

The study was conducted at the research facilities of the Research centre for Animal Production and 

Environment (CERZOO), which is a Good Laboratory Practices-certified facility and operates in compliance 

with the Directive 2010/63/UE covering the protection of the animals used for experimental or other scientific 

purposes, adopted by the Italian legislation in D. Lgs 4th March 2014, No. 26, and according to the 

Recommendation 2007/526/CE.

2.1 Experimental design and sample collection

One hundred and eight piglets (Landrace  ×   Large White, barrows and gilts, 6.67 (SE 0.07) kg of BW) 

weaned at 28 days of age were divided in 27 pens (4 piglets/pen) and randomly assigned to one of the 



following experimental groups (9 pens/group): the basal diet (control); the basal diet added with 1750 mg/kg 

of free TB (f-TB); the basal diet supplemented with lipid microencapsulated TB (m-TB) at 3800  mg/kg, 

providing 1750 mg/kg of tributyrin equally to f-TB (both free and microencapsulated TB were supplied by 

Vetagro S.p.A., Reggio Emilia, Italy).

The basal diet was formulated to meet or exceed requirements for weaned piglets recommended by the 

NRC (2012). Chemical analysis of the diet was performed and DM, CP, ether extract, crude fiber, ash, and 

starch contents of the feedbasal diet were determined according to the AOAC  (2000) methods. The 

composition of basal diet is provided in Table 1.

alt-text: Table 1

Table 1

Composition and analyzed nutrient content of basal diet (as-fed basis).

Nursery diet (0 to 21 d)

Ingredients (%)  

Corn meal 50.00

Soybean meal (48%) 20.53

Barley meal 13.84

Milk serum 8.00

Potato proteins 2.50

Soybean oil 1.72

Calcium carbonate 1.08

Vitamin and mineral premix 
1

 0.50

Dicalcium phosphate 0.50

L-Lys HCl 0.51

DL-Met 0.21

L-Thr 0.19

L-Trp 0.08

NaCl 0.34

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please 

view the Proof.



Table Footnotes

Pigs health was monitored throughout the study. Piglets were individually weighed at the beginning of the 

study (d0) and at the end of the study (d21). Feed was provided ad libitum and average daily gain (ADG), 

average daily feed intake (ADFI) and gain to feed ratio (G:F) were calculated between 0 and 21 d. After 21 d, 

7 pigs per treatment (with individual ADG closest to the group mean ADG) were euthanized by penetrating 

captive bolt followed by exsanguination to collect intestinal samples (duodenum, jejunum, ileum, and colon). 

Intestinal samples were cut longitudinally to expose the mucosa and washed with phosphate buffered saline 

(PBS) to remove mucus and digesta. Then the mucosa was scraped gently with a glass slide, vacuum-packed, 

immediately frozen in liquid N
2
 and stored at −80 °°C until gene expression analysis was conducted. Samples 

for histological investigation were instead collected and fixed in formalin until staining.

2.2 Intestinal histomorphometry

Intestinal samples (duodenum, jejunum, ileum, and colon) were formalin-fixed and paraffin-embedded and 

routinely stained (hematoxylin-eosin). Slides were coded, and morphometric measures and goblet cells 

counting were carried out blindly by three skilled operators. All images were acquired with an optical 

microscope Leica DMLB, coupled to a Leica DFC camera (Leica Microsystems GmbH, Wetzlar, Germany). 

The acquired images were 2088 × 1550 pixel, in Jpeg format, and the digital image analysis was conducted 

with ImageJ 1.46 (http://rsbweb.nih.gov/ij/download.html).

Hematoxylin-eosin stained slides were used for measurements of villous height/crypt depth by means of 

histomorphometry of intestinal segments. Light microscope photographs were used to measure 10 of the 

DM (%) 89.12

Nutrients (% DM)  

CP 18.87

Ether extract 4.19

Crude fiber 3.64

Ash 4.64

Starch 38.50

Digestible energy 
2

 , kcal/kg 3427

Net energy 
3

 , kcal/kg 2545

Providing per kilogram of premix: vitamin A, 3,000,000 UI; vitamin D3, 400,000 UI; vitamin E, 12,000 mg; vitamin B1, 500 mg; 

vitamin B2, 1200 mg; vitamin B6, 1000 mg; vitamin B12, 6 mg; vitamin C, 15,000 mg; vitamin K, 500 mg; vitamin PP, 5000 mg; 

D-pantotenic acid, 4000 mg; choline cloride, 69,200 mg; folic acid, 300 mg; biotin, 40 mg; Mn, 8000 mg; Fe, 40,000 mg; Cu, 

20,000 mg; Co, 80 mg; I, 300 mg; Zn, 24,000 mg; Se, 20 mg; sepiolite as anti-caking agent 50,000 mg; calcium carbonate, 

38.61%; wheat midding 15%).

1

According to the equation proposed by  Whittemore (1987) .
2

According to the equation proposed by  Noblet et al. (1994) .
3

http://rsbweb.nih.gov/ij/download.html


tallest, best oriented villi from villous tip to crypt mouth, and 10 crypts from crypt mouth to base, adjacent to 

submucosa (Obj. 10X). The villi height to crypt depth ratio (V:C ratio) was calculated (King et al., 2008).

