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Abstract
Background: Intestinal barrier plays key roles in maintaining intestinal homeostasis. In�ammation
damage can severely destroy the intestinal integrity of mammals. This study was conducted to
investigate the protective effects of embelin and its molecular mechanisms on intestinal in�ammation in
a porcine model. One hundred sixty 21 day-old castrated weaned pigs (Duroc×Landrace×Yorkshire,
average initial body weight was 7.05 ± 0.28 kg, equal numbers of castrated males and females) were
allotted to four groups and fed with a basal diet or a basal diet containing 200, 400, or 600 mg
embelin/kg for 28 days, the growth performance, intestinal in�ammatory cytokines, morphology of
jejunum and ileum, tight junctions in the intestinal mucosa of piglets were tested. IPEC-1 cells with
overexpression of P300/CBP associating factor (PCAF) were treated with embelin, the activity of PCAF
and acetylation of nuclear factor-κB (NF-κB) were analyzed to determine the effect of embelin on
PCAF/NF-κB pathway in vitro.

Results: The results showed that embelin decreased (P < 0.05) serum D-lactate and diamine oxidase
(DAO) levels, and enhanced the expression of ZO-1, Occludin and claudin-1 protein in jejunum and ileum.
Moreover, the expression levels of critical in�ammation molecules (interleukin-1β, interleukin-6, tumor
necrosis factor-α, and NF-κB) were down-regulated (P < 0.05) by embelin in jejunal and ileal mucosa.
Meanwhile, the activity of PCAF were down-regulated (P < 0.05) by embelin. Importantly, transfection of
PCAF siRNAs to IPEC-1 cell decreased NF-κB activities; embelin treatment downregulated (P < 0.05) the
acetylation and activities of NF-κB by 31.7–74.6% in IPEC-1 cells with overexpression of PCAF.

Conclusions: These results suggested that embelin ameliorates intestinal in�ammation in weaned pigs,
which might be mediated by suppressing the PCAF/NF-κB signaling pathway.

1. Introduction
Breast feeding and weaning are important physiologically signi�cant luminal events that in�uence the
growth of the small intestine in humans [1]. Previous study indicated that breast fed infants have smaller
villi and crypts than bottle fed infants, suggesting that crypt �ssion may be the predominant mechanism
of epithelial growth during milk feeding whereas crypt hyperplasia predominates later during weaning (2–
6 months of age). As known that weaning process is commonly associated with intestinal in�ammation
and barrier dysfunction, and this phenomenon is particularly evident in piglets, which are responsible for
the stunted growth and diarrhoea observed in the �rst 2 weeks after weaning [2, 3], therefore, weaned
piglets are regarded as an important laboratory animal for studying the intestinal health of infants.
Intestinal barrier is mainly formed by a single layer of enterocytes and intercellular tight junctions of
enterocytes [4]. It serves as a selective permeable membrane which not only permits the absorption of
nutrients from the intestinal lumen into circulation but also provides an innate defense barrier to resist the
passage of luminal pathogens and toxins into systemic circulation. But many stimuli factors including
infection, in�ammation can damage intestinal barrier function by inducing overproduction of pro-
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in�ammatory cytokines [5, 6]. Therefore, inhibition of intestinal in�ammation during the weaning stage
may play an important role in alleviating intestinal damage in infants.

The transition of weaned piglets from breast milk to solid feed will cause intestinal in�ammation, and
then lead to diarrhea, growth performance decline, and even death of piglets, and �nally bring huge
economic losses to animal husbandry [7]. Therefore, the use of active ingredients in weaned piglets can
alleviate of intestinal in�ammation, prevent or slow down diarrhea, improve growth performance and
promote the development of antibiotics alternative feed additives. Numerous studies showed that the
expression of in�ammatory factor signaling pathways was elevated in the intestine of weaned piglets [8,
9]. Among them, the inhibition of the activity of NF-κB, the initiator of the in�ammatory pathway, is
considered to be the most effective way to alleviate intestinal in�ammation [10]. Moreover, PCAF has
been reported to promote the in�ammatory signaling pathways by acetylating the NF-Κb [11]. Many
studies have pointed out that plants and their extracts play an important role in promoting animal growth,
enhancing immunity and maintaining animal health [12–14]. As another excellent anti-in�ammatory
plant extract, embelin, the major component of Embelia ribes Burm plant (speci�cally, its fruit), has been
considered to be an acetylation inhibitor of PCAF [15]. Due to these e�cacies, embelin may be bene�cial
in improving the intestinal in�ammation, growth performance, and diarrhea of weaning pigs.

