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Abstract
Alpha (α)-tocopherol is a major component of dietary vitamin E. Despite being one 
of the most widely used food supplements in both animals and humans, its role in 
intestinal functions remains unknown. We were able to examine and accurately dem-
onstrate its permeability effect in vitro and its differentiated effect on tight junction 
expression in different segments of the intestine in vivo using cultured intestinal por-
cine epithelial cell line (IPEC-J2) and piglets. A cultured IPEC-J2 demonstrated that 
α-tocopherol upregulated the expression of tight junction proteins and improved their 
integrity, with a maximum effect at concentrations ranging from 20 to 40 μmol/L. In 
vivo data from weaned pigs fed different doses of α-tocopherol for 2 weeks revealed 
that α-tocopherol effectively increases the expression of tight junction proteins in 
all sections of the intestinal mucosa, with the highest effect on the duodenum at 
an optimum dose of 20–50 mg/kg. In contrast, α-tocopherol did not affect intestinal 
inflammation. These findings suggest that α-tocopherol maintains intestinal integrity 
and increases the expression of tight junction proteins both in vitro and in vivo.
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1  |  INTRODUC TION

α-Tocopherol, one of the main components of vitamin E, is con-
sidered an essential dietary nutrient for humans and animals. 
Numerous evidence demonstrates the biological function and pro-
tective effects of α-tocopherol consumption on human health, but 
the molecular mechanisms underlying its function of health benefits 
remain largely unknown (Burbank et al., 2018; Dolfi et al., 2013; Kim 
et al., 2016; Shibata et al., 2016). Although many studies focus on its 
anti-oxidative effect (Alshiek et al., 2017), the preferential localiza-
tion of α-tocopherol in the cell membranes has attracted profound 
attention due to its recently recognized functional role as a mem-
brane stabilizer (Ehsan et al., 2018; Zingg, 2019). Thus, α-tocopherol 
may play an important role in maintaining physiological homeostasis 
in healthy conditions by influencing cellular integrity, which needs 
further investigation.

The intestinal barrier and intestinal permeability are well-known 
biomarkers of cellular integrity that significantly affect health (Shaw 
et al., 2012). Tight junction forms the paracellular epithelial barrier 
to ions and solutes, separating tissue spaces and producing well-
defined transcellular absorption and secretion that maintain the 
intestinal permeability balance and protect intestinal barrier func-
tions (Ivanov, 2012). Transmembrane proteins that physically form 
the sealing contacts, such as members of the Claudin and plasma-
membrane protein Occludin families, are critical barrier components 
(Brandner et al.,  2015). Transmembrane proteins bind to scaffold-
ing proteins, including zonula occludens 1 (Zo-1), which interacts 
with cytoskeletal elements to regulate junctional integrity (Pummi 
et al.,  2001). Thus, tight junction proteins like Claudin, Occludin, 
and Zo-1 are essential components of intestinal epithelia and pro-
duce synergistic effects to maintain physiological homeostasis in 
mammals (Pearce et al.,  2018). Recent evidence from rat and cel-
lular models demonstrates that α-tocopherol repairs hyperoxia- 
and hyperchromium-induced tight junction protein damage (Simon 
et al., 1999; Soini, 2012; Zahraoui, 2004). However, it has not yet 
been determined whether α-tocopherol affects intestinal tight junc-
tion proteins under normal physiological conditions.

Numerous studies have undoubtedly demonstrated that α-
tocopherol has anti-inflammatory effects on cystic fibrosis, chronic 
inflammation, esophageal carcinogenesis, and obesity-induced in-
sulin resistance (McMorrow et al.,  2018; Sagel et al.,  2018; Yang 
et al.,  2018). These studies were conducted in disease-related 
conditions (Lee & Han,  2018; Liu et al.,  2019). However, as a nu-
tritional supplement, α-tocopherol has been used in healthy condi-
tions that have been rarely studied. Furthermore, low α-tocopherol 
concentration could not achieve the desired results, while overdose 
would result in severe side effects (Ikegami et al., 2017; Vega-Mata 
et al., 2017). Therefore, determining the optimal supplemental dose 
of α-tocopherol is significantly important for clinically maintaining 
both human and animal health.

Duodenum is the proximal part of the small intestine as the con-
tinuation of the stomach. Food is discharged from the stomach into 
the duodenum because it is directly connected to the stomach (Fang 

et al., 2018). The following two segments of the small intestine are 
the jejunum and ileum (Tripathy et al., 2017). They each play a distin-
guished role in nutritional absorption. Our previous study found that 
α-tocopherol inhibited the proliferation of intestinal epithelial cells 
(Chen et al., 2019). In the present study, we try to elucidate the effect 
of α-tocopherol on intestinal tight junctions both in vitro and in vivo.

Furthermore, the mucosa in the intestine serves as the contact 
surface for nutrient absorption (Pu et al., 2020). Taking advantage of 
piglets, one of the most commonly used large animals, we were able 
to precisely examine and accurately demonstrate the differentiated 
effect of α-tocopherol on tight junction expression in different seg-
ments of the intestine in vivo. To validate whether the α-tocopherol 
supplement has an inflammatory impact on the intestine, changes 
in interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) levels 
were also measured.