The hematoxylin-eosin stained slides were also used for goblet cells counting. In crypts, goblet cells were 

counted in the 5 best oriented crypts / /intestinal tract, from crypt mouth to base (adjacent to submucosa). 

Number of goblet cells is expressed as mean number per crypt per tract and mean number of goblet cells / 

/100 μm of crypts (mean data of crypt length). This was determined in order to supply the number of cells / 

/crypt (anatomo-functional unit), flanked by number of goblet cells / /unit length of epithelium (linear density), 

that is more comparable with bibliographic data (Obj. 40X), (King et al., 2008). The equation to determine the 

number of goblet cells / /100 μm was: goblet cells / /100 μm  =  number of goblet cells  ×  100 / /(crypt depth 

×  2), (King et al., 2008). In villi, goblet cells were counted in the 5 best oriented villi / /intestinal tract, from 

villous tip to base (adjacent to crypts mouth). Number of goblet cells is expressed as mean number / /villous 

per tract and mean number of goblet cells / /100 μm of villi epithelium (mean data of villous height). This was 

determined in order to supply the number of cells / /villous (anatomo-functional unit), flanked by number of 

goblet cells / /unit length of epithelium (linear density), that is more comparable with bibliographic data (Obj. 

40X), (King et al., 2008). The equation to determine the number of goblet cells / /100 μm was: goblet cells / 

/100 μm  =  number of goblet cells  ×  100 / /(villi height  ×  2), (King et al., 2008).

2.3 Inflammatory cytokines and tight junctions (TJ) components gene expression profiling

Gene expression analysis of intestinal mucosa scrapings (duodenum, jejunum, ileum and colon) was 

performed with a Real-Time PCR method according to Grilli et al. (2015a). Gene expression was normalized 

using two housekeeping genes coding for portions of porcine ribosomal subunit 60S, such as ribosomal protein 

L35 (RPL35) and ribosomal protein L4 (RPL4). Average C
T

 was determined for each gene of interest 

(GOI), and geometric average was calculated for housekeeping genes (HKs), assuming C
T

 as number of 

cycles needed to reach a fixed arbitrary threshold. Delta C
T

 was calculated as C
T

 GOI−C
T

 HKs, then the 2
–

ΔΔC

T
 method was used to analyze the relative expression (fold changes), calculated relative to the control 

group (Livak and Schmittgen, 2001).

The sequences, expected product length, accession number in the EMBL database/GenBank and references of 

porcine primers are shown in Table 2. Primers were obtained from Life Technologies.

alt-text: Table 2

Table 2

Primers used for gene expression analysis by Real-Time PCR.

Gene Primer Sequence (5′ → 3′) Product 

length (bp)

Product Tm 

( °°C)

Accession 

number

Reference

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please 

view the Proof.



2.4 Statistical analysis

Animals were grouped in a completely randomized design and data were analyzed with one-way ANOVA, 

followed by Tukey post hoc test (Graph Pad Prism 5 version 5.03; GraphPad Software, Inc, San Diego, CA). 

The pen was the experimental unit for growth performance, whereas the pig was the experimental unit for 

histomorphometry and for gene expression analysis. Differences were considered significant at P <   < 0.05 

and trends for 0.05  <  PP ≤≤ 0.10.

3 Results

Growth performance was not affected by the treatments and the results are presented in  Table 3 .

Occludin
F: ATCAACAAAGGCAACTCT

R: GCAGCAGCCATGTACTCT

157 83 NM_001163647.2
 Zhang and 

Guo, 2009 

Claudin-

1

F: 

TCCAGTGCAAAGTCTTCGACTCCT

R: 

ATGCCAACAGTGGCCACAAAGATG

121 85.5 NM_001244539.1
 Grilli et al., 

2016 

TNF-α

F: 

GCCCACGTTGTAGCCAATGTCAAA

R: 

GTTGTCTTTCAGCTTCACGCCGTT

99 87 NM_214022.1
 Grilli et al., 

2015b 

IFN-γ

F: 

GGCCATTCAAAGGAGCATGGATGT

R: 

TGAGTTCACTGATGGCTTTGCGCT

149 83.5 NM_213948.1
 Grilli et al., 

2015b 

IL-1β
F: GGCCGCCAAGATATAACTGA

R: GGACCTCTGGGTATGGCTTTC

70 83 NM_214055.1  Arce et al., 2010 

RPL35
F: AACCAGACCCAGAAAGAGAAC

R: TTCCGCTGCTGCTTCTTG

146 87.5 NM_214326.2
 Alexander et al., 

2012 

RPL4
F: CAAGAGTAACTACAACCTTC

R: GAACTCTACGATGAATCTTC

122 84 XM_003121741.3
 Alexander et al., 

2012 

Tm =   = melting temperature; F  =   =  forward primer; R  =   =  reverse primer; TNF-α  =    =  tumor necrosis factor α; IFN-

γ =  = interferon-γ; IL-1β =  = interleukin 1 beta; RPL35 =  = ribosomal protein L35; RPL4 =  = ribosomal protein L4.

alt-text: Table 3

Table 3

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please 

view the Proof.