Currently, most of the studies of embelin have focused on the anti-in�ammatory and antioxidant
activities in vitro studies or some in vivo studies [16, 17]. It has long been reported that weaning stress
can damage the structure and function of the gut of an animal [18]. However, the bene�cial effects of
embelin on the alleviation of the intestinal in�ammation and gut barrier as well as the improvement of
diarrhea in weaned pigs have not been reported. The purpose of this study was to investigate the effects
of embilin on the diarrhea, intestinal barrier function and in�ammation of weaned piglets, thus providing
a theoretical basis and experimental evidence for understanding the biological effects of embelin and its
potential as a functional feed additive.

2. Material And Methods

2.1 Animals and experimental design
All animal protocols used in this study were in accordance with the Guidelines for the Care and Use of
Animals for Research and Teaching and approved by the Animal Care and Use Committee of Huazhong
Agricultural University.

A total of 160 weaned pigs (Duroc×Landrace×Yorkshire) were randomly assigned to 4 dietary treatments
with 4 replicate pens per treatment. Their initial body weight (BW) was 7.05 ± 0.28 kg. Control pigs (CON)
were fed a basal diet, and the other animals were fed a basal diet supplemented with 200mg/kg, 400mg
or 600mg/kg embelin (E200, E400, E600) for 2 weeks. The median lethal dose of embelin is reported to
be 2000 mg/kg body weight in mice and rats without any mortality or adverse effects indicating its safety
[19]. The basal diets were formulated to meet the NRC (2012) speci�cations for weaned pigs [20]. And the
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ingredients and composition of the basal diet are listed in Supplemental Table 1. The embelin was
purchased from Xin Lu Biotechnology Company (Xi’an, China), and extracted from dried fruit rind of
Embelia ribes with a purity of 98.1%, as measured by HPLC. All pigs were allowed ad libitum access to
feed and water throughout the experimental period. The animals were kept in a temperature-controlled
environment at 24 ~ 25℃ and alternating light and dark cycles with 12h intervals. All experimental pigs
were healthy during the feeding period. Weights were obtained on every pig and feed disappearance was
recorded on d 0, 7, 14 and prior to slaughter to calculate average daily feed intake (ADG), average daily
gain (ADFI), and feed/gain ratio (F/G).

2.2 Sample collections
At the end of the trial, blood samples were collected by venepuncture at 08.00hours after 12h of fasting.
Then, the samples were centrifuged at 3500g at 4°C for 10min. After centrifugation, the serum samples
were collected and frozen at − 20°C until analysed. After blood collection, pigs were euthanised with an
intravenous injection of chlorpromazine hydrochloride (3mg/kg body weight) and then slaughtered by
exsanguination protocols. Immediately, a piece (2cm-length) of the middle jejunum and distal ileum
(2cm-length) were collected, rinsed with cold saline (NaCl 9 g/L, 4°C), and �xed in paraformaldehyde.
Other segments of the middle jejunum and distal ileum (5 cm-length) of the piglets were opened and
thoroughly rinsed with sterile normal saline, and then the mucosa was collected by scraping with glass
slides and immediately snap- frozen in liquid nitrogen and stored at − 80°C. Fecal scores were monitored
during the feeding trial and quanti�ed using a scale ranging from 0 to 3 with 0 = normally shaped feces,
1 = shapeless (loose) feces, 2 = thick, liquid (soft) feces, and 3 = thin, liquid feces and watery diarrhea. A
piglet with a score greater than 1 was regarded as having diarrhea. The incidence of diarrhea (%) was
calculated as a percentage of the number of diarrheal piglets during the period divided by the total
number of piglets.