2  |  MATERIAL S AND METHODS

2.1  |  Reagents and cell culture

α-Tocopherol (Cat: 258024) (Sigma-Aldrich in China, Shanghai, 
China) was dissolved in dimethyl sulfoxide (DMSO) to prepare the 
stock solution of 100 mmol/L for cell culture experiments and added 
to the regular diet for animal studies. Antibodies against the follow-
ing target proteins: Claudin 1, Occludin, Zo-1, phospho-nuclear fac-
tor kappa B (p-NF-κB), IL-6, TNF-α, and β-actin were obtained from 
Cell Signaling Technology (Beverly, MA, USA). The intestinal porcine 
epithelial cell line (IPEC-J2 cell line) from Animal Nutrition & Human 
Health Laboratory was cultured in Dulbecco's modified Eagle's me-
dium (DMEM) (Hyclone, Logan, UT, USA) supplemented with 10% 
of fetal calf serum (Hyclone, Logan, UT, USA) and 1% of penicillin–
streptomycin at 37°C, in humidified air containing 5% of CO2.

2.2  |  Animals and treatments

A total of 42 piglets [(Landrace × Yorkshire) × Duroc] with average 
initial body weight (BW) of 6.40 ± 0.44 kg were weaned at 21 days 
of age and randomly assigned to one of the five treatment groups 
based on sex and BW: (1) only basal diet (control), (2) basal diet 
+10 mg/kg α-tocopherol, (3) basal diet +20 mg/kg α-tocopherol, (4) 
basal diet +50 mg/kg α-tocopherol, and (5) basal diet +100 mg/kg 
α-tocopherol.

Table 1 shows the composition of the basal diet. For a 14-day 
experimental period, each treatment had 14 replicates, with seven 
males and seven females. Diets based on corn and soybean meal had 
comparable nutrient levels but differed in their α-tocopherol con-
tents. For 2 weeks, animals were allowed to drink water and were 
fed six times per day. To avoid individual differences, the average 
feed intake and weight gain of each piglet were recorded daily. This 
animal protocol (No. ISA 2015–007) was reviewed and approved by 
the Institutional Animal Care and Use Committee.
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    |  679HUANG et al.

2.3  |  Quantitative real-time (RT)-PCR

In a final volume of 20 μl, the polymerase chain reaction (PCR) sys-
tem contained 5.0 μl of SYBR Green qPCR Mix, 0.2 μl of complemen-
tary DNA (cDNA), 0.3 μl of each primer, and 4.2 μl of double-distilled 
water. Table 2 contains detailed information about each primer. Each 
sample was tested in triplicate, and the internal standard for PCR was 

the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). The same pig GAPDH primer was used in quantitative 
real-time PCR with a RealMasterMix SYBP ROX (5 Prime) according 
to the manufacturer's protocols. Primer sequences (Sangon Biotech 
Co., Ltd.) are listed in Table 2.

2.4  |  Protein characterization

Western blot analysis was performed using the previously described 
standard procedure. The primary antibody was added to BSA (bovine 
serum albumin) and incubated overnight at 4°C. Then it was washed 
with Tris-buffered saline (TBS)/0.05% Tween 20 before adding the 
secondary antibody and incubated for an additional 1  h at room 
temperature. The membrane was washed three times more before 
adding Pierce Super Signal chemiluminescent substrate (Rockford, 
IL, USA) and imaged immediately on ChemiDoc (Bio-Rad, Hercules, 
CA, USA). The images were scanned with an Epson Perfection V500 
Photo scanner and quantified by ImageJ (NIH, Bethesda, MD, USA).

2.5  |  Immunofluorescence

The IPEC-J2 cell line was cultured on glass coverslips. After harvest-
ing, cells were fixed with 4% paraformaldehyde for 15 min at room 
temperature and permeabilized with 0.1% Triton for 10 min. The cells 
were blocked with 5% bovine serum and incubated overnight at 4°C 
with the indicated primary antibody. On the second day, coverslips 
were washed three times with phosphate-buffered saline (PBS), in-
cubated with the appropriate secondary antibody for 45 min at room 
temperature, and stained with 4,6-diamidino-2-phenylindole (DAPI). 
Light microscopy was used to capture immunofluorescent images 
(Leica, DM3000, Germany).

2.6  |  Cell permeability: Measurement of 
transepithelial electrical resistance (TEER assay)

The IPEC-J2 cells were seeded (1 × 105 cells per cm2) in a transwell 
chamber with 4.5 μm pores (Costar, Coring Inc, New York, NY, USA) 
that had been placed in a six-well plate. The other transwell cham-
ber remained empty. After confluence, cells were differentiated and 

TA B L E  1  Composition of basal piglet diets

Item Composition (%)

Corn 42.85

Extruded corn 20

Soybean meal 10

Soy protein concentrate 2.88

Whey powder 10

Fish meal 3

Spray-dried porcine plasma 5

L-Lys 0.55

DL-Met 0.12

L-Thr 0.13

L-Try 0.04

Soybean oil 2.55

Limestone 1.08

Dicalcium phosphate 0.7

Choline chloride 0.1

Antioxidants 0.05

Citric acid 0.3

Mineral premixaa 0.15

Vitamin premixab 0.5

Total 100

Calculated composition CP, % 18

ME, kcal/kg 3400

Ca, % 0.8

Available p, % 0.36

Lys, c % 1.35

Met, c % 0.39

SAA, c, d % 0.74

Thr, c % 0.79

Trp, c % 0.22

TA B L E  2  List of primers used in reverse 
transcription polymerase chain reaction 
(RT-PCR) both in vivo and in vitro