3.1 Intestinal histomorphometry

Table 4  summarizes histometrical results and goblet cells counts. In the duodenum, the villi length was not 

affected by the treatments, whereas the crypts tended to be deeper in pigs fed microencapsulated tributyrin 

compared to controls (PP = = 0.09). However, no differences in V:C ratio were observed. In the jejunum, no 

effects on villi length, crypt depth or V:C ratio were evident. In the ileum and in the colon, there were no 

differences between groups.

Effect of feeding free or microencapsulated tributyrin on growth performance in weaning piglets.

Treatment

 control f-TB m-TB SEM P

BW (kg)      

 d0 6.66 6.69 6.66 0.07 0.92

 d21 11.92 11.34 11.75 0.35 0.50

      

0 to 21 d      

 ADG (g/d) 263 232 255 18 0.45

 ADFI (g/d) 439 416 442 22 0.68

 G:F 0.60 0.56 0.58 0.02 0.26

Data are presented as means (9 pens/treatment). Control = basal diet (control, 0 mg/kg of tributyrin); f-TB = basal diet  +   free 

tributyrin at 1750 mg/kg; m-TB = basal diet  +  microencapsulated tributyrin at 3800 mg/kg (providing 1750 mg/kg of tributyrin); 

ADG = average daily gain; ADFI = average daily feed intake; G:F = gain to feed ratio.

alt-text: Table 4

Table 4

Effect of feeding free or microencapsulated tributyrin on intestinal histomorphometry in weaning piglets.

Treatment

 control f-TB m-TB SEM P

Duodenum      

 Villous height (μm) 234.1 252.2 286.7 28.3 0.43

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please 

view the Proof.



In the duodenum, goblet cells were not different in the crypts but in the villi tended to be reduced in the f-TB 

group compared to control and m-TB groups (2.4 fold less, PP  = = 0.09). In the jejunum, no effects were 

observed on goblet cells numbers in villi or crypts. In the ileum, goblet cells tended to be lower in the villi of 

both f-TB and m-TB groups than in the control group (1.8 and 2.2 fold less, respectively; PP = = 0.06). In the 

crypts of the colon, goblet cells number tended to be reduced in m-TB group compared to both control and f-

TB groups (PP = = 0.08).

3.2 Inflammatory cytokines and TJ markers gene expression analysis

Inflammatory cytokines mRNA levels in ileum, duodenum, jejunum, and colon are summarized in  Fig. 1 . In 

the duodenum, IFN-γ expression was not influenced by the treatments while TNF-α tended to be higher in f-

 Crypt depth (μm) 356.7 376.8 427.8 20.8 0.09

 V:C 0.66 0.69 0.62 0.08 0.83

 Goblet cells / /100 µm villous 1.02 0.43 1.22 0.25 0.09

 Goblet cells / /100 µm crypt 2.92 2.40 2.18 0.29 0.35

Jejunum      

 Villous height (μm) 279.5 231.1 294.1 24.6 0.17

 Crypt depth (μm) 253.9 257.3 276.1 25.9 0.83

 V:C 1.12 0.93 0.99 0.09 0.36

 Goblet cells / /100 µm villous 0.15 0.28 0.55 0.18 0.62

 Goblet cells / /100 µm crypt 2.49 2.15 2.69 0.33 0.53

Ileum      

 Villous height (μm) 213.6 240.2 226.7 19.6 0.64

 Crypt depth (μm) 221.3 223.2 267.0 24.4 0.34

 V:C 0.97
ab

1.19
a

0.89
b

0.09 0.04

 Goblet cells / /100 µm villous 2.25 1.24 1.03 0.34 0.06

 Goblet cells / /100 µm crypt 4.77 5.39 4.24 0.56 0.37

Colon      

 Crypt depth (μm) 349.5 347.1 370.0 27.2 0.82

 Goblet cells / /100 µm crypt 4.42 4.09 3.08 0.28 0.08

Data are presented as means (7 pigs/treatment).

Control =  = basal diet (control, 0 mg/kg of tributyrin); f-TB =  = basal diet  +  free tributyrin at 1750 mg/kg; m-TB =  = basal diet 

 +  microencapsulated tributyrin at 3800 mg/kg (providing 1750 mg/kg of tributyrin); V:C = villi height to crypts depth ratio.

a,b
 Values within a row with different superscripts differ significantly at P  < 0.05.



TB group compared to control and m-TB groups (PP = = 0.06); IL-1β was not detected. In the jejunum, IFN-γ 

mRNA level was higher in f-TB pigs compared to both control and m-TB pigs (PP  = =  0.04); TNF-α 

expression was not affected and IL-1β was not detected. In the ileum, no effects were observed on IFN-γ, 

TNF-α, and IL-1β expression. In the colon, IFN-γ level tended to be lower in m-TB pigs compared to control 

pigs (2.2 fold, PP  = = 0.06) while IL-1β level was not affected. TNF-α expression in the colon was not 

affected by treatments.Fig. 1

Fig. 2  shows mRNA expression of some TJ components. Claudin-1 gene expression was not affected by the 

treatments in the duodenum and in the ileum. In the jejunum, claudin-1 mRNA level was reduced in m-TB 

group compared to control group (2.4 fold; P <  < 0.05), whereas f-TB group had intermediate value (1.5 fold 

less than control). No effects were evident on occludin gene expression in the duodenum and in the jejunum. 

