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Simple Summary: As a resveratrol analog, pterostilbene (PTE) exhibits functions including antioxi-
dant and anti-inflammatory. The main objective of this work was to elucidate whether pterostilbene
could enhance the immune function and the morphological integrity of the intestine by suppressing
inflammatory factors and certain oxidative stresses, thus enhancing the immune capacity of the
organism. This study will help to provide greater insight into the molecular mechanism of dietary
PTE involved in improving the intestinal health and immune function of broilers.

Abstract: This experiment was carried out to investigate the effect of pterostilbene (PTE) supple-
mentation in feed on Arbor Acres broilers in terms of serum biochemical parameters, immune and
inflammatory responses, antioxidant status, and intestinal morphological structure. For a duration
of 42 days, a total of 480 1-day-old Arbor Acres broilers were randomly divided into four groups.
Each group was assigned to receive either the basal diet or the basal diet supplemented with 200,
400, or 600 mg/kg of PTE. Each treatment consisted of eight replicates, with 15 chicks per replicate.
In comparison with the control group, three PTE treatments significantly increased the lymphocyte
transformation rate in the spleen of broilers. The automated biochemical analysis, enzyme-linked
immunosorbent assay, and RT-qPCR analysis kits found that 400 mg/kg of PTE significantly increased
the serum levels of complement C3, IL-4, and iNOS; reduced the serum levels of IL-6, TNF-α, and
mRNA levels of the genes IL-6, IL-8, TNF-α, NLRP3, and IFN-γ; significantly improved the activities
of antioxidant enzymes including CAT, GSH-Px, and T-SOD in the jejunum; and significantly reduced
the MDA contents in the serum and jejunum of broilers. Nikon microscope observations and Image-
Pro Plus 6.0 measure results found that 400 mg/kg of PTE supplementation significantly reduced
the relative length and weight of the jejunum and improved the jejunal villi structure, resulting
in increased intestinal villi, deepened crypt, and an enhanced ratio of villi height to crypt depth
(VH/CD). RT-qPCR and Western blot found that dietary PTE also resulted in increased mRNA levels
of the genes Claudin-2, Occludin, ZO-1, and Sirt1, and decreased NF-κB protein levels in the jejunum.
The results of this study demonstrated that dietary PTE improved the immune function and intestinal
health of broilers by reducing inflammation and increasing the antioxidant capacity of the animals.

Keywords: pterostilbene; plant polyphenol; broiler; antioxidant; jejunal structure; immune function

1. Introduction

The modern large-scale intensive breeding model has made significant contributions
to the efficient production and rapid development of the poultry industry [1]. While
this production paradigm offers consumers abundant and affordable poultry products, it
concurrently poses serious threats to the physiological functions of poultry. These threats
include a compromised immune function, oxidative stress, and intestinal damage [2,3]. In
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the post-antibiotic era, there is an urgent need to develop novel, safe, and effective feed
additives to enhance the health of poultry and pathogen resistance. These additives aim to
fill the gap in the feed and farming sectors left by the absence of antibiotics.

Plant phenolic compounds have attracted more attention in the development field of
feed additives due to their various biological properties. Some phenolic compounds such as
resveratrol, hydroxytyrosol, curcumin, quercetin, and several phenolic acids have been re-
ported to inhibit various pathogenic microorganisms in vitro and in vivo [4–7]. Resveratrol
is naturally distributed in many plant species such as grapes, peanuts, pines, and berries,
and has a variety of biological activities, including antioxidant [8], anti-inflammatory [9],
cardiovascular-protective [10], and anti-aging [11] properties. However, it is noteworthy
that resveratrol has poor water solubility. It also undergoes rapid metabolism in the in-
testine and liver, which makes it poorly bioavailable. This may limit its bioefficiency and
application effect in vivo [12]. Pterostilbene (PTE, trans-3,5-dimethoxy-4′-hydroxystilbene),
is a natural dimethylated analog of resveratrol and has two dimethoxy [13] on the benzene
ring relative to resveratrol. PTE exhibits superior lipophilicity and metabolic stability to
resveratrol, contributing to better cellular uptake and bioactivity than its parent compound
resveratrol [14]. PTE is abundant in berries such as blueberries and blackberries and has
preventive effects on animals against oxidative stress, and antifungal and anti-cellular
infection [15]. PTE has been confirmed to have beneficial effects of varying degrees on
animals in vivo and in vitro under various stress conditions. It has been reported that PTE
attenuated liver injury of early-weaned piglets by suppressing mitochondrial dysfunction
and endoplasmic reticulum stress [16]. Chen et al. confirmed that PTE restored the hepatic
antioxidant function of the diaquat-challenged broilers [17].

Hsu et al. found that PTE downregulated the gene expression levels of inflammatory
factors and leptin by inhibiting the activation of NF-κB in a system of co-culture of 3T3-L1
adipocytes and RAW 264.7 macrophages and reduced the inflammatory response of 3T3-L1
adipocytes induced by tumor necrosis factor α (TNFα) by decreasing the expression of
genes COX-2, iNOS, IL-6, and IL-1β [18].