Gene Forward primer (5′–3′) Reverse primer (3′–5′)

Claudin 1 CTGGAAATCCTCGGCCTCGT GCCGTCACGATGTTGTGGTC

Zo-1 GGCCCTTACCTTTCGCCTGA GCCTCAGGGCTTGGTGTTCT

Occludin TTGCCTGGGACGAGGCTATG ATCCCTTTGCTGCTCGTGGA

TNF-α ATTCAGGGATGTGTGGCCTG CCAGATGTCCCAGGTTGCAT

IL-6 TGGATAAGCTGCAGTCACAG ATTATCCGAATGGCCCTCAG

GAPDH GAAGGTCGGAGTGAACGGAT CTGGCATTGACTGGGGTCAT

β-Actin CTTCTTGGGCATGGAGTC TAGAGGTCCTTCCTGATGT
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680  |    HUANG et al.

polarized for 7–10 days in the culture medium. Before and after all 
treatments, TEER was used to assess cell monolayer integrity. It was 
measured with a chopstick electrode (Millicell ERS-2, EMD Millipore 
Corporation, Billerica, MA) on an epithelial volt-ohm meter. The 
electrode was immersed at a 90° angle with one tip in the basolat-
eral chamber and the other in the apical chamber. Care was taken 
to avoid electrode contact with the monolayer, and measurements 
were taken in triplicate for each monolayer. An insert without cells 
was used as a blank, and its mean resistance was subtracted from all 
samples. Unit area resistance was then calculated by dividing resist-
ance values by the effective membrane area (4.5 cm2).

2.7  |  Extraction of RNA and real-time quantitative 
PCR of intestinal mucosa and inner muscle 
tissue samples

Total RNA was extracted from intestinal mucosa and inner muscle 
tissues of the ileum, jejunum, and duodenum using Trizol (Sangon 
Biotech, Shanghai, China) and then treated with deoxyribonucelase I 
(DNase) I to remove traces of DNA.

A previously described detailed procedure of RT-PCR was fol-
lowed. Primers for TNF-α, IL-6, Claudin 1, Zo-1, Occludin, and β-
actin were designed with Primer 5.0.

F I G U R E  1  α-Tocopherol increases the expression of tight junction proteins. (a) Reverse transcription-polymerase chain reaction (RT-PCR) 
results of Claudin 1, zonula occludens 1 (Zo-1), and Occludin of intestinal porcine epithelial cell line (IPEC-J2). (b) Western blot results of 
Claudin 1, Zo-1, and Occludin of intestinal epithelial cell line IPEC-J2. β-Actin was included as a loading control. (c) The ratio of three tight 
junction proteins to β-actin was calculated by the band density of Western blots of each cell line using imagej software. (a < 0.05, b < 0.01 vs. 
control). The data were represented as means ± SD.
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    |  681HUANG et al.

2.8  |  Enzyme-linked immunosorbent assays (ELISAs)

Allow serum samples to clot for 2 h at room temperature or overnight 
at 4°C before centrifugation at approximately 1000 × g for 20 min. Assay 
freshly prepared serum immediately or store samples in an aliquot at 
−80°C for later use. Avoid repeated freeze/thaw cycles. The α-tocopherol 
ELISA kit was purchased from Shanghai Yu Yu Biotechnology Co. Ltd. 
The assay was performed according to the Kit Instruction Manual. In the 
end, a stop solution was added, and the color changed from blue to yel-
low. A microplate reader (BioTek Synergy HTX, Vermont, USA) measured 
the intensity at 450 nm. The calibration standards were assayed concur-
rently with the samples, allowing the operator to produce a standard 
curve of optimum density (OD) versus α-tocopherol concentration. The 
α-tocopherol concentrations in the samples were then determined by 
comparing the OD of samples to the standard curve.

2.9  |  Statistical analysis

All data are presented as mean ± SD. Analysis of variance (anova) was 
used for statistical analyses, and statistical significance was assumed 
at p < .05.

3  |  RESULTS

3.1  |  α-Tocopherol increased the expression of 
tight junction proteins in IPEC-J2 cell line detected by 
RT-PCR and Western blot

The IPEC-J2 cell line was treated with α-tocopherol at doses of 0–
160 μmol/L for 24 h. Upregulation of Occludin, Claudin 1, and Zo-1 
expression was measured through RT-PCR. The most effective con-
centrations of α-tocopherol are 20–40 μmol/L (Figure  1a). Protein 
levels of Occludin, Claudin 1, and Zo-1 measured by western blotting 
revealed the same patterns (Figure 1b). These findings indicated that 
α-tocopherol increases the tight junction proteins such as Occludin, 
Claudin 1, and Zo-1.

3.2  |  α-Tocopherol increased the protein 
expression of tight junction and integrity of tight 
junction detected by immunofluorescence images

Treatment of IPEC-J2 cell line with α-tocopherol significantly in-
creased the fluorescence intensity of Claudin 1 and Zo-1 proteins, 

F I G U R E  2  The expression and localization of tight junction proteins were detected by immunofluorescence. Immunofluorescence images 
were collected to compare the expression of Claudin 1 (a) and zonula occludens 1 (Zo-1) (b) of control group with those of Vitamin E (VE)-
treated group (magnification 400X).
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682  |    HUANG et al.

consistent with the results of RT-PCR and western blot described 
above (Figure 2). Meanwhile, immunofluorescent images reveal that 
the integrity of the tight junction proteins Claudin 1 and Zo-1, dis-
tinguished by cellular structure patterns, was significantly improved 
(Figure 2). The maximum effect on these proteins was observed at 
20 μmol/L α-tocopherol, suggesting an optimal concentration at the 
cellular level.