alt-text: Fig. 1

Figure Fig. 1

Effect of feeding free or microencapsulated tributyrin on gene expression of inflammatory cytokines in intestinal mucosa of 

weaning piglets. Data are expressed as means (n n = = 7 pigs/group) and SEM represented by vertical bars. 
a,b

 Within a gene, 

mean values with unlike letters were significantly different (P   <   0.05). The 2
–ΔΔC

T  method was used to analyze the relative 

expression (fold changes), calculated relative to the control group (control) ( Livak and Schmittgen, 2001 ). White bars for control; 

gray bars for f-TB (free tributyrin at 1750 mg/kg); black bars for m-TB (microencapsulated tributyrin at 3800 mg/kg providing 

1750  mg/kg of tributyrin). N/D   =   not detected, TNF-α  =    =  tumor necrosis factor α; IFN-γ  =    =  interferon-γ; IL-

1β =  = interleukin 1 beta .



In the ileum, occludin mRNA level was reduced in both groups receiving TB compared to control group (1.6 

and 2.2 fold, for f-TB and m-TB, respectively; P <  < 0.01). In the colon, m-TB pigs had lower occludin level 

than control pigs (1.4 fold, P <  < 0.05), whereas f-TB pigs had intermediate value.

4 Discussion

Butyric acid salts have been proposed as nutritional tools to control weaning-associated intestinal dysfunction 

and subsequent growth failure in pig production, as a result of well-known beneficial properties on the 

intestinal mucosa ( Guilloteau et al., 2010 ). Despite the widespread use of these supplements, their efficacy as 

alt-text: Fig. 2

Figure Fig. 2

Effect of feeding free or microencapsulated tributyrin on gene expression of tight junctions markers in intestinal mucosa. Data are 

expressed as means (n n = = 7 pigs/group) and SEM represented by vertical bars. 
a,b

 Within an intestinal tract, mean values with 

unlike letters were significantly different (P <   < 0.05). The 2
–ΔΔC

T  method was used to analyze the relative expression (fold 

changes), calculated relative to the control group (control) ( Livak and Schmittgen, 2001 ). White bars for control; gray bars for f-

TB (free tributyrin at 1750 mg/kg); black bars for m-TB (microencapsulated tributyrin at 3800 mg/kg providing 1750 mg/kg of 

tributyrin .



growth promoters has not always been consistent, being highly dependent on several factors such as dose, 

physical form, supplementation duration, intestinal tract observed, and age of piglets (Lallès et al., 2009).

TB is considered to be a valid alternative to butyric acid salts given its physical and chemical stability as well 

as local and systemic effects in murine models and nursery/weaning pigs (Miyoshi et al., 2011; Cresci et al., 

2014; Dong et al., 2016; Gu et al., 2017). Thus, the first aim of this study was to verify TB specific anti-

inflammatory, barrier-improving and trophic properties along the intestinal tract of pigs at weaning. In 

addition, we introduced a comparison between free TB and encapsulated TB to evaluate whether it is possible 

to further extend potential positive effects of TB to the hindgut, by microencapsulating it in a lipid matrix.

In this study, the gene expression analysis for inflammatory cytokines showed an opposite effect of TB along 

the intestine: free TB was pro-inflammatory in the upper part, increasing TNF-α and IFN-γ in the small 

intestine (duodenum and jejunum, respectively), while microencapsulated TB tended to reduce IFN-γ distally 

in the colon. The anti-inflammatory action of TB in the colon, when provided in the encapsulated form, is 

consistent with the protective effects previously described for TB in experimentally induced colitis both in 

mice and pigs (Leonel et al., 2013; Hou et al., 2014) and also with the well-documented anti-inflammatory 

properties of butyrate (Guilloteau et al., 2010). Conversely, the stimulation of inflammatory cytokines induced 

by free TB in the upper gut is definitely less expected based on literature. Indeed, only very few studies 

reported a pro-inflammatory effect for butyrate, as indicated by an over-expression of inflammatory cytokines 

in human intestinal CaCOco-2 cells or in human leukocytes treated with butyrate (Saegusa  et  al., 2007; 

Mirmonsef et al., 2012). Consistently with the present study, we found a similar result in a previous trial where 

butyric acid fed to weaning piglets induced an overexpression of inflammatory cytokines only in the 

duodenum, followed by a down-regulation more distally in the ileum and colon (Grilli et  al., 2016). One 

possible explanation for the opposite effect of butyric acid and TB on the inflammatory status in the upper and 

lower intestine may be related to the different physiological role and occurrence of butyric acid along the 

intestine. Indeed, short chain fatty acids (SCFA) are end-products of microbial fermentations occurring mostly 

in the large intestine of hindgut fermenter animals such as humans and pigs. Usually SCFA are found at a 

molar ratio of approximately 60:25:15 for acetate:propionate:butyrate and butyrate concentrations are different 

through the intestinal tract, with low levels in the small intestine (3-–6 mM) and high levels in the colon 

(ranging from 12 to 45 mM), depending on animal species and diet (Lawhon et al., 2002; Diao et al., 2019). In 

our study, dietary TB might have induced an abnormal response in the upper sites of the intestine, such as the 

duodenum and the jejunum, normally not used to such a high load of butyrate. In the above-mentioned study 

by Grilli and colleagueset al. (2016), the peak in pro-inflammatory cytokines induced by butyrate in the 

duodenum was also associated with a higher expression of the butyrate transporter monocarboxylate 

transporter 1, MCT-1, thereby suggesting an enhanced absorption of butyrate (Grilli et al., 2016). However, it 

remains to be established the exact role of butyrate on the inflammatory status in the small intestine and further 

investigations are needed.