As an important concourse for nutrient digestion and absorption as well as an im-
mune barrier, the intestine undertakes important physiological functions. At the same
time, it continuously encounters complex environmental pressures inside the intestinal
cavity such as microbes, antigens, and other harmful substances. These factors can in-
jure the intestine’s structure and lead to inflammation and oxidative function. Therefore,
maintaining intestinal health is crucial for promoting the efficient performance of animal
production [19,20]. Some reports found that PTE and resveratrol supplementation in diet
improved the structure and function of the intestinal mucosal barrier in animals [21,22].
Zhang et al. found that dietary PTE and resveratrol effectively reduced the diamine oxidase
(DAO) activity and D-lactate content in the damaged intestine of weaning piglets, with
PTE having a more significant effect than resveratrol. These data demonstrated that PTE
may be considered as a strategy for the prevention and treatment of intestinal injuries in
animals [23]. However, the protective mechanisms of PTE in the intestinal barrier still
remain unclear. Therefore, this study for the first time systematically investigates the effects
of dietary PTE supplementation on the antioxidant function, inflammatory status, and
intestinal structure of Arbor Acres broilers. Meanwhile, it is hoped that this study will
provide a theoretical basis for the development of PTE as a feed additive.

2. Materials and Methods
2.1. Experimental Animal Design and Diets

A total of 480 healthy 1-day-old male Arbor Acres broilers with similar weight were
randomly divided into 4 groups, each group containing 8 replicates with 15 broilers per
replicate (three chicks per cage). The test period was 42 d. The broilers were housed
and fed under standard conditions of care at the Acheng Animal Experimental Base
of Northeast Agricultural University. The protocols used for the animal experiments
were approved by the Science Ethics Committee of Northeast Agricultural University
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(NEAUEC20230242). The animal experimental procedures were in accordance with the
principles and specific guidelines presented by the Ethics and Animal Welfare Commission
of Heilongjiang Province, China. The broilers are raised in a cage (80 cm in length, 60 cm
in width, and 60 cm in height). According to experimental requirements, PTE was mixed
with the feed in an iron drum using a mixer (JBJ-01, Kwong Wing Fuk Trading Company
Limited, Jiaxing, Zhejiang, China) for 30 min to ensure the uniform distribution of PTE in
the feed. The control group was fed the basal diet, and the groups of PTE200 (basal diet
with PTE 200 mg/kg), PTE400 (basal diet with PTE 400 mg/kg), and PTE600 (basal diet
with PTE 600 mg/kg) were fed the basal diet supplemented with 200 mg/kg, 400 mg/kg,
and 600 mg/kg of PTE, respectively. The diets were formulated according to the NRC
(1994) [24] standard for broiler requirements, and the composition and nutritional levels are
shown in Table 1. Mash form and water were offered ad libitum during the test period. On
day 7 and day 21, all the broilers received vaccinations against Newcastle disease (ND) and
infectious bursal disease (IBD), respectively. During the initial week of age, the ambient
temperature (34–35 ◦C) and humidity (65%–70%) were carefully controlled. Thereafter,
both the temperature and humidity levels were gradually reduced by 2–3 ◦C and 5% per
week, respectively, until they stabilized at 23–24 ◦C and 55%–60%. Throughout the rearing
period, the light schedule was 24 h on the 1st and 2nd day, followed by 23 h of continuous
light per day. The test period was 42 d.

Table 1. Composition and nutrition levels of the experimental basal diets.

Ingredients (%) 0–21 Days 22–42 Days Nutrient Levels 2 0–21 Days 22–42 Days

Corn 58.50 61.15 Metabolic energy (MJ/kg) 12.54 12.96
Soybean meal 30.00 26.30 Crude protein (%) 21.50 20.09
Soybean oil 2.70 3.80 Lysine (%) 1.15 1.01
Corn gluten meal 4.06 4.33 Methionine (%) 0.55 0.43
Methionine 0.21 0.10 Methionine + Cysteine (%) 0.91 0.77
L-Lysine 0.20 0.14 Threonine (%) 0.80 0.73
Dicalcium phosphate 1.60 1.52 Tryptophan (%) 0.21 0.18
Limestone 1.33 1.26 Arginine (%) 1.20 1.12
Sodium chloride 0.30 0.30 Leucine (%) 1.26 1.05
Choline chloride 0.10 0.10 Isoleucine (%) 0.81 0.75
Premix 1 1.00 1.00 Phenylalanine (%) 0.71 0.66
Total 100.00 100.00 Phenylalanine + Tyrosine (%) 1.27 1.15

Histidine (%) 0.35 0.32
Valine (%) 0.85 0.74
Calcium (%) 1.06 0.91
Total phosphorus (%) 0.73 0.69
Available phosphorus (%) 0.45 0.43

1 Provided the following per kilogram of diet: vitamin A, 12,000 IU; vitamin D3, 2500 IU; vitamin E, 20 IU; vitamin
K3, 1.3 mg; thiamine, 2.2 mg; riboflavin, 8.0 mg; nicotinamide, 40 mg; calcium pantothenate, 10 mg; pyridoxine,
4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin B12, 0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from copper
sulfate), 8.0 mg; Mn (from manganese sulfate), 110 mg; Zn (from zinc sulfate), 60 mg; I (from calcium iodate),
1.1 mg; Se (from sodium selenite), 0.3 mg. 2 Data are calculated values.

2.2. Sample Collection

On the 42nd day of the experiment, the chickens were weighed and one chicken in
replicates closest to the average weight of each replicate was selected for sampling after a
fast for 12 h. Blood samples of 3–5 mL were drawn from the jugular vein and collected in a
vacuum blood collection tube containing heparin sodium. The tubes were centrifuged at
3000× g for 15 min at 4 ◦C, and the extracted serum was then preserved at −80 ◦C. After
blood collection, the selected chickens were euthanized by bleeding. The following tissues
were collected: the thymus, the spleen, a bursa, and the jejunum. The thymus, spleen, and
bursa were weighed after the fascia and fatty tissue were removed, and the organ index
was determined by dividing the weight of the organ by body weight. The jejunal tissue
samples were obtained from the middle section of the intestine. After rinsing the intestine
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with physiological saline to remove the chyme, a portion of the tissue was fixed in a 4%
polyoxymethylene phosphate buffer, and another portion was frozen in liquid nitrogen
and stored at −80 ◦C for further analyses.