3.3  |  α-Tocopherol had no effect on the 
expression of phospho-NF-κB

One of the well-known anti-inflammatory cytokines involved in the 
pathogenesis of the intestinal disease is phospho-NF-κB. In the pre-
sent study, we found that treating IPEC-J2 cells with α-tocopherol at 
doses ranging from 0 to 160 μmol/L for 24 h had no significant effect 
on the protein expression of phospho-NF-κB (Figure 3a). These find-
ings illustrate that α-tocopherol does not affect the expression of 
phospho-NF-κB under normal cell conditions, in contrast to diseased 
cell conditions.

3.4  |  α-Tocopherol increased transepithelial 
electrical resistance (TEER)

TEER values increased slightly but significantly in the 20 μmol/L α-
tocopherol-treated groups compared to the control group (Figure 4), 
indicating that α-tocopherol increases TEER in the IPEC-J2 cell line 
while reducing cell permeability and protecting tight junction integrity.

3.5  |  α-Tocopherol levels were detectable in 
serum after 100 mg/kg α-tocopherol administration 
in piglets

The serum from different groups of piglets was collected, and the 
levels of α-tocopherol were measured by elisa. It was found that the 
serum α–tocopherol concentrations in the 10, 20, and 50 mg/kg 
groups were not significantly different from the control group (0 mg/
kg group). However, α-tocopherol concentration in serum was sig-
nificantly higher in the 100 mg/kg treated group than in the control 
group. These findings indicate that the minimum dose for a detect-
able increase of α-tocopherol in piglet serum is 100 mg/kg (Figure 5).

F I G U R E  3  α-Tocopherol does NOT exert any anti-inflammatory 
effect on cytokines. Lysates of the intestinal porcine epithelial 
cell line (IPEC-J2) cells treated with α-tocopherol at various 
concentrations (0–160 μmol/L) were Western-blotted to assess the 
levels of phosphorylated proteins. (a) Represents Western blotting 
of phospho-nuclear factor kappa B (phospho-NF-κB) of the IPEC-J2 
cell line. β-Actin was included as a loading control. (b) The ratio of 
three tight junction proteins to β-actin was calculated by the band 
density of Western blots of each cell line using ImageJ software. 
The data were represented as means ± SD.

F I G U R E  4  α-Tocopherol treatment increases transepithelial 
electrical resistance (TEER). TEER measurements under basal 
conditions show stably increased TEER values after α-tocopherol 
treatment. The data were represented as mean TEER value ± SD 
(n = 3, a < 0.05 vs. control).

F I G U R E  5  Porcine α-tocopherol concentrations in serum do 
not increase until the dose is higher than 100 mg/kg. The relative 
concentrations of α-tocopherol in the samples from weaned pig's 
serum were detected in microplate reader (BioTek, SYNERGY 
HTX, VT, USA) at 490 nm by the α-tocopherol enzyme-linked 
immunosorbent assay (ELISA) kit. All data were represented as 
mean ± SD (n = 3, a < 0.05 vs. control).
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    |  683HUANG et al.

3.6  |  The effects of α-tocopherol on intestinal 
inflammatory markers in weaned pig

To investigate the effect of α-tocopherol on inflammatory biomark-
ers, the gene expression of inflammatory cytokines IL-6 and TNF-α 
was determined in different intestinal mucosa groups through RT-
PCR. It was found that α-tocopherol had no statistically significant 
effect on inflammatory factors in the intestinal mucosa of piglets 
fed (Figure 6). This finding is consistent with the previous results at 
in vitro cellular levels.

3.7  |  The effects of α-tocopherol on intestinal 
mucosal tight junction proteins

Occludin and Zo-1 in mucosa from all segments, including duode-
num, ileum, and jejunum, were upregulated by α-tocopherol in the 
range of 0–100 mg/kg, as shown in Figure 7. Claudin 1 expression 

was upregulated in the mucosa of the duodenum and ileum but 
not in the jejunum. The optimal dose range for the upregula-
tory effect of α-tocopherol on tight junction proteins at mucosa 
is 20–50 mg/kg. In the duodenum and ileum, the expression of 
three tight junction proteins in the 20–50 mg/kg α-tocopherol-
treated group was 1.5 to 4 times higher than in the control group 
(Figure 7).