In the present study we also looked at the impact of TB on the intestinal architecture of weaned piglets. 

Despite any relevant effect on the morphology (villi length, crypts depth, V:C), our most intriguing result was 

observed in the mucous-secreting goblet cells number where the dietary supplementation with TB tended to 

induce a reduction in the cells counts in a tract-specific way: free TB affected the upper intestine while the 



microencapsulated form impacted the lower gut. In this regard, microencapsulation allowed TB to be gradually 

released along the intestinal tract and reach the large intestine, whereas the free TB appeared to be sooner 

available in the small intestine. This result is consistent with previous findings where slow release and targeted 

delivery of bio-active compounds was obtained with lipid microencapsulation (Piva et al., 2007; Grilli et al., 

2010). Few studies investigated the effects of butyrate on mucous-secreting cells and an increase in goblet 

cells number has been reported and generally associated with improved intestinal health following the 

supplementation of fiber-rich diets to both pigs and rats, or after the direct dietary inclusion of sodium butyrate 

to pigs or broiler chickens (Tsukahara et al., 2003; Manzanilla et al., 2006; Paturi et al., 2012; Wu et al., 2018). 

From a functional standpoint, the reduction in the mucous-secreting cells number observed in this study may 

appear negative as they are a defensive mechanism, playing a pivotal role for the intestinal homeostasis. 

Goblet cells show a highly dynamic response to different stimuli, being either hyperactivated by several 

enteric infections (mainly bacterial and parasitic) or, conversely, down-regulated in case of prolonged bacterial 

infections, viral attacks, or chronic inflammatory diseases such as inflammatory bowel disease in humans (

Jung  and Saif,  2017; Allaire  et  al., 2018). Particularly in case of severe bacterial infections, it has been 

suggested that the goblet cells depletion and consequent reduced mucous thickness may be a beneficial 

response as it strategically implies a reduction of mucins that could be used as nutrients by invading microbes (

Grilli et al., 2013; Allaire et al., 2018). In this study, the reduction in mucous-secreting cells number induced 

by TB was not correlated with any other significant change in the intestinal morphology or general health 

issues and growth impairment. Therefore, it seems unlikely that TB might have damaged the intestinal tissue 

causing goblet cells depletion. In the last decades, butyrate has been thoroughly studied for its role in 

modulating intestinal stem cells niche as well as colonocyte differentiation, promoting the development of an 

absorptive phenotype (Yu et al., 2012; Kaiko  et  al., 2016). Interestingly, butyrate has been shown also to 

inhibit in vitro the full differentiation into goblet cells of pre-committed cell lines, by repressing the expression 

of MUC2 gene, a differentiation marker of the secretory goblet cell lineage (Augenlicht et al., 2003). In this 

view, considering the ability of butyrate to modulate cell proliferation, it can be hypothesized that TB could 

somehow enhance the intestinal mucosa turnover, likely stimulating enterocytes proliferation at the expense of 

goblet cells.

Concerning the intestinal integrity, we found that dietary treatment with TB modulated gene expression of TJ 

components along the gastro-intestinal tract, reducing occludin and claudin-1 expression. Both occludin and 

claudin-1 are essential components of TJ, as they are trans-membrane proteins that anchor two epithelial cells 

and seal the inter-cellular space, thus regulating the para-cellular permeability (Turner, 2009). A reduction in 

TJ markers may suggest an intestinal barrier dysfunction although few previous studies showed the ability of 

TB to improve intestinal integrity by enhancing TJ markers expression in murine and pig models of intestinal 

damage (Cresci et al., 2014; Hou  et  al., 2014, ; 2017). Butyrate was shown to exert a dual effect on the 

intestinal epithelial permeability: low doses of butyrate enhanced TJ and decreased intestinal permeability in 

vitro and in vivo in pigs, while high concentrations were increasing permeability both in some intestinal cell 

lines and in murine models (Hamer  et  al., 2008). It was suggested that butyrate like other nutrients 

(monosaccharides, amino acids, SCFA, and medium chain fatty acids), once absorbed by the intestinal cell, 

can stimulate a transient opening of the TJ to further allow its uptake through the paracellular route (

Luciano  et  al., 1984; Turner  and Madara,  1995; Mariadason  et  al., 1999). Whether the reduced mRNA 



expression of occludin and claudin-1 in our study is indicative of a transient increase in TJ permeability due to 

higher uptake of butyrate released from TB, still remains unclear but this mechanism can't be excluded.