2.3. Determination of Intestinal Tissue Structure

The jejunal samples were fixed in 4% paraformaldehyde for 24 h, followed by rinsing
with distilled water to remove excess paraformaldehyde from the surface of the jejunum.
The samples were dehydrated in alcohol, infiltrated with xylene, and embedded in paraffin
wax to obtain 5 µm thick specimens. After embedding, the samples were deparaffinized,
washed with alcohol, and then immersed in distilled water. The sections were stained
with hematoxylin and eosin (H&E) after being soaked in 1% hydrochloric acid alcohol for
differentiation. Following staining, the sections were rinsed with distilled water, soaked
in alcohol for dehydration, immersed in xylene for transparency, and finally sealed with
neutral gum. The method was referenced from Yang et al. [25]. Stained samples were used
to assess villi height, crypt depth, and the ratio of villi height to crypt depth (CH/CD).
Observations and photographs were taken using a Nikon microscope at 40× (Nikon Eclipse
Ci-L, Tokyo, Japan). Eight intact villi were selected from each section, VH and CD were
measured using ImagePro Plus 6.0, and the average value of each parameter was calculated
for the section.

2.4. Measurement of Serum Biochemical Inflammatory Indicators and Immunoglobulins

Serum biochemical factors including total protein (TP), albumin, and globulin were
measured using an automated biochemical analyzer (Roche Cobus Mira Plus, Berne, Switzer-
land) with commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Serum levels of cytokines, including TNF-α, IL-1β, IL-4, IL-6, and IL-8, were measured with
ELISA Kits (Sinoukbio, Beijing, China) according to the manufacturer’s instructions. The lev-
els of nitric oxide (NO) and the activities of nitric oxide synthase (NOS) were measured using
the relevant kits (Nanjing Jiancheng Bioengineering Institute, China). The immunoglobulin
A (IgA), immunoglobulin G (IgG), and immunoglobulin M (IgM) concentrations in the
serum and jejunum were determined with the relevant ELISA kits (Wuhan Huamei Biotech
Co., Ltd., Wuhan, China) using the double antibody sandwich method.

2.5. Measurement of Lymphocyte Transformation Rate of Spleen

Spleen samples were collected after weighing and rinsed 3 times with Hanks buffer
without calcium and magnesium. To prepare the cell suspension, the sample was ground in
a 200-mesh copper mesh and washed with Hanks buffer. The supernatant was discarded,
and the cell precipitate was incubated with three times the volume of red blood cell lysate
on ice for 15 min. The spleen cells were prepared by centrifugation at 1200 rpm for 10 min,
washed twice, resuspended, and adjusted to 1 × 107 cfu/mL with RPMI 1640 medium.
Lymphocyte suspension was added to a 96-well plate, and 45 µg/mL of concanavalin
was added. RPMI 1640 medium was used as a control, and each sample was repeated
3 times. After being incubated in a CO2 incubator for 48 h, the cells were added CCK-8
and incubated for 2 h. The absorbance of the cells at 450 nm was measured using an
enzymatic standard (318MC, Shanghai Sanko Instruments Co., Ltd., Shanghai, China). The
lymphocyte transformation rate was expressed as a stimulation index (SI): SI = OD of the
experimental group/OD of the control group.

2.6. Measurement of Antioxidant Status

The antioxidant indexes of the serum and jejunum were determined with UV-VIS
Spectrophotometer (UV1100, MAPADA) using the following assay kits from Nanjing
Jiancheng Engineering Institute (Nanjing, China): T-AOC kit (catalog number: A015-
1-2); superoxide dismutase (SOD) (catalog number: A001-1-2), glutathione peroxidase
(GSH-Px) (catalog number: A005-1-2), catalase (CAT) (catalog number: A007-1-1), and
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malondialdehyde (MDA) (catalog number: A003-1-2). The experiment was conducted
based on the research by Jin et al. [26].

2.7. RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from frozen jejunum tissues using a Trizol reagent (Takara,
Tokyo, Japan) according to the manufacturer’s instructions. RNA concentration and purity
were determined using a Nanophotometer P-Class (Implen GmbH, Munich, Germany).
Samples with an A260/A280 ratio between 1.8 and 2.0 indicated that the RNA purity
was good and could be used for the next PCR reactions. Eligible RNA was reversely
transcribed into cDNA using the Reverse Transcription System Kit (Takara, Japan). qRT-
PCR was performed using SYBR Green (Takara, Japan) in a PCR instrument (ABI 7500).
The expression levels of relevant genes were analyzed with reference to the 2−∆∆Ct method
using β-actin as a reference gene. mRNA relative expression levels were calculated using
this method, and a bar graph was generated to depict the trend of relative expression
changes in the target gene. All PCR primers were synthesized by Sangon Biotech (Shanghai,
China), and their sequences are listed in Table 2.

Table 2. Primers for qRT-PCR analysis.

Genes Sequence (5′ to 3′) Product Size (bp) GenBank No.