2.3 Intestinal cytokines determined by ELISA
After grinding in liquid nitrogen, total protein was extracted from the jejunal and ileal mucosa samples
with lysis buffer (KeyGEN, Nanjing, China), followed by clari�cation by centrifugation (3500×g for 10 min
at 4°C). The concentrations of IL-1β, IL-6, IL-10, and tumor necrosis factor-α (TNF-α) were determined by
using ELISA kits (Nanjing Jiancheng Bioengineering company, Jiangsu, China).

2.4 Analysis of intestinal morphology and permeability
Histological examination of the intestinal morphology was conducted [17]. Brie�y, after a 24h �xing, the
intestinal segments were dehydrated in ethanol concentration gradient and cleared up with xylene,
embedded in para�n, cut incross sections with a thickness of approximately 5µm with a microtome and
then stained with haematoxylin and eosin. Villous height and crypt depth of two intestinal segments were
measured and villous height/crypt depth ratio (VCR) was calculated.Immuno�uorescence analysis.
Intestinal mucosa permeability is the principal basis for the diagnosis of the intestinal barrier dysfunction
[21]. Serum diamine oxidase (DAO) and D-lactate and endothelin − 1 (ET-1) and nitric oxide (NO) can be
used as indicators of intestinal integrity of the gastrointestinal tract [22].The contents of DAO and D-
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lactate and ET-1 and NO of serum were measured using an instrument (Biochemical Analytical
Instrument, Beckman CX4, Beckman Coulter Inc., Brea, CA).

2.5 Cell culture and treatment
Intestinal porcine epithelial cells (IPEC-1) were isolated from the jejunum of unsuckled newborn pigs, as
previously described [23]. The cells were grown in serial passage in uncoated plastic cell culture �asks
(75 cm2) with a vent cap in DMEM-F12 containing 17.5 mM D-glucose, 15 mM HEPES (pH 7.4), 5% FBS,
epidermal growthfactor (5µg/L), insulin (5 µg/ml), transferrin (5µg/ml), selenium (5 ng/ml), penicillin (50
µg/ml), streptomycin (4 µg/ml) and 0.25 µg/ml amphotericin B (Fungizone). Medium was changed every
2 days. All cell cultures were carried out at 37°C in a 5% CO2 incubator. Atcon�uence, cells were passaged
using trypsinization [24]. Cells in 6-well plates were pre-treated with embelin (2.5 and 5 µM) for 2 h and
incubated further for 48h. Besides, cells were transfected by Lipofectamine 2000 (Invitrogen) with a
mixture of small interfering RNA (siRNA) directed isolation of cells and cell culture towards PCAF
(Qiagen) for 4h (5’-GCAGATACCAAA-CAAGTTT-3’). To con�rm PCAF knock- down, Western blot was used
to analyse PCAF expression.

2.6 Total RNA isolation and reverse transcription
Total RNA was isolated from frozen jejunal or ileal samples using TRIzol (Takara Biotechnology Co. Ltd).
All the procedures were guided by the manufacturer’s manual. Brie�y, 100mg tissues were put into a
mortar and grinded with 1ml TRIzol reagent. The proteins in the grinded samples were precipitated by
chloroform. After centrifugation, the supernatant was transferred into a new tube and isopropanol was
added and mixed for 10min. The total RNA has settled by centrifugation. The integrity of RNA was
checked by electrophoresis on a 1.5% agarose gel, and the concentration and quality were veri�ed by UV
spectrophotometry using a NanoDrop 2000 (Thermo Fisher Scienti�c, Inc.). After RNA isolation, 1µg of
total RNA was reverse-transcribed into cDNA using a PrimeScript™ RT reagent reverse-transcribed into
cDNA using a PrimeScript™ RT reagent kit with cDNA Eraser (Takara Biotechnology Co. Ltd). The
following conditions were used: 42°C for 2min, then 37°C for 15min, followed by 85°C for 5s.