3.8  |  The effects of α-tocopherol on tight junction 
proteins of intestinal inner muscle tissues

α-Tocopherol is having an upregulatory impact on Occludin, Claudin 
1, and Zo-1 in the duodenal inner muscle tissues at doses of 0–
100 mg/kg. In the duodenum, the expression of three tight junction 
proteins was 1.2–3.5 times higher in the α-tocopherol-treated group 
than in the control group. In contrast, 50 mg/kg of α-tocopherol up-
regulated Occludin and Zo-1 expression in the ileum, while 20 mg/

F I G U R E  6  Effects of α-tocopherol on 
inflammatory factors such as interleukin 
6 (IL-6) and tumor necrosis factor alpha 
(TNF-α) in ileum, jejunum, and duodenum. 
Detection of intestinal inflammation-
related gene expression in weaned piglets 
by reverse transcription polymerase 
chain reaction (RT-PCR) on the intestinal 
mucosa in duodenum (a), jejunum (b), and 
ileum (c).
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684  |    HUANG et al.

kg α-tocopherol upregulated Occludin and Zo-1 expression in the 
jejunum, indicating that α-tocopherol is best absorbed in the duo-
denum (Figure  8). Thus, there is a mild reduction in the response 
of tight junction proteins to α-tocopherol in intestinal inner muscle 
tissues compared to the mucosa, which is logical because mucosa is 
the first barrier that comes in contact with diet in an intact intestine. 
In contrast, inner muscle tissues have significantly less physical con-
tact with diet.

4  |  DISCUSSION

The intestine is essential for body absorption and digestion. 
Intestinal epithelial cells act as a physiological barrier, preventing 
harmful antigens and microbes from entering and allowing nutri-
ents and water to be transported from the intestinal lumen to the 
blood. Loss of epithelial integrity may be closely associated with 
tight junction dysfunction (Liu et al., 2011; Rauhavirta et al., 2014). 

Traditionally, α-tocopherol has been used as an antioxidant, reduc-
ing inflammatory damage by inhibiting associated proteins or cell 
signaling pathways (Yang et al., 2018). Furthermore, α-tocopherol 
has several pharmacological and physiological effects, including 
antioxidant, anticancer, and anti-inflammatory activities (Faria 
et al., 2005; Tucker & Townsend, 2005). However, few studies have 
focused on the function of α-tocopherol on intestinal tight junc-
tions. Our previous work (Chen et al.,  2019) demonstrated that 
vitamin E affects intestinal function by inhibiting cell proliferation. 
In the present study, we further investigate the intestinal absorp-
tion and optimal dose of α-tocopherol. In humans, α-tocopherol 
overload increases the risk of side effects. Therefore, high dose of 
α-tocopherol supplements may increase all-cause mortality. The 
present study found that α-tocopherol increased the expression of 
tight junction proteins in the IPEC-J2 cell line at optimal concen-
trations of 20–40 μmol/L. An immunofluorescence assay revealed 
that α-tocopherol increases the expression of the tight junction 
proteins and improves the tight junction integrity.

F I G U R E  7  Effects of different concentrations of α-tocopherol on intestinal mucosal tight junction proteins. Detection of intestinal tight 
junction proteins such as Claudin 1, zonula occludens (Zo-1), and Occludin expression in weaned piglets by reverse transcription polymerase 
chain reaction (RT-PCR) on the intestinal mucosa in duodenum (a), jejunum (b), and ileum (c). All data were represented as mean ± SD (n = 3, 
a < 0.05 vs. control).
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TEER experiments confirmed that α-tocopherol increases 
the epithelial cell resistance and inhibits cell permeability. 
These in vitro findings demonstrated that α-tocopherol pro-
tects tight junction and tight junction proteins. α-Tocopherol is 
widely used in skin lesions because of its antioxidant and anti-
inflammatory properties (Prakoeswa et al., 2018). A recent study 
demonstrated that α-tocopherol reduces the triglyceride and 
cholesterol-lowering effects of rice bran tocotrienol in rats fed 
a Western diet (Shibata et al., 2016). α-Tocopherol promotes bar-
rier function and anti-inflammatory responses by binding to the 
regulatory domains of protein kinase Cα (PKCα), a regulator and 
antagonist of heart failure, and decreases the activation of the 
pro-inflammatory transcription factor NF-κB, which results in cy-
tokines and mast cell activation (Cordero et al., 2018; Tettamanti 
et al., 2018). Surprisingly, our findings show that α-tocopherol has 
no effect on inflammatory factors in normal small intestinal ep-
ithelial cells, implying that this increase in tight junction protein 
expression is irrelevant to the inflammatory pathway under nor-
mal healthy conditions. In vivo studies also demonstrated similar 
results. Using piglets as an animal model is advantageous because 
they have a higher clinical translation potential than other small 

animal models, and the results have a direct translational implica-
tions for the piglet feeding industry. In addition, we measured α-
tocopherol levels in serum and intestinal inflammatory factors in 
animal models. It was found that α-tocopherol serum levels were 
not significantly higher until α-tocopherol was added to the diet at 
100 mg/kg. There was no detectable change in intestinal inflam-
matory factors.

Furthermore, it demonstrates that adding 0–50 mg/kg of α-
tocopherol to the diet is safe and would not cause any obvious 
stimulus or harm to the organs studied. The beneficial effects of 
α-tocopherol on the intestinal mucosa were greater than those on 
inner muscle tissues, as mucosa is the first contact layer during the 
absorption of α-tocopherol. Interestingly, the expression of tight 
junction proteins in the duodenum in the α-tocopherol-treated group 
was 2-fold higher than in the control group, while this increase was 
not observed in the ileum and jejunum, indicating that the effects on 
the duodenum are most pronounced. The optimal dose range for the 
upregulatory effect of α-tocopherol on tight junction proteins in the 
mucosa and inner muscle tissues is 20–50 mg/kg. We hypothesize 
that α-tocopherol activates tight junction components, improving 
intestinal health and animal performance.