β-actin F: TGCGTGACATCAAGGAGAAG
R: TGCCAGGGTACATTGTGGTA 300 NM_205518.2

IL-1β F: TGCCTGCAGAAGAAGCCTCG
R: GACGGGCTCAAAAACCTCCT 204 NM_204524.2

IL-4 F: AGCCAGCACTGCCACAAGAAC
R: GTGGAAGAAGGTACGTAGGTCTGC 156 XM_046900385.1

IL-6 F: TTTATGGAGAAGACCGTGAGG
R: TGTGGCAGATTGGTAACAGAG 106 NM_204628.2

IL-8 F: TCATGTTCTCCATACCCTTGGT
R: AAACTGCGAGTGGGGTCAG 175 NM_010851

TNF-α F: CAGGACAGCCTATGCCAACAAG
R: GGTTACAGGAAGGGCAACTCATC 114 XM_046927265.1

IFN-γ F: ATGTAGCTGACGGTGGACCT
R: TTCACGCCATCAGGAAGGTT 196 NM_205149.2

NLRP3 F: GGTTTACCAGGGGAA ATGAG
R: TTGTGCTTCCAGAT GCCGT 253 XM_046918112.1

Claudin 1 F: GCAGATCCAGTGCAAGGTGTA
R: CACTTCATGCCCGTCACAG 132 NM_001013611.2

Claudin 2 F: CCTGCTCACCCTCATTGGAG
R: GCTGAACTCACTCTTGGGCT 145 NM_001277622.1

Occludin F: CCGTAACCCCGAGTTGGAT
R: ATTGAGGCGGTCGTTGATG 214 XM_046904540.1

ZO-1 F: TGTAGCCACAGCAAGAGGTG
R: CTGGAATGGCTCCTTGTGGT 98 XM_046925214.1

NF-κB F: TCAACGCAGGACCTAAAGACAT
R: GCAGATAGCCAAGTTCAGGATG 162 XM_046915553.1

Sirt1 F: GATCAGCAAAAGGCTGGATGGT
R: ACGAGCCGCTTTCGCTACTAC 143 NM_001004767.2

2.8. Western Blotting

The jejunal tissue was homogenized and lysed with RIPA buffer (Beyotime Biotechnol-
ogy, Shanghai, China) containing 1 mM PMSF. Tissue lysate supernatant containing total
protein was prepared and the protein concentration was measured with a BCA assay kit
(Beyotime Biotechnology). Protein extracts were mixed with an equal volume of loading
buffer, separated in 12% SDS-PAGE electrophoresis, and transferred to PVDF membranes.
After membrane transfer, blocking, and antibody incubation, protein bands on membranes
were detected with a gel documentation system (UVItec, Cambridge, UK) using an ECL
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chemiluminescence kit (Beyotime Biotechnology). The expression levels of the indicated
proteins were quantified numerically and normalized to that of GAPDH. All antibodies
were purchased from Shenyang Wanlei Biotechnology Co. (Shenyang, China): p-NFκB
(catalog number: WL069), NFκB (catalog number: WL01273b), Sirt-1 (catalog number:
WL00599), and GAPDH (catalog number: WL01114).

2.9. Statistical Analysis

The results were expressed as mean ± standard deviation (mean ± SD) and analyzed
using SPSS 25.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was assessed by one-way
ANOVA and an LSD test as a post hoc test. In all statistical comparisons, values of p < 0.05
were selected as statistically significant, and all graphs with standard deviation bars were
produced by GraphPad Prism (version 8.3.0, GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Effects of Dietary PTE on Immune Indexes of Broilers

The effects of the PTE supplementation in diet on the immunity organ indexes of
broilers are shown in Table 3. PTE supplementation in the diet significantly improved the
thymus index of the PTE600 group compared to the control group (p < 0.05). The spleen
and bursal indexes were not significantly affected by PTE (p > 0.05).

As shown in Figure 1A–C, there were significant differences in the serum levels of IgA,
IgM, and IgG among the groups (p > 0.05). In the jejunum, there was no statistically significant
variation in IgA and IgM contents (p > 0.05) (Figure 1D,E). Both serum C3 and C4 levels in the
PTE400 group were significantly higher than those of the control group (p < 0.05) (Figure 2A,B).
As shown in Figure 2C, dietary supplementation with PTE significantly influenced the lym-
phocyte proliferation rate of the spleen (p < 0.05), in which the PET400 and PET600 groups
were extremely significantly higher than the control group (p < 0.05).
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Figure 1. The effects of dietary supplementation with PTE on the levels of immunoglobulins in
broilers. (A) The level of IgA in serum, (B) the level of IgM in serum, (C) the level of IgG in serum,
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(D) the level of IgA in the jejunum, and (E) the level of IgM in the jejunum. Data are represented
as the mean ± SD (n = 8), a, b Values within a row with different letters indicate significant differ-
ences (p < 0.05) among groups, and the same letters or no letters indicate non-significant differences
(p > 0.05).

Table 3. The effects of dietary supplementation with PTE on the immunity organ indexes of broilers.

Control PTE200 PTE400 PTE600

Thymus index (g/kg·BW) 4.33 ± 0.05 a 4.13 ± 0.14 ab 4.54 ± 0.17 a 3.83 ± 0.15 b

Spleen index (g/kg·BW) 1.35 ± 0.07 1.51 ± 0.010 1.54 ± 0.05 1.29 ± 0.09
Bursa of Fabricius index (g/kg·BW) 1.49 ± 0.04 1.54 ± 0.04 1.63 ± 0.05 1.62 ± 0.09

Each mean ± SD represents eight individuals (n = 8). a, b Values within a row with different superscript letters
indicate significant differences (p < 0.05) among groups, and the same superscript letters or no superscript letters
indicate non-significant differences (p > 0.05).