Real-time quantitative PCR was performed in an Option Monitor 3 Real-Time PCR Detection System (Bio-
Rad) using the SYBR Green Supermix (TaKaRa). Expression levels of β-actin (housekeeper genes), TNF-α,
IL-6, IL-10, IL-1β, ZO-1, Occludin and Claudin-1 in the small intestinal were analysed using SYBR Premix
Ex Taq II (Tli RNaseH Plus) reagents (TakaRa) and the QuanStudio 6 Flex Real-Time PCR detection
system (Applied Biosystems). All primers were commercially synthesised and puri�ed by Sangon Biotech
Co. Ltd and are shown in Supplemental Table 2. The reaction was performed in a volume of 10µl
consisting of 5µl of SYBR Premix ExTaq (2×), 1µl of reverse primers, 1µl of forward primers, 2µl of
doubled-distilled water and 1µl of cDNA template. Cycling conditions were as follows: 5°C for 30s,
followed by forty cycles at 95°C for 5s, 60°C for 34s, under melt curve conditions at 95°C for 15s, 60°C for
1min and then 95°C for 15s (temperature change velocity 0.5°C/s). The target gene mRNA expression
level was calculated using the 2−ΔΔCt method [25]. Each sample was repeated in triplicate.

2.7 Western blotting and immunoprecipitation
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Western blot analyses were performed as described previously [26]. For the analyses, the major
antibodies, including ZO-1, Occludin, Claudin-1, NFκB and β-actin (ACTB), are submitted in online
Supplementary Table 3. The mucosal scrapings were homogenized on ice in RIPA lysis buffer (Upstate;
Temecula, CA) containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and phosphathase
inhibitor cocktail 1 (Sigma-Al-drich, St. Louis, MO). After centrifugation at 4°C and 14,000×g, the
supernatants were collected for the assay. Detection of concentrations of protein in the ileum was
performed by the bicinchoninic acid assay. Western blotting was performed for acetylation detection. For
blocking, 50m M Tris (pH 7.5) with 1% peptone (AMRESCO) and 10% (v/v) Tween-20 were used. For the
primary and secondary antibodies, 50m M Tris (pH 7.5) with 0.1% peptone was prepared [27].

2.8 Statistical analysis
All the results from experiment were analyzed by using the one-way ANOVA, performed using the MIXED
procedure of SAS (SAS Inst., Inc., Cary, NC, US). Replicate (n = 10) served as the experimental unit for
animal experiment, and replicate (n = 3) served as the experimental unit for cell experiment. Data were
analyzed using the general linear model (GLM) with SPSS 16.0 (SPSS Inc., Chicago, IL, USA). The results
in the tables are shown with the means ± SEM, and other �gure results are presented with means ± SD.
Means are considered signi�cantly different at P < 0.05.

3. Results

3.1 Growth Performance of Weaned Piglets
The effects of embelin on the growth performance of weaned piglets were shown in Table 1. Piglets
dietary administered embelin increased the �nal weight and ADG (P < 0.05), and reduced the feeding
e�ciency (P < 0.05), and had no signi�cant effect on ADFI (P = 0.49). In addition, dietary embelin
signi�cantly decreased the diarrhea rate compared with that in control group (P < 0.05). Piglets dietary
administered embelin reduced the diarrhea rate as much as 45%. The F/G and diarrhea rates in the E400
and E600 embelin groups were signi�cantly lower than those in the E200 group.
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Table 1
Effects of embelin on growth performance and diarrhea rate of weaned piglets1

Item CON E200 E400 E600 P Value

Initial weight,kg 6.78 ± 0.23 6.76 ± 0.18 6.77 ± 0.19 6.74 ± 0.21 0.36

Final weight,kg 12.9 ± 1.16b 13.3 ± 1.45b 13.8 ± 1.08a 13.9 ± 1.13a < 0.05

ADG/(g/d) 219 ± 12.4b 234 ± 14.3b 251 ± 12.2a 257 ± 13.5a < 0.05

ADFI/(g/d) 410 ± 9.06 418 ± 11.3 414 ± 10.5 418 ± 9.78 0.49

F/G 1.83 ± 0.09 a 1.78 ± 0.11b 1.65 ± 0.08c 1.62 ± 0.09c < 0.05

Diarrhea incidence 9.56 ± 1.02a 7.14 ± 0.09b 6.49 ± 1.01c 5.24 ± 1.01c < 0.05

1Values are means ± SEMs, n = 10/group. Labeled means in a row without a common superscript
letter differ, P < 0.05. ADFI: Average daily feed intake; ADG: Average daily gain; F/G: gain/feed for feed
e�ciency.