F I G U R E  8  Effects of different concentrations of α-tocopherol on tight junction proteins of intestinal inner muscle tissues. Detection of 
tight junction proteins such as Claudin 1, Zonula occludens 1 (Zo-1), and Occludin expression of intestinal inner muscle tissues in weaned 
piglets by reverse transcription polymerase chain reaction (RT-PCR) in duodenum (a), jejunum (b), and ileum (c). All data were represented as 
mean ± SD (n = 3, a < 0.05 vs. control).
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5  |  CONCLUSION

In conclusion, we show that α-tocopherol significantly enhances 
the expression of tight junction proteins in the intestine and in-
hibits permeability in the intestine under normal healthy condi-
tions, both in vivo and in vitro (Figure  9). We can speculate that 
α-tocopherol may primarily reduce oxidative stress and influence 
reactive oxygen species (ROS)-related pathways independent of in-
flammatory signaling, particularly in normal and healthy conditions. 
However, the detailed mechanisms by which α-tocopherol affects 
the intestinal barrier and inflammation in diseased conditions need 
further investigation.

FUNDING INFORMATION
This work was supported by grants such as Institutional Open 
Fund (KF2022001), Key Project of Developmental Biology and 
Breeding from Hunan Province (2022XKQ0205) to XY and from 
the National Key Research and Development Program of China 
(2016YFD0501201) to XY and YY.

ACKNOWLEDG MENTS
We thank grant supports from Institutional Open Fund (KF2022001), 
Key Project of Developmental Biology and Breeding from Hunan 
Province (2022XKQ0205); and from the National Key Research and 
Development Program of China (2016YFD0501201).

ORCID
Xuetong Chu   https://orcid.org/0000-0002-9856-3340 
Huansheng Yang   https://orcid.org/0000-0003-1164-5771 
Xiaoping Yang   https://orcid.org/0000-0003-1952-7227 

R E FE R E N C E S
Alshiek, J. A., Dayan, L., Asleh, R., Blum, S., Levy, A. P., & Jacob, G. (2017). 

Anti-oxidative treatment with vitamin E improves peripheral vascu-
lar function in patients with diabetes mellitus and haptoglobin 2-2 
genotype: A double-blinded cross-over study. Diabetes Research 
and Clinical Practice, 131, 200–207.

Brandner, J. M., Zorn-Kruppa, M., Yoshida, T., Moll, I., Beck, L. A., & De 
Benedetto, A. (2015). Epidermal tight junctions in health and dis-
ease. Tissue Barriers, 3(1–2), e974451.

Burbank, A. J., Duran, C. G., Pan, Y., Burns, P., Jones, S., Jiang, Q., Yang, 
C., Jenkins, S.'. L., Wells, H., Alexis, N., Kesimer, M., Bennett, W. 
D., Zhou, H., Peden, D. B., & Hernandez, M. L. (2018). Gamma 
tocopherol-enriched supplement reduces sputum eosinophilia and 
endotoxin-induced sputum neutrophilia in volunteers with asthma. 
Journal of Allergy and Clinical Immunology, 141(4), 1231–1238.

Chen, C., Wang, Z., Li, J., Li, Y., Huang, P., Ding, X., Yin, J., He, S., Yang, H., & 
Yin, Y. (2019). Dietary vitamin E affect small intestinal histomorphol-
ogy, digestive enzyme activity and the expression of nutrient trans-
porters by inhibiting proliferation of intestinal epithelial cells within je-
junum in weaned piglets. Journal of Animal Science, 97(3), 1212–1221.

Cordero, K., Coronel, G. G., Serrano-Illan, M., Cruz-Bracero, J., Figueroa, 
J. D., & De Leon, M. (2018). Effects of dietary vitamin E supplemen-
tation in bladder function and spasticity during spinal cord injury. 
Brain Sciences, 8(3), 38.

F I G U R E  9  Working model describes 
the protective effect of α-tocopherol 
on intestines in piglets. α-Tocopherol 
has a profound effect on enhancing the 
expression of tight junction proteins in the 
intestinal tract and inhibiting permeability 
in the intestine in normal healthy 
conditions, both in vivo and in vitro.

 20487177, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.3103 by D

eutsche Z
entral B

ibliothek Fuer M
edizin, M

edizinische A
bt, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-9856-3340
https://orcid.org/0000-0002-9856-3340
https://orcid.org/0000-0003-1164-5771
https://orcid.org/0000-0003-1164-5771
https://orcid.org/0000-0003-1952-7227
https://orcid.org/0000-0003-1952-7227


    |  687HUANG et al.

Dolfi, S. C., Yang, Z., Lee, M. J., Guan, F., Hong, J., & Yang, C. S. (2013). 
Inhibitory effects of different forms of tocopherols, tocopherol 
phosphates, and tocopherol quinones on growth of colon cancer 
cells. Journal of Agricultural and Food Chemistry, 61(36), 8533–8540.

Ehsan, M., Du, Y., Molist, I., Seven, A. B., Hariharan, P., Mortensen, J. S., 
Ghani, L., Loland, C. J., Skiniotis, G., Guan, L., & Byrne, B. (2018). 
Vitamin E-based glycoside amphiphiles for membrane protein struc-
tural studies. Organic and Biomolecular Chemistry, 16(14), 2489–2498.