Animals 2024, 14, x FOR PEER REVIEW 7 of 18 
 

 
Figure 1. The effects of dietary supplementation with PTE on the levels of immunoglobulins in broil-
ers. (A) The level of IgA in serum, (B) the level of IgM in serum, (C) the level of IgG in serum, (D) 
the level of IgA in the jejunum, and (E) the level of IgM in the jejunum. Data are represented as the 
mean ± SD (n = 8), a, b Values within a row with different letters indicate significant differences (p < 
0.05) among groups, and the same letters or no letters indicate non-significant differences (p > 0.05). 

 
Figure 2. The effects of dietary supplementation with PTE on the lymphocyte proliferation of the 
spleen and the levels of C3 and C4 in the serum of broilers. (A) The level of C3 in serum, (B) the 
level of C4 in serum, and (C) the lymphocyte proliferation of the spleen. Data are represented as the 

Figure 2. The effects of dietary supplementation with PTE on the lymphocyte proliferation of the
spleen and the levels of C3 and C4 in the serum of broilers. (A) The level of C3 in serum, (B) the level
of C4 in serum, and (C) the lymphocyte proliferation of the spleen. Data are represented as the mean
± SD (n = 8). a, b, c Values within a row with different letters indicate significant differences (p < 0.05)
among groups, and the same letters or no letters indicate non-significant differences (p > 0.05).

3.2. Effects of Dietary PTE on Inflammatory Response of Broilers

As shown in Table 4, compared with the control group, IL-4 levels in the serum of the
PTE200 and PTE400 groups were significantly increased (p < 0.05). IL-6 levels in the serum of
three PTE groups, IL-1β levels in the serum of the PTE200 group, and TNF-α levels in the serum
of the PTE400 and PTE600 groups were significantly decreased compared with the control group
(p < 0.05). TNOS content in blood was lowered significantly (p < 0.05) in the PTE400 and PTE600
groups, and NO content in blood was dramatically reduced (p < 0.05) in the PTE600 group
compared with those of the control group. The addition of PTE to the diet had no effect on the
contents of iNOS in broiler blood compared with the control group (p > 0.05).

Table 4. Effects of dietary supplementation with PTE on inflammatory response of broilers.

Parameters Control PTE200 PTE400 PTE600

IL-4 (µg/L) 68.86 ± 1.47 b 77.55 ± 2.50 a 78.37 ± 1.06 a 65.38 ± 2.25 b

IL-6 (µg/L) 76.39 ± 1.94 a 64.91 ± 1.31 b 60.53 ± 0.99 b 65.70 ± 2.48 b

IL-1β (µg/L) 55.1 ± 2.08 a 48.9 ± 1.50 b 52.5 ± 0.911 ab 55.8 ± 1.77 a

TNF-α (pg/mL) 72.9 ± 1.65 a 69.1 ± 1.87 a 63.1 ± 2.40 b 63.4 ± 1.26 b

TNOS (U/mL) 9.87 ± 0.31 a 9.53 ± 0.15 ab 9.19 ± 0.45 b 8.99 ± 0.31 b

iNOS (U/mL) 2.16 ± 0.23 2.51 ± 0.39 2.55 ± 0.37 2.46 ± 0.94
NO (µmol/L) 18.83 ± 1.43 ab 14.54 ± 3.85 bc 19.68 ± 1.70 a 11.23 ± 2.58 c

Data are represented as the mean ± SD (n = 8). a, b, c Values within a row with different superscript letters indicate
significant differences (p < 0.05) among groups, and the same superscript letters or no superscript letters indicate
non-significant differences (p > 0.05).
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3.3. Effects of Dietary PTE on Antioxidant Status of the Broiler Serum and Jejunum

As Table 5 shows, there were no significant effects of PTE on the serum T-AOC content,
CAT activity, and GSH-Px activity compared to the control group (p > 0.05). However,
compared with the control group, the MDA content in the three PTE groups significantly
increased (p < 0.05), and the T-SOD activity in the PTE200 group significantly increased
(p < 0.05).

Table 5. Effects of dietary supplementation with PTE on serum antioxidant status of broilers.

Items Control PTE200 PTE400 PTE600

T-AOC (U/mL) 1.12 ± 0.114 1.53 ± 0.270 1.19 ± 0.187 1.10 ± 0.084
CAT (U/mL) 3.50 ± 0.195 4.44 ± 0.373 4.41 ± 0.744 3.96 ± 0.272
GSH-Px (U/mL) 1001 ± 122 1002 ± 230 1498 ± 126 1378 ± 115
T-SOD (U/mg prot) 127 ± 5.95 b 137 ± 1.14 a 135 ± 0.856 ab 126 ± 4.48 ab

MDA (nmol/mL) 4.27 ± 0.390 a 3.01 ± 0.262 b 3.07 ± 0.183 b 3.41 ± 0.331 b

Data are represented as the mean ± SD (n = 8). a, b Values within a row with different superscript letters
indicate significant differences (p < 0.05) among groups, and the same superscript letters or no superscript
letters indicate non-significant differences (p > 0.05). T-AOC = total antioxidant capacity; CAT = catalase;
MDA = malondialdehyde; GSH-Px = glutathione peroxidase; T-SOD = superoxide dismutase.

The effects of dietary PTE on the antioxidant status of the broiler jejunum were as
shown in Table 6. There was no significant change in T-AOC content in the jejunum among
the groups (p > 0.05). The three PTE groups had significantly higher CAT activity than the
control group (p < 0.05). Significant increases in GSH-Px activity in the PTE400 (p < 0.05)
and PTE600 groups (p < 0.05) and T-SOD activity in the PTE400 group (p < 0.05) were found
compared with those of the control group. Compared with the control group, the content
of MDA in the three PTE treatment groups was significantly decreased (p < 0.05).