3.2 Intestinal in�ammatory cytokines of Weaned Piglets
As shown in Fig. 1, dietary supplementation of embelin increased expression of jejunum and ileum IL-10
(P < 0.05, Fig. 1A, F), where E400 and E600 embelin groups were signi�cantly higher relative to the control
and E200 groups. Piglets dietary administered embelin had signi�cant reduced the expression IL-6, IL-1β,
TNF-α in jejunum and ileum (P < 0.05, Fig. 1B-D, G-I). Relative to the control group, E400 and E600 embilin
group signi�cantly reduced jejunum and ileum NF-κB expression (P < 0.05, Fig. 1E, J).

3.3 Morphology and permeability of jejunum and ileum in
Weaned Piglets
As shown in Table 2, diets supplemented with E400 and E600 of embelin signi�cantly increased the villus
height in the jejunum (P < 0.05). Although there was no signi�cant effect on the villus height in ileum (P = 
0.46). All three dose addition groups had no signi�cant effect on jejunal (P = 0.35) and ileal crypt depths
(P = 0.38). Both E400 and E600 embelin signi�cantly improved the villus height to crypt depth ratios
relative to the control and E200 embelin groups (P < 0.05). For intestinal permeability (Table 3), compared
to the control group, dietary embelin signi�cantly decreased the diamine oxidase (DAO) and D-lactate
contents (P < 0.05). The DAO and D-lactate contents in the groups treated with E200, E400 and E600
embelin were signi�cantly lower than those in the control groups (P < 0.05). The addition of embelin had
no signi�cant effect on the content of both ET-1 (P = 0.37) and NO (P = 0.45).
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Table 2
Small intestinal morphology of weaned piglets fed embelin1

Item CON E200 E400 E600 P Value

Villus height(µm)          

Jejunum 311 ± 7.56b 322 ± 5.26b 358 ± 6.32a 360 ± 8.42a < 0.05

Ileum 295 ± 9.45 306 ± 6.39 318 ± 7.86 314 ± 9.45 0.46

Crypt depth(µm)          

Jejunum 220 ± 7.56 215 ± 6.28 203 ± 8.56 208 ± 7.43 0.35

Ileum 224 ± 6.39 220 ± 7.59 212 ± 8.46 208 ± 9.25 0.38

Villus height:crypt depth          

Jejunum 1.41 ± 0.16b 1.49 ± 0.12b 1.76 ± 0.09a 1.73 ± 0.11a < 0.05

Ileum 1.32 ± 0.14b 1.39 ± 0.12b 1.50 ± 0.07a 1.51 ± 0.08a < 0.05

1Values are means ± SEMs, n = 10/group. Labeled means in a row without a common superscript
letter differ, P < 0.05.

Table 3
Effects of embelin on intestinal permeability in piglets1

Item CON E200 E400 E600 P Value

DAO, ng/mL 25.3 ± 3.24a 11.3 ± 2.27b 10.6 ± 1.56b 9.51 ± 1.84b < 0.05

D-Lactate, µmol/mL 45.9 ± 3.16a 35.6 ± 3.04b 32.5 ± 2.96b 21.9 ± 2.17c < 0.05

ET-1, ng/L 141 ± 10.6 136 ± 8.15 132 ± 8.96 128 ± 9.47 0.37

NO, µmol/L 60.3 ± 3.16 58.4 ± 2.05 57.6 ± 2.28 54.4 ± 2.37 0.45

1Values are means ± SEMs, n = 10/group. Labeled means in a row without a common superscript
letter differ, P < 0.05. DAO: Diamine oxidase; ET-1: Endothelin-1;