To our knowledge this is the first study addressing the effect of tributyrinTB along the whole intestinal tract of 

pigs and it can be concluded that TB can modulate the goblet cells number and the expression of inflammatory 

cytokines and TJ components, without affecting growth performance of weaning piglets. Nevertheless, these 

findings suggest that further in-depth studies to better disclose the physiological response of the upper 

intestinal tract to high doses of tributyrinTB are needed.

Author statement

All of the authors contributed in an equal way to the realization of this paper.

Declaration of Competing Interest

Andrea Piva serves as professor at the University of Bologna and is a member of the board of directors of 

Vetagro S.p.A.

Acknowledgements

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-

profit sectors. The authors gratefully acknowledge Vetagro S.p.A. (Reggio Emilia, Italy) for providing the test 

products.

Supplementary materials

Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.livsci.

2020.103996.

References

i The corrections made in this section will be reviewed and approved by a journal production editor. The newly 

added/removed references and its citations will be reordered and rearranged by the production team.

Alexander, L.S., Seabolt, B.S., Rhoads, R.P., Stahl, C.H., 2012. Neonatal phosphate nutrition alters in 

vivo and in vitro satellite cell activity in pigs. Nutrients 4, 436–448. doi:10.3390/nu4060436.

Allaire, J.M., Morampudi, V., Crowley, S.M., Stahl, M., Yu, H., Bhullar, K., Knodler, L.A., Bressler, B., 

Jacobson, K., Vallance, B.A., 2018. Frontline defenders: goblet cell mediators dictate host-microbe 

interactions in the intestinal tract during health and disease. Am. J. Physiol. Gastrointest. Liver Physiol. 

314, G360–G377. doi:10.1152/ajpgi.00181.2017.

https://doi.org/10.1016/j.livsci.2020.103996


Association of Official Analytical Chemists (AOAC), 2000. Official Methods of Analysis. 17th 

editionseventeen ed. Gaithersburg, AOACMD, USA.

Arce, C., Ramírez-Boo, M., Lucena, C., Garrido, J.J., 2010. Innate immune activation of swine intestinal 

epithelial cell lines (IPEC-J2 and IPI-2I) in response to LPS from Salmonella typhimurium. Comp. 

Immunol. Microbiol. Infect. DisComp. Immunol. Microbiol. Infect. Dis. 33, 161–174. 

doi:10.1016/j.cimid.2008.08.003.

Augenlicht, L., Shi, L., Mariadason, J., Laboisse, C., Velcich, A., 2003. Repression of MUC2 gene 

expression by butyrate, a physiological regulator of intestinal cell maturation. Oncogene 22, 4983–4992. 

doi:10.1038/sj.onc.1206521.

Cresci, G.A., Bush, K., Nagy, L.E., 2014. Tributyrin supplementation protects mice from acute ethanol-

induced gut injury. Alcohol. Clin. Exp. Res. 38, 1489–1501. doi:10.1111/acer.12428.

Cresci, G.A., Glueck, B., McMullen, M.R., Xin, W., Allende, D., Nagy, L.E., 2017. Prophylactic 

tributyrin treatment mitigates chronic-binge ethanol-induced intestinal barrier and liver injury. J. 

Gastroenterol. Hepatol. 32, 1587–1597. doi:10.1111/jgh.13731.

Diao, H., Jiao, A.R., Yu, B., Mao, X.B., Chen, D.W., 2019. Gastric infusion of short-chain fatty acids 

can improve intestinal barrier function in weaned piglets. Genes Nutr. 14, 4. doi:10.1186/s12263-019-

0626-x.

Dong, L., Zhong, X., He, J., Zhang, L., Bai, K., Xu, W., Wang, T., Huang, X., 2016. Supplementation of 

tributyrin improves the growth and intestinal digestive and barrier functions in intrauterine growth-

restricted piglets. Clin. Nutr. 35, 399–407. doi:10.1016/j.clnu.2015.03.002.

Grilli, E., Messina, M.R., Tedeschi, M., Piva, A., 2010. Feeding a microencapsulated blend of organic 

acids and nature identical compounds to weaning pigs improved growth performance and intestinal 

metabolism. Livest. Sci. 133, 173–175. doi:10.1016/j.livsci.2010.06.056.

Grilli, E., Vitari, F., Domeneghini, C., Palmonari, A., Tosi, G., Fantinati, P., Massi, P., Piva, A., 2013. 

Development of a feed additive to reduce caecal Campylobacter jejuni in broilers at slaughter age: from 

in vitro to in vivo, a proof of concept. J. Appl. Microbiol. 114, 308–317. doi:10.1111/jam.12053.

Grilli, E., Tugnoli, B., Vitari, F., Domeneghini, C., Morlacchini, M., Piva, A., Prandini, A., 2015. Low 

doses of microencapsulated zinc oxide improve performance and modulate the ileum architecture, 

inflammatory cytokines and tight junctions expression of weaned pigs. Animal 9, 1760–1768. 

doi:10.1017/S1751731115001329.

Grilli, E., Tugnoli, B., Passey, J.L., Stahl, C.H., Piva, A., Moeser, A.J., 2015. Impact of dietary organic 

acids and botanicals on intestinal integrity and inflammation in weaned pigs. BMC Vet. Res. 11, 96. 

doi:10.1186/s12917-015-0410-0.