Table 6. The effects of dietary supplementation with PTE on the antioxidant status of the jejunum.

Items Control PTE200 PTE400 PTE600

T-AOC (U/mg prot) 0.695 ± 0.013 0.699 ± 0.004 0.715 ± 0.008 0.714 ± 0.011
CAT (U/mg prot) 3.824 ± 0.336 b 6.381 ± 0.226 a 7.203 ± 0.176 a 6.876 ± 0.914 a

GSH-Px (U/mg prot) 9.332 ± 1.41 c 12.503 ± 0.916 bc 13.410 ± 0.818 b 22.404 ± 1.190 a

T-SOD (U/mg prot) 102.1 ± 3.1 b 106.4 ± 6.2 b 125.7 ± 3.7 a 105.0 ± 4.0 b

MDA (nmol/mg prot) 0.393 ± 0.0349 a 0.243 ± 0.0137 b 0.0758 ± 0.0324 c 0.389 ± 0.0148 a

Data are represented as the mean ± SD (n = 8). a, b, c Values within a row with different superscript letters indicate
significant differences (p < 0.05) among groups, and the same superscript letters or no superscript letters indicate
non-significant differences (p > 0.05).

3.4. Effects of Dietary PTE on Intestinal Structure of Broilers
3.4.1. The Jejunum Index

The effects of dietary PTE on the relative length, relative weight, and unit weight of
the jejunum are shown in Table 7. Compared to the control groups, the relative length of
jejunum in the PTE400 group was significantly reduced (p < 0.05). Also, the relative weights
of jejunum in the PTE400 and PTE600 groups were significantly decreased (p < 0.05). The
unit weight of the jejunum in the PTE600 group was significantly decreased compared with
the other groups (p < 0.05).

Table 7. The effects of dietary supplementation with PTE on the jejunum index of broilers.

Items Relative Length (cm/kg·BW) Relative Weight (g/kg·BW) Unit Weight (g/cm)

Control 28.98 ± 1.41 a 10.28 ± 0.18 a 0.37 ± 0.02 a

PTE200 26.93 ± 1.63 ab 9.92 ± 0.12 ab 0.36 ± 0.01 a

PTE400 25.76 ± 0.52 b 9.60 ± 0.07 b 0.36 ± 0.02 a

PTE600 27.27 ± 2.57 ab 9.90 ± 0.33 b 0.33 ± 0.15 b

Each mean (±SD) represents six individuals (n = 8). a, b Values within a row with different superscript letters
indicate significant differences (p < 0.05) among groups, and the same superscript letters or no superscript letters
indicate non-significant differences (p > 0.05).



Animals 2024, 14, 1851 9 of 17

3.4.2. The Jejunal Structure

As shown in Figure 3, the three PTE groups significantly increased the villus height of
the jejunum (p < 0.05), and both the PTE400 and PTE600 groups significantly increased the
crypt depth compared with the control group (p < 0.05). In comparison with the control
group, the value of VH/CD in the PTE400 group was significantly increased (p < 0.05),
while the value of VH/CD in the PTE600 group was significantly decreased (p < 0.05).
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Figure 3. The effects of dietary supplementation with PTE on the jejunum structure of broilers.
(A) The villus height, (B) the crypt depth, and (C) the ratio of villus height/the crypt depth. Data
are represented as the mean ± SD (n = 8). a, b, c, d Values within a row with different letters indicate
significant differences (p < 0.05) among groups, and the same letters or no letters indicate non-
significant differences (p > 0.05).

3.5. The Effects of Dietary PTE on the Expression Levels of Tight Junction Protein Genes
in the Jejunum

As shown in Figure 4, compared with the control group, PTE supplementation in the
diet had no significant effect on the relative mRNA expression of Claudin-1 in the jejunum
(p > 0.05). The Claudin-2 mRNA levels in the three PTE groups were significantly higher
than that in the control group, with the PTE600 group showing a very significant increase in
Claudin-2 mRNA level (p < 0.01). The mRNA levels of Occludin and ZO-1 in the PTE200
and PTE400 groups were significantly increased (p < 0.05), but unexpectedly, the mRNA
levels of Occludin and ZO-1 in the PTE600 group were significantly decreased (p < 0.05).

3.6. The Effects of Dietary PTE on the Expression Levels of Inflammation-Related Genes
in the Jejunum

The effect of dietary supplementation with PTE on the expression of inflammation-
related genes in the jejunum of broilers is shown in Figure 5. Compared with the control
group, the relative mRNA level of IL-1β in the jejunum of the PTE200 group was significantly
reduced (p < 0.05), while there was no significant change in the relative mRNA levels of
IL-1β in the jejunum of the PTE400 and PTE600 groups (p > 0.05). The relative mRNA level
of IL-6 in the PTE400 group was significantly reduced (p < 0.05), with the PTE200 group
showing a very significant reduction in the relative mRNA level (p < 0.01) and no significant
change in the PTE600 group (p > 0.05). In comparison with the control group, the relative
mRNA expression of IL-8 was significantly decreased in the three treatment groups of PTE
(p < 0.05), with a very significant decrease in t in the PTE200 group (p < 0.01). Compared
with the control group, the relative mRNA level of NLRP3 was significantly decreased in
the PTE200 group (p < 0.05), and in the PTE400 group, the relative mRNA levels of NLRP3,
TNF-α, and IFN-γ were significantly reduced (p < 0.05). Additionally, in the PTE600 group,
the relative levels of TNF-α mRNA were significantly lower (p < 0.05).
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Figure 4. The effects of dietary supplementation with PTE on the expression levels of the tight junction
protein genes in the jejunum. (A) Claudin-1 mRNA level; (B) Claudin-2 mRNA level; (C) Occludin
mRNA level; (D) ZO-1 mRNA level. Data are represented as the mean ± SD (n = 8). a, b, c, d Values
within a row with different letters indicate significant differences (p < 0.05) among groups, and the
same letters or no letters indicate non-significant differences (p > 0.05).