Fang, S., Zhuo, Z., Yu, X., Wang, H., & Feng, J. (2018). Oral administration 
of liquid iron preparation containing excess iron induces intestine 
and liver injury, impairs intestinal barrier function and alters the gut 
microbiota in rats. Journal of Trace Elements in Medicine and Biology, 
47, 12–20.

Faria, R. R., Abilio, V. C., Grassl, C., Chinen, C. C., Takahashi, L., Negrao, 
R., de Castroa, J., Fukushiro, D. F., Rodrigues, M. S. D., Gomes, P. 
H. Z., et al. (2005). Beneficial effects of vitamin C and vitamin E 
on reserpine-induced oral dyskinesia in rats: Critical role of striatal 
catalase activity. Neuropharmacology, 48(7), 993–1001.

Ikegami, H., Kawawa, R., Ichi, I., Ishikawa, T., Koike, T., Aoki, Y., & Fujiwara, 
Y. (2017). Excessive vitamin E intake does not cause bone loss in 
male or ovariectomized female mice fed normal or high-fat diets. 
The Journal of Nutrition, 147(10), 1932–1937.

Ivanov, A. I. (2012). Structure and regulation of intestinal epithelial tight 
junctions: Current concepts and unanswered questions. Advances 
in Experimental Medicine and Biology, 763, 132–148.

Kim, J. C., Mullan, B. P., Black, J. L., Hewitt, R. J., van Barneveld, R. J., & 
Pluske, J. R. (2016). Acetylsalicylic acid supplementation improves 
protein utilization efficiency while vitamin E supplementation re-
duces markers of the inflammatory response in weaned pigs chal-
lenged with enterotoxigenic E. coli. Journal of Animal Science and 
Biotechnology, 7(58), 1–11.

Lee, G. Y., & Han, S. N. (2018). The role of vitamin E in immunity. Nutrients, 
10(11), 1614.

Liu, J. J., Madsen, K. L., Boulanger, P., Dieleman, L. A., Meddings, J., & 
Fedorak, R. N. (2011). Mind the gaps confocal endomicroscopy 
showed increased density of small bowel epithelial gaps in inflam-
matory bowel disease. Journal of Clinical Gastroenterology, 45(3), 
240–245.

Liu, Y. J., Zhao, L. H., Mosenthin, R., Zhang, J. Y., Ji, C., & Ma, Q. G. (2019). 
Protective effect of vitamin E on laying performance, antioxidant 
capacity, and immunity in laying hens challenged with salmonella 
enteritidis. Poultry Science, 24, 5847–5854.

McMorrow, A. M., Connaughton, R. M., Magalhaes, T. R., McGillicuddy, 
F. C., Hughes, M. F., Cheishvili, D., Morine, M. J., Ennis, S., Healy, 
M.-L., Roche, E. F., et al. (2018). Personalized cardio-metabolic re-
sponses to an anti-inflammatory nutrition intervention in obese 
adolescents: A randomized controlled crossover trial. Molecular 
Nutrition and Food Research, 62(10), e1701008.

Pearce, S. C., Al-Jawadi, A., Kishida, K., Yu, S., Hu, M., Fritzky, L. F., 
Edelblum, K. L., Gao, N., & Ferraris, R. P. (2018). Marked differences 
in tight junction composition and macromolecular permeability 
among different intestinal cell types. BMC Biology, 16(1), 19.

Prakoeswa, C. R. S., Natallya, F. R., Harnindya, D., Thohiroh, A., 
Oktaviyanti, R. N., Pratiwi, K. D., Rubianti, M. A., Yogatri, B., 
Primasari, P. I., Herwanto, N., et al. (2018). The efficacy of topical 
human amniotic membrane-mesenchymal stem cell-conditioned 
medium (hAMMSC-CM) and a mixture of topical hAMMSC-
CM+vitamin C and hAMMSC-CM+vitamin E on chronic plan-
tar ulcers in leprosy:A randomized control trial. The Journal of 
Dermatological Treatment, 10, 1–6.

Pu, J., Chen, D., Tian, G., He, J., Zheng, P., Mao, X., Yu, J., Huang, Z., Luo, 
J., Luo, Y., & Yu, B. (2020). Effects of benzoic acid, Bacillus coag-
ulans and oregano oil combined supplementation on growth per-
formance, immune status and intestinal barrier integrity of weaned 
piglets. Animal Nutrition, 6(2), 152–159.

Pummi, K., Malminen, M., Aho, H., Karvonen, S. L., Peltonen, J., & 
Peltonen, S. (2001). Epidermal tight junctions: ZO-1 and Occludin 
are expressed in mature, developing, and affected skin and in 
vitro differentiating keratinocytes. The Journal of Investigative 
Dermatology, 117(5), 1050–1058.

Rauhavirta, T., Lindfors, K., Koskinen, O., Laurila, K., Kurppa, K., 
Saavalainen, P., Maki, M., Collin, P., & Kaukinen, K. (2014). Impaired 
epithelial integrity in the duodenal mucosa in early stages of celiac 
disease. Translational Research, 164(3), 223–231.

Sagel, S. D., Khan, U., Jain, R., Graff, G., Daines, C. L., Dunitz, J. M., 
Borowitz, D., Orenstein, D. M., Abdulhamid, I., Noe, J., Clancy, J. P., 
Slovis, B., Rock, M. J., McCoy, K. S., Strausbaugh, S., Livingston, F. 
R., Papas, K. A., & Shaffer, M. L. (2018). Effects of an antioxidant-
enriched multivitamin in cystic fibrosis: Randomized, controlled, 
multicenter trial. American Journal of Respiratory and Critical Care 
Medicine, 198(5), 639–647.