Grilli, E., Tugnoli, B., Foerster, C.J., Piva, A., 2016. Butyrate modulates inflammatory cytokines and 

tight junctions components along the gut of weaned pigs. J. Anim. Sci. 94 (Suppl. 3), 433–436. 

doi:10.2527/jas.2015-9787.

Gu, Y., Song, Y., Yin, H., Lin, S., Zhang, X., Che, L., Lin, Y., Xu, S., Feng, B., Wu, D., Fang, Z., 2017. 

Dietary supplementation with tributyrin prevented weaned pigs from growth retardation and lethal 

infection via modulation of inflammatory cytokines production, ileal expression, and intestinal acetate 

fermentation. J. Anim. Sci. 95, 226–238. doi:10.2527/jas.2016.0911.

Guilloteau, P., Martin, L., Eeckhaut, V., Ducatelle, R., Zabielski, R., Van Immerseel, F., 2010. From the 

gut to the peripheral tissues: The multiple effects of butyrateFrom the gut to the peripheral tissues: the 

multiple effects of butyrate. Nutr. Res. Rev. 23, 366–384. doi:10.1017/S0954422410000247.

Hamer, H.M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F.J., Brummer, R.J., 2008. Aliment. 

Pharmacol. Ther. 27, 104–119. doi:10.1111/j.1365-2036.2007.03562.x.

Hou, Y.Q., Liu, Y.L., Hu, J., Shen, W.H., 2006. Effects of lactitol and tributyrin on growth performance, 

small intestinal morphology and enzyme activity in weaned pigs. Asian-Australas. J. Anim. Sci.Asian-

Austr. J. Anim. Sci. 19, 1470–1477. doi:10.5713/ajas.2006.1470.

Hou, Y., Wang, L., Yi, D., Ding, B., Chen, X., Wang, Q., Zhu, H., Liu, Y., Yin, Y., Gong, J., Wu, G., 

2014. Dietary supplementation with tributyrin alleviates intestinal injury in piglets challenged with 

intrarectal administration of acetic acid. Br. J. Nutr. 111, 1748–1758. doi:10.1017/S0007114514000038.

Jung, K., Saif, J.L., 2017. Goblet cell depletion in small intestinal villous and crypt epithelium of 

conventional nursing and weaned pigs infected with porcine epidemic diarrhea virus. Res. Vet. Sci. 110, 

12–15. doi:10.1016/j.rvsc.2016.10.009.

Kaiko, G.E., Ryu, S.H., Koues, O.I., Collins, P.L., Solnica-Krezel, L., Pearce, E.J., Pearce, E.L., Oltz, 

E.M., Stappenbeck, T.S., 2016. The colonic crypt protects stem cells from microbiota-derived 

metabolites. Cell 165, 1708–1720. doi:10.1016/j.cell.2016.05.018.

King, M.R., Morel, P.C.H., Pluske, J.R., Hendriks, W.H., 2008. A comparison of the effects of dietary 

spray-dried bovine colostrum and animal plasma on growth and intestinal histology in weaner pigs. 

Livest. Sci. 119, 167–173. doi:10.1016/j.livsci.2008.04.001.

Lallès, J.P., Bosi, P., Janczyk, P., Koopmans, S.J., Torrallardona, D., 2009. Impact of bioactive 

substances on the gastrointestinal tract and performance of weaned piglets: a review. Animal 3, 1625–

1643. doi:10.1017/S175173110900398X.

Lawhon, S.D., Maurer, R., Suyemoto, M., Altier, C., 2002. Intestinal short-chain fatty acids alter 

Salmonella typhimurium invasion gene expression and virulence through Bara/Sira. Mol. Microbiol. 46, 

1451–1464. doi:10.1046/j.1365-2958.2002.03268.x.



Leonel, A.J., Teixeira, L.G., Oliveira, R.P., Santiago, A.F., Batista, N.V., Ferreira, T.R., Santos, R.C., 

Cardoso, V.N., Cara, D.C., Faria, A.M., Alvarez-Leite, J., 2013. Antioxidative and immunomodulatory 

effects of tributyrin supplementation on experimental colitis. Br. J. Nutr. 109, 1396–1407. 

doi:10.1017/S000711451200342X.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-time 

quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25, 402–408. 

doi:10.1006/meth.2001.1262.

Luciano, L., Reale, E., Rechkemmer, G., von Engelhardt, W., 1984. Structure of zonulae occludentes 

and the permeability of the epithelium to short-chain fatty acids in the proximal and the distal colon of 

guinea pig. J. Membr. Biol. 82, 145–156.

Manzanilla, E.G., Nofrarías, M., Anguita, M., Castillo, M., Perez, J.F., Martín-Orúe, S.M., Kamel, C., 

Gasa, J., 2006. Effects of butyrate, avilamycin, and a plant extract combination on the intestinal 

equilibrium of early-weaned pigs. J. Anim. Sci. 84, 2743–2751. doi:10.2527/jas.2005-509.

Mariadason, J.M., Kilias, D., Catto-Smith, A., Gibson, P.R., 1999. Pathophysiology of the colonic 

mucosa, colitis and colon duplication. J. Gastroenterol. Hepatol. 14, 873–879.