3.7. The Effects of Dietary PTE on the Expression Levels of Sirt1 and NF-κB Genes in the Jejunum

The effects of dietary supplementation with PTE on the expression levels of Sirt1
and NF-κB genes in the jejunum of broilers are shown in Figure 6. Compared with the
control group, the mRNA level of Sirt1 in the jejunum was significantly increased in the
PTE200 group (p < 0.05), while it was significantly reduced in the PTE400 and PTE600 groups
(p < 0.05). The mRNA level of NF-κB did not show significant changes among the four
groups (p > 0.05). In comparison with the control group, the level of NF-κB protein in the
PTE400 group in the jejunum was significantly reduced (p < 0.05). The level of p-NF-κB
P65 protein in the PTE200 and PTE400 groups was significantly reduced (p < 0.05), with
the PTE600 group showing a very significant decrease (p < 0.01). The protein level of Sirt1
in the PTE200 group was significantly increased compared with that of the control group
(p < 0.05).
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Figure 5. The effects of dietary supplementation with PTE on the mRNA levels of genes related to
inflammation in the jejunum. (A) IL-1β mRNA level. (B) IL-6 mRNA level. (C) IL-8 mRNA level.
(D) NLRP3 mRNA level. (E) IFN-γ mRNA level. (F) TNF-α mRNA level. Data are represented as the
mean ± SD (n = 8). a, b, c Values within a row with different letters indicate significant differences (p < 0.05)
among groups, and the same letters or no letters indicate non-significant differences (p > 0.05).
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protein level. (E) Sirt1 protein level. Data are represented as the mean ± SD (n = 8). a, b, c Values
within a row with different letters indicate significant differences (p < 0.05) among groups, and the
same letters or no letters indicate non-significant differences (p > 0.05).

4. Discussion

Previous studies have demonstrated the attractive preventive and therapeutic prop-
erties of PTE in a range of inflammation-related diseases [27–30]. Our previous research
showed that compared with the control group, PTE supplementation increased final body
weight (FBW), with significant improvements observed in the PTE200 and PTE400 groups,
the PTE200, PTE400, and PTE600 groups showed significant increases in average daily gain
(ADG) [31]. However, the role of PTE in improving organism immunity and intestinal
health in broilers remains unclear. Therefore, in this study, we systematically investigated
the effects of PTE supplementation in the diet on the antioxidant function, inflammatory
status, and intestinal structure of broilers.

The bursa of Fabricius, thymus, and spleen are important immune organs involved
in cellular and humoral immunity in poultry [32]. The thymus and bursa of Fabricius are
central immune organs [33] and the spleen is an important peripheral immune organ [34];
the growth and development of these immune organs are the basis of immune system
function in poultry. The addition of resveratrol to the diet has been reported to improve
the indexes of the thymus, spleen, and bursa of Fabricius under heat stress [35,36]. A basal
diet with 500 mg/kg resveratrol promoted the proliferation of chicken splenocytes, bursal
cells, and thymocytes, and reduced apoptosis. Our results showed a significant increase in
the thymus index and an increasing trend in the spleen index and bursa index in broilers
of the PTE600 group. These results demonstrated that dietary PTE could promote the
development and maturation of immune organs, and subsequently improve the immune
capacity of broilers.

Immunoglobulins and complements in blood are commonly used to assess the immune
status of animals due to their important role in immune function. IgA is an important
component of the adaptive humoral immune system and an important component of
primary immunoglobulins neutralizing external mucosal surface pathogens while resisting
proteases [37–39]. IgM is the B-cell antigen receptor and occurs as the first antibody
appearing when initial exposure to the neoantigen. IgG is the primary systemic antibody of
avians that occurs and acts on infection as a secondary antibody after IgM production [5]. A
previous study on the immune function of piglets fed different concentrations of resveratrol
(100, 300, and 1000 mg/kg) for 2 weeks showed a significant increase in antibody titers,
which suggested that resveratrol could be considered as a feed additive to enhance humoral
and cellular immunity [40]. Similar increases in IgG and IgM concentrations after feeding
with resveratrol (800 mg/kg) have been found in pigs and broilers [41]. Resveratrol has
been reported to have phagocytosis of macrophages and proliferation of lymphocytes in
immunosuppressed mice by inhibiting inflammation [42]. In this study, the addition of
PTE to feed showed a trend of increasing immunoglobulin levels in the blood and jejunum
of broilers, and different doses of PTE in the diet significantly raised the proliferation rate
of broiler spleen lymphocytes.

Complement C3 is the most abundant and important component of the complement
system and is the central link between the two major activation pathways of complements.
It indicates that the total complement level in the serum is an important indicator of
humoral immunity. C4 plays an important role in the activation phase of the classical
pathway [43], and its stability is very crucial for the maintenance of physical health. It has
been demonstrated that heat stress can suppress immune function by decreasing serum
C3 and C4 levels, and that recipes supplemented with resveratrol prevented the decrease
of serum C3 and C4 levels caused by heat stress [44]. In the present study, the levels of
both C3 and C4 in serum were upregulated, with C3 and C4 significantly increased in the
PTE400 group.