3.4 Tight junctions in the intestinal mucosa of Weaned
Piglets
As shown in Fig. 2, for tight junction-related components, compared with the control group, dietary
embelin signi�cantly increased (P < 0.05) ZO-1 and claudin-1 protein expression in both the jejunal and
ileal mucosa and occludin in the ileum (Fig. 2A-B, E-F). There was no signi�cant effect for jejunal
occludin protein levels (P 0.05, Fig. 2C). The expression of ZO-1 in both jejunal and ileal mucosa of the
E400 and E600 embelin groups was signi�cantly higher than those in the control and E200 groups (P < 
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0.05). In addition, the expression of jejunal claudin-1 and ileal occludin of E600 embelin groups was
signi�cantly higher than that in the other groups (P < 0.05).

3.5 Dietary embelin decreases the PCAF activity and
acetylation of NF-κB and in weaned piglets
Addition of E600 embelin signi�cantly reduced PCAF and NF-κB activity in the jejunum compare to the
other three groups (P < 0.05, Fig. 3A-B, D-E). The activity of PCAF and NF-κB in the ileum of E400 and
E600 embelin groups was signi�cantly lower than that in the control and E200 embelin groups (P < 0.05).
The acetylation level of NF-κB in the E400 and E600 embelin groups was signi�cantly lower (P < 0.05)
than those of the E200 embelin group (Fig. 3C). Compared with the control group, all dosages of the
embelin groups signi�cantly reduced (P < 0.05) the NF-κB acetylation levels in ileum (Fig. 3F).

3.6 Embelin inhibits the PCAF-dependent acetylation of NF-
κB in IPEC-1 cell
All three doses of embelin in IPEC-1 cell signi�cantly reduced PCAF and NF-κB activity (Fig. 4A, B, P < 
0.05). IPEC-1 cell were transfected with the indicated K (lysine) acetyltransferase (KAT) constructs in
combination with expression vectors containing PCAF. As expected, PCAF expression was increased (P < 
0.05) by 65%, while transfection with siRNAs targeting PCAF in IPEC-1 cell decreased the protein
expression by ∼75% (P < 0.05, Fig. 4C). Both interference with PCAF and addition of embelin signi�cantly
reduced NF-κB activity (P < 0.05). Overexpression of PCAF signi�cantly increased NF-κB activity,
accompanied by increased acetylation levels of NF-κB (P < 0.05). Interestingly, only upon stimulation with
embelin could we detect a decrease (P < 0.05) in the levels of activity and acetylation of NF-κB in IPEC-1
cell overexpressing PCAF (Fig. 4D, E).

4. Discussion
Weaning is a major contributor to intestinal epithelial barrier dysfunction, characterized by increased
intestinal permeability, leading to the invasion of intestinal pathogens and then triggering intestinal
in�ammation [28, 29]. Therefore, effective strategy is urgently needed in this critical phase especially in
piglets and infants of human beings. Embelin, one of the naturally-occurring benzoquinone compound,
possesses various biological effects and has attracted considerable attention as a functional ingredient
to alleviate in�ammation in animals and human beings. Recently, numerous studies have focused on
improving the gut health of animals through dietary supplementation with antioxidative and antibacterial
nutrients, such as resveratrol, oregano oil, and selenium [30–32]. Previous studies in vitro showed that
embelin has potential anti-in�ammatory effects, furthermore, embelin is regarded as an extremely potent
natural inhibitor of p300/CBP - associating factor (PCAF), which has been observed to activate the
in�ammatory pathway through acetylation of the NF-κB. Therefore, embelin may have a predictable
potential ability to attenuate the intestinal in�ammation of weaned animals, especially in piglets, which



Page 10/20

has been proved to be a suitable animal model for human infants [33]. However, the effect and dose
effect of dietary embelin on growth performance, diarrhea, intestinal barrier function and in�ammation in
weaned piglets are poorly understood. In this work, we demonstrated for the �rst time that as a natural
ingredients, embelin e�ciently improved growth performance and diarrhea, ameliorated intestinal barrier
dysfunction and in�ammation of weaning piglets.