Mirmonsef, P., Zariffard, M.R., Gilbert, D., Makinde, H., Landay, A.L., Spear, G.T., 2012. Short-chain 

fatty acids induce pro-inflammatory cytokine production alone and in combination with toll-like 

receptor ligands. Am. J. Reprod. Immunol. 67, 391–400. doi:10.1111/j.1600-0897.2011.01089.x.

Miyoshi, M., Sakaki, H., Usami, M., Iizuka, N., Shuno, K., Aoyama, M., Usami, Y., 2011. Oral 

administration of tributyrin increases concentration of butyrate in the portal vein and prevents 

lipopolysaccharide-induced liver injury in rats. Clin NutrClin. Nutr. 30, 252–258. 

doi:10.1016/j.clnu.2010.09.012.

National Research Council (NRC), 2012. Nutrient Requirements of Swine. 11th editioneleven ed. 

National Academy Press, Washington, DC, USA.

Noblet, J., Fortune, H., Shi, X.S., Dubois, S., 1994. Prediction of net energy value of feeds for growing 

pigs. J. Anim. Sci. 72, 344–354. doi:10.2527/1994.722344x.

Paturi, G., Butts, C.A., Stoklosinski, H., Ansell, J., 2012. Effects of early dietary intervention with a 

fermentable fibre on colonic microbiota activity and mucin gene expression in newly weaned rats. 

Journal of Functional FoodJ. Funct. Food 4, 520–530. doi:10.1016/j.jff.2012.02.013.

Piva, A., Prandini, A., Fiorentini, L., Morlacchini, M., Galvano, F., Luchansky, J.B., 2002. Tributyrin 

and lactitol synergistically enhanced the trophic status of the intestinal mucosa and reduced histamine 

levels in the gut of nursery pigs. J. Anim. Sci. 80, 670–680. doi:10.2527/2002.803670x.

Piva, A., Pizzamiglio, V., Morlacchini, M., Tedeschi, M., Piva, G., 2007. Lipid microencapsulation 

allows slow release of organic acids and natural identical flavors along the swine intestine. J. Anim. Sci. 



85, 486–493. doi:10.2527/jas.2006-323.

Saegusa, S., Totsuka, M., Kaminogawa, S., Hosoi, T., 2007. Cytokine responses of intestinal epithelial-

like CaCO-2 cells to non-pathogenic and opportunistic pathogenic yeasts in the presence of butyric acid. 

Biosci. Biotechnol. Biochem. 71, 2428–2434. doi:10.1271/bbb.70172.

Tsukahara, T., Iwasaki, Y., Nakayama, K., Ushida, K., 2003. Stimulation of butyrate production in the 

large intestine of weaning piglets by dietary fructooligosaccharides and its influence on the histological 

variables of the large intestinal mucosa. J. Nutr. Sci. Vitaminol. (Tokyo).J. Nutr. Sci. Vitaminol. 49, 414–

421. doi:10.3177/jnsv.49.414.

Turner, R., 2009. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 9, 799–

809. doi:10.1038/nri2653.

Turner, J.R., Madara, J.L., 1995. Physiological regulation of intestinal epithelial tight junctions as a 

consequence of Na(+)-coupled nutrient transport. Gastroenterology 109, 1391–1396. doi:10.1016/0016-

5085(95)90605-3.

Vinolo, M.A., Rodrigues, H.G., Festuccia, W.T., Crisma, A.R., Alves, V.S., Martins, A.R., Amaral, C.L., 

Fiamoncini, J., Hirabara, S.M., Sato, F.T., Fock, R.A., Malheiros, G., dos Santos, M.F., Curi, R., 2012. 

Tributyrin attenuates obesity-associated inflammation and insulin resistance in high-fat-fed mice. Am. J. 

Physiol. Endocrinol. Metab. 303, E272–E282. doi:10.1152/ajpendo.00053.2012.

Whittemore, C.T., 1987. Elements of pig science. Longman Handbooks in Agriculture, Harlow, UK.

Wu, W., Xiao, Z., An, W., Dong, Y., Zhang, B., 2018. Dietary sodium butyrate improves intestinal 

development and function by modulating the microbial community in broilers. PLoS OnePLoS ONE 13, 

e0197762. doi:10.1371/journal.pone.0197762.

Yu, L.C., Wang, J.T., Wei, S.C., Ni, Y.H., 2012. Host-microbial interactions and regulation of intestinal 

epithelial barrier function: From physiology to pathologyHost-microbial interactions and regulation of 

intestinal epithelial barrier function: from physiology to pathology. World J. Gastrointest. Pathophysiol. 

3, 27–43. doi:10.4291/wjgp.v3.i1.27.

Zhang, B., Guo, Y., 2009. Supplemental zinc reduced intestinal permeability by enhancing occludin and 

zonula occludens protein-1 (ZO-1) expression in weaning piglets. Br. J. Nutr. 102, 687–693. 

doi:10.1017/S0007114509289033.

Highlights



Queries and Answers

Query: Please confirm that givennames and surnames have been identified correctly.

Answer: Yes

• Tributyrin can be a dietary source of butyric acid for weaning pigs.

• Tributyrin modulates inflammatory cytokines and goblet cells number.

• Lipid microencapsulation allows to extend tributyrin effects to the hindgut.
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