The oxidative metabolite of NOS and NO can inhibit the activity of antioxidant
enzymes such as glutathione peroxidase, and decrease the levels of ascorbic acid, uric acid,
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plasma thiol, and some other cellular antioxidants [45]. It has been shown that NO has
distinct roles in organisms. It is an important host defense effector in the immune system,
and on the other hand, it is a free oxygen that can act as a cytotoxic agent in pathological
processes, especially in inflammatory diseases. The inhibition of iNOS may help in the
treatment of inflammatory diseases [46–48]. In this study, TNOS levels were significantly
lower in the PTE400 group and NO content was significantly reduced in the PTE600 group
compared with those in the control group.

Resveratrol has been reported to show a strong inhibiting effect on alloantigen-
induced proliferation of splenic lymphocytes, transformation activity, and NO production
in macrophages [49,50]. It also inhibited the induction of nitric oxide synthase and dis-
rupted the metabolism of arachidonic acid by inhibiting cyclooxygenase 2 [51,52]. The
results of this study demonstrated that the addition of PTE to the diet increased CAT,
T-AOC, T-SOD, and GSH-Px activities in the blood, decreased the MDA content in the
jejunum and blood, and enhanced the antioxidant capacity of the organism.

The crypt depth reflects the production rate of the villi epithelium cell, where cells
continuously migrate from the base of the crypt to the tip of the villi and subsequently
differentiate to form intestinal villi cells with absorptive functions to compensate for the
loss of the villi epithelium. The crypt ratio is an indicator of the possible digestibility
of the intestine, and an increase in this ratio corresponds to an increase in digestion and
absorption [53]. Liu et al. and Zhang et al. reported that broilers fed diets containing
300 mg/kg and 600 mg/kg resveratrol showed improved VH/CD ratios in the duodenum
and jejunum [54,55]. Broilers fed 60 g/kg of grape seed extract containing high amounts of
polyphenols including resveratrol also showed longer villi length and improved intestinal
health. Consistent with these previous findings, the results of this study demonstrated
that PTE increased the VH, CD, and the VH/CD ratio in the jejunum, which indicates
improvement in the morphology integrity and function of the intestine.

Healthy gut function is crucial for the growth performance and well-being of animals.
Previous studies have shown that resveratrol supplementation can improve intestinal
integrity and barrier function by stimulating the growth of beneficial bacteria, inhibiting
pathogen colonization, and modulating the immune system [41,56]. The structure barrier
integrity of the intestine is usually regulated by tight junctional complexes between ep-
ithelial cells. Several studies have shown that resveratrol and its analogs can modulate the
barrier function of the gastrointestinal tract [57,58]. Bereswill et al. and Ling et al. evaluated
the protective effects of resveratrol in a mouse model of acute intestinal inflammation and
showed that oral resveratrol prevented bacterial translocation by maintaining intestinal
integrity [59,60]. Similarly, an in vitro study by Ling et al. showed that pretreatment of
cell monolayers with resveratrol preserved intestinal barrier function by strengthening the
physical barrier [60]. Polydatin, a glucoside of resveratrol, was also found to attenuate
oxidative damage and epithelial barrier disruption in rat colon [57]. Increased expression
of Claudin-2, Occlduin, and ZO-1 was seen in the jejunum of broilers treated with PTE
in this study, which demonstrated that PTE as a protective agent can prevent intestinal
mucosal damage and preserve the morphological structure of the jejunum in broilers.

Since a well-regulated inflammatory process is essential for homeostasis in the in-
testine, an uncontrolled and excessive inflammatory response can cause damage to the
intestine. NF-κB is a widely expressed transcription factor that primarily regulates immune
and inflammatory responses. Sirt1 has been proven to be a key signal factor regulating
intestinal barrier function [61,62]. Sirt1 activation effectively alleviated colitis in mice in-
duced by dextran sulfate sodium [63]. In the present study, a decrease in nuclear NF-κb
p65 protein and a decrease in the release of pro-inflammatory cytokines, such as IL-1β,
IL-6, IL-8, TNF-α, IFN-γ, NF-κB, and NLRP3 expression in broiler jejunum were observed
compared with those of the control group, which may ameliorate intestinal inflammation
and concomitant oxidative damage.
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5. Conclusions

In summary, PTE supplementation in the diet resulted in improved immune and
antioxidant functions, and improved intestinal health of broilers, which mainly depended
on the antioxidant and anti-inflammatory properties of PTE. Administration of PTE im-
proved immune organ indexes, increased the serum level of the C3 and C4 complement
and the secretion of anti-inflammatory factors including IL-4, and reduced the level of
pro-inflammatory factors including IL-1β, IL-6, IL-8, TNF-α, IFN-γ, NLRP3, TNOS, and
NO. PTE significantly increased the activity of CAT, GSH-Px in the jejunum, and T-SOD
in the jejunum and blood, and decreased MDA content in the jejunum and blood, which
strongly suggested that dietary PTE effectively increased the antioxidant capacity of broil-
ers. Dietary PTE improved the structure and health of the intestine by increasing the
expression of tight junction protein genes including Claudin-1, Claudin-1, Occludin, and
ZO-1. PTE regulation of inflammation was mainly by decreasing the expression of NF-κb,
increasing the expression of Sirt-1, and upregulating the expression of downstream antioxi-
dant enzymes. Therefore, PTE could enhance the immune function and the morphological
integrity of the intestine by suppressing inflammatory factors and certain oxidative stresses,
thus enhancing the immune capacity of the organism. This study will help to provide
greater insight into the molecular mechanism of dietary PTE involved in improving the
intestinal health and immune function of broilers.
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