First, the effect of dietary embelin on growth performance and diarrhea was measured. The median lethal
dose of embelin is reported to be 2000 mg/kg body weight in mice and rats without any mortality or
adverse effects indicating its safety [19]. So we chose 200, 400 and 600 mg/kg embelin as the additive
dosage. At the beginning of the study, we collected blood samples and veri�ed that there were no
differences between piglets and that they were healthy at the beginning of the study. However, after a 28-
day period trial, the control group had a higher incidence of diarrhea, which may be related to weaning
events. Dietary embelin increased ADG and decreased F/G compared to the control group, indicating
improved growth performance. Moreover, dietary embelin signi�cantly reduced the rate of diarrhea in
weaned piglets. Previous studies have shown that body weight gain and nutrient absorption as well as
diarrhea rates in piglets are related to oxidative stability, intestinal morphology and intestinal
in�ammation [34], then we tested the intestinal barrier function of weaned piglets after treating with
embelin.

The integrity of the intestinal epithelial barrier acts a key role in the digestion and absorption of nutrients
and the inhibition of invasion by pathogenic bacteria [35, 36]. However, numerous mammalian studies
have shown that weaning stress can severely disrupt small intestinal barrier function and exacerbate
intestinal in�ammation within a short period of time after weaning [37–39]. It is well known that
intestinal permeability is usually assessed by some blood indicators. D-lactic acid is a speci�c end
product of intestinal bacteria and is released into the blood when the intestinal mucosa is damaged. DAO
is an intracellular enzyme synthesized mainly by mammalian intestinal epithelial cells and is mainly
found in the cytoplasm. Once the intestinal epithelial barrier is damaged, intestinal DAO is released into
the circulation [40]. Therefore, blood D-lactic acid concentration and DAO activity can be used as
circulating markers to monitor the extent of intestinal barrier damage. In the present study, the addition of
embelin to the diet reduced serum D-lactic acid concentration and DAO activity in weaned piglets,
suggesting that embelin has a bene�cial effect on reducing intestinal permeability in weaned piglets.
Furthermore, tight junctions between intestinal epithelial cells maintain and regulate the intestinal
epithelial barrier [41]. The formation of tight junctions requires several unique proteins, such as the
claudin family, occludin, and intracellular linker proteins, such as ZOs, which anchor directly or indirectly
to the actin-based cytoskeleton and then form a selective permeability barrier [42]. Thus, the expression
level and distribution of tight junction proteins are closely related to intestinal barrier function. However,
weaning stress can disrupt intestinal tight junctions by down-regulating the expression of intestinal
barrier-related genes in pigs [43, 44]. The results of this study showed that the addition of embelin to the
diet signi�cantly upregulated the expression of claudin-1, occludin and ZO-1 in the small intestine of
weaned piglets. Thus, embelin can improve intestinal barrier function by maintaining the expression of
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tight junction proteins, which may be partly responsible for embelin's ability to reduce intestinal
permeability and in�ammatory response to weaning stress injury in piglets.

Accumulating evidence has con�rmed that in�ammation is an important inducing factor in intestinal
barrier disruption [45, 46]. Some cytokines are thought to be critical in the predisposition to and
exacerbation of some gastrointestinal dysfunctions. NF-κB is a central mediator of intestinal
in�ammatory diseases [47] and has been shown to play a role in the control of intestinal permeability
[48]. Moreover, pro-in�ammatory cytokines such as TNF-α, IL-1β, IL-6 have been shown to exert negative
roles in maintaining the tight junction and cytoskeleton structure and function. In the present study,
embelin feed inhibited NF-κB activity and the pro-in�ammatory factors TNF-α, IL-1β, and IL-6, which is
consistent with previous studies. Evidence to date demonstrates that the functions of NF-κB are
modulated by diverse post-transcriptional modi�cations. Among these modi�cations, acetylation has
been shown to enhance the nuclear localization of NF-κB and lead to the transcription of NF-κB target
genes [49]. NF-κB is mainly acetylated by PCAF. PCAF acetylates multiple lysine residues of NF-κB,
including Lys-122, -123, -218, -221 and − 310, activating its transcriptional activity [50]. In the present
study, dietary supplementation with embelin at 3 dosages decreased PCAF activity, suggesting that
embelin may attenuate NF-κB activity by inhibiting the acetylation activity of PCAF.