Shaw, D., Gohil, K., & Basson, M. D. (2012). Intestinal mucosal atrophy and 
adaptation. World Journal of Gastroenterology, 18(44), 6357–6375.

Shibata, A., Kawakami, Y., Kimura, T., Miyazawa, T., & Nakagawa, K. 
(2016). α-tocopherol attenuates the triglyceride- and cholesterol-
lowering effects of rice bran tocotrienol in rats fed a Western diet. 
Journal of Agricultural and Food Chemistry, 64(26), 5361–5366.

Simon, D. B., Lu, Y., Choate, K. A., Velazquez, H., al-Sabban, E., Praga, M., 
Casari, G., Bettinelli, A., Colussi, G., Rodriguez-Soriano, J., McCredie, 
D., Milford, D., Sanjad, S., & Lifton, R. P. (1999). Paracellin-1, a renal 
tight junction protein required for paracellular Mg2+ resorption. 
Science, 285(5424), 103–106.

Soini, Y. (2012). Tight junctions in lung cancer and lung metastasis: A 
review. International Journal of Clinical and Experimental Pathology, 
5(2), 126–136.

Tettamanti, L., Caraffa, A., Mastrangelo, F., Ronconi, G., Kritas, S., Frydas, 
I., & Conti, P. (2018). Different signals induce mast cell inflamma-
tory activity: Inhibitory effect of vitamin E. Journal of Biological 
Regulators and Homeostatic Agents, 32(1), 13–19.

Tripathy, P. K., Ray, B. K., & Mohanty, H. K. (2017). Congenital absence 
of jejunum and ileum: A case report and literature review. African 
Journal of Paediatric Surgery, 14(3), 53–55.

Tucker, J. M., & Townsend, D. M. (2005). Alpha-tocopherol: Roles 
in prevention and therapy of human disease. Biomedicine and 
Pharmacotherapy, 59(7), 380–387.

Vega-Mata, N., Fernández-García, L., Lara-Cardenas, C., Raposo-
Rodríguez, L., & Montes-Granda, M. (2017). Paediatric pharmaco-
bezoar in vitamin overdose. Cirugia y Cirujanos, 85(Suppl 1), 30–33.

Yang, H., Xu, M., Lu, F., Zhang, Q., Feng, Y., Yang, C. S., Li, N., & Jia, X. 
(2018). Tocopherols inhibit esophageal carcinogenesis through at-
tenuating NF-kappaB activation and CXCR3-mediated inflamma-
tion. Oncogene, 37(29), 3909–3923.

Zahraoui, A. (2004). Tight junctions, a platform regulating cell prolifera-
tion and polarity. Medecine Sciences: M/S, 20(5), 580–585.

Zingg, J. M. (2019). Vitamin E: Regulatory role on signal transduction. 
IUBMB Life, 71(4), 456–478.

How to cite this article: Huang, Y., He, C., Hu, Z., Chu, X., 
Zhou, S., Hu, X., Deng, J., Xiao, D., Tao, T., Yang, H., Chen, A. F., 
Yin, Y., & Yang, X. (2023). The beneficial effects of alpha-
tocopherol on intestinal function and the expression of tight 
junction proteins in differentiated segments of the intestine in 
piglets. Food Science & Nutrition, 11, 677–687. https://doi.
org/10.1002/fsn3.3103

 20487177, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.3103 by D

eutsche Z
entral B

ibliothek Fuer M
edizin, M

edizinische A
bt, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/fsn3.3103
https://doi.org/10.1002/fsn3.3103

	The beneficial effects of alpha-­tocopherol on intestinal function and the expression of tight junction proteins in differentiated segments of the intestine in piglets
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Reagents and cell culture
	2.2|Animals and treatments
	2.3|Quantitative real-­time (RT)-­PCR
	2.4|Protein characterization
	2.5|Immunofluorescence
	2.6|Cell permeability: Measurement of transepithelial electrical resistance (TEER assay)
	2.7|Extraction of RNA and real-­time quantitative PCR of intestinal mucosa and inner muscle tissue samples
	2.8|Enzyme-­linked immunosorbent assays (ELISAs)
	2.9|Statistical analysis

	3|RESULTS
	3.1|α-­Tocopherol increased the expression of tight junction proteins in IPEC-­J2 cell line detected by RT-­PCR and Western blot
	3.2|α-­Tocopherol increased the protein expression of tight junction and integrity of tight junction detected by immunofluorescence images
	3.3|α-­Tocopherol had no effect on the expression of phospho-­NF-­κB
	3.4|α-­Tocopherol increased transepithelial electrical resistance (TEER)
	3.5|α-­Tocopherol levels were detectable in serum after 100 mg/kg α-­tocopherol administration in piglets
	3.6|The effects of α-­tocopherol on intestinal inflammatory markers in weaned pig
	3.7|The effects of α-­tocopherol on intestinal mucosal tight junction proteins
	3.8|The effects of α-­tocopherol on tight junction proteins of intestinal inner muscle tissues

	4|DISCUSSION
	5|CONCLUSION
	FUNDING INFORMATION
	ACKNOWLEDGMENTS
	REFERENCES