To further explore the molecular mechanism of embelin in attenuating intestinal in�ammatory
response,we investigated the effects of embelin on the activation of PCAF/NF-κB signaling pathway
which has been considered as a key inducer of in�ammation. It was reported that embelin rapidly
inactivates PCAF activity and has a strong apoptosis-inducing effect on leukemia cell lines and on
prostate and pancreatic cancer cells through the inhibition of DNA binding [51]. In our study, embelin
decreased PCAF activity and NF-κB acetylation suggesting that embelin-induced decreased PCAF activity
may reduce in�ammatory cytokines in weaned piglets. Furthermore, the upregulation of PCAF and NF-κB
in weaned piglets was reversed by embelin treatment, so we propose that the PCAF-NF-κB pathway may
be involved in the embelin-mediated alleviation the in�ammatory response after weaning, siRNAs inhibits
PCAF in cultured IPEC-1 cell, indicating that nonembelin-mediated inhibition of PCAF has similar effects.
Activated PCAF can stimulate the activation of NF-κB signal pathway and then increase the expression of
various in�ammatory cytokines' genes, including IL-6, TNF-α and IL-1β. Therefore, reducing the
in�ammatory response mediated by the PCAF/NF-κB signaling pathway may play a protective effect in
the intestine of weaned pigs.

In conclusion, the present study indicated for the �rst time that dietary embelin supplementation exerts
bene�cial effects on ameliorating the intestinal in�ammation in weaned pigs. The mechanisms of action
might be closely related to improving tight junction protein expression, suppressing intestinal
in�ammatory mediators released, alleviating intestinal in�ammation via downregulation of acetylation of
NF-κB by PCAF.

Nevertheless, there were some limitations in this study. In this experiment, due to the imperfect
experimental plan, the optimal concentration of embelin in the piglet diet was not further clari�ed. In
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addition, there may be other potential mechanisms that have not been explored in this study. For
example, embelin itself has a certain antibacterial effect, which may be an important factor in improving
the gut mircobiota and intestinal health. Future experiments could focus on evaluating the anti-
in�ammatory and antibacterial properties of embelin, and further clari�cation of its role in piglet diet
production and human infant health.
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Figure 1

Effects of dietary embelin on the IL-10 (A, F), IL-6(B, G), IL-1β (C, H),TNF-α (D, I) and NF-κB (E, J) in
jejunum and ileum of weaned piglets. Data are shown as the mean ± SDs, n = 10/group. Means without a
common letter differ, P < 0.05. IL-1β: interleukin-1β; IL-6: interleukin-6; IL-10; NF-κB: nuclear factor-κB; TNF-
α: tumor necrosis factor-α;
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Figure 2

Effects of dietary embelin on the expression of ZO-1 (A, E), Claudin-1 (B, F) and Occludin (C, G) in jejunum
and ileum of weaned piglets. The protein expression in the intestine tissues in each group was
determined by Western blotting (D, H), and each blot represents at least three independent samples. Data
are shown as the mean ± SDs, n = 10/group. Means for a given protein without a common letter differ, P
< 0.05. 

Figure 3

Effects of dietary embelin on the PCAF (A, D) and NF-κB (B, E) activity, acetylation level of NF-κB (C, F) in
jejunum and ileum of weaned piglets. Data are shown as the mean ± SDs, n = 5-10/group. Means for a
given protein without a common letter differ, P < 0.05. NF-κB: nuclear factor-κB; PCAF, P300/CBP
associating factor.
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Figure 4

Effects and mechanisms of dietary embelin on the the activity of PCAF (A) and NF-κB (B, D), protein
expression of PCAF (C), acetylation level of NF-κB (E) in IPEC-1 cells. Data are shown as the mean ± SDs,
n = 10/group. Means for a given protein without a common letter differ, P < 0.05; *P < 0.05. NF-κB:
nuclear factor-κB; PCAF, P300/CBP associating factor.
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