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Abstract 

Background The aim of this study was to determine whether and how Zn proteinate with moderate chelation 
strength (Zn‑Prot M) can alleviate heat stress (HS)‑induced intestinal barrier function damage of broilers. A completely 
randomized design was used for comparatively testing the effects of Zn proteinate on HS and non‑HS broilers. Under 
high temperature (HT), a 1 (Control, HT‑CON) + 2 (Zn source) × 2 (added Zn level) factorial arrangement of treat‑
ments was used. The 2 added Zn sources were Zn‑Prot M and Zn sulfate (ZnS), and the 2 added Zn levels were 30 
and 60 mg/kg. Under normal temperature (NT), a CON group (NT‑CON) and pair‑fed group (NT‑PF) were included.

Results The results showed that HS significantly reduced mRNA and protein expression levels of claudin‑1, occludin, 
junctional adhesion molecule‑A (JAMA), zonula occludens‑1 (ZO‑1) and zinc finger protein A20 (A20) in the jejunum, 
and HS also remarkably increased serum fluorescein isothiocyanate dextran (FITC‑D), endotoxin and interleukin (IL)‑1β 
contents, serum diamine oxidase (DAO) and matrix metalloproteinase (MMP)‑2 activities, nuclear factor kappa‑B 
(NF‑κB) p65 mRNA expression level, and protein expression levels of NF‑κB p65 and MMP‑2 in the jejunum. However, 
dietary supplementation with Zn, especially organic Zn as Zn‑Prot M at 60 mg/kg, significantly decreased serum 
FITC‑D, endotoxin and IL‑1β contents, serum DAO and MMP‑2 activities, NF-κB p65 mRNA expression level, and protein 
expression levels of NF‑κB p65 and MMP‑2 in the jejunum of HS broilers, and notably promoted mRNA and protein 
expression levels of claudin‑1, ZO‑1 and A20.

Conclusions Our results suggest that dietary Zn, especially 60 mg Zn/kg as Zn‑Prot M, can alleviate HS‑induced 
intestinal barrier function damage by promoting the expression of TJ proteins possibly via induction of A20‑mediated 
suppression of the NF‑κB p65/MMP‑2 pathway in the jejunum of HS broilers.
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Background
As the global climate warms, animals suffer from more 
severe heat stress (HS) in the summer. The HS is one of 
the primary stressors that causes protein breakdown and 
ultimately results in aging and mortality [1]. The gastro-
intestinal tract is considered as the main target of HS [2]. 
Broilers are more susceptible to HS because they do not 
have sweat glands [3–5]. Previous studies have shown 
that HS damages the intestinal integrity and barrier func-
tion of broilers [6, 7], reducing health and growth perfor-
mance and causing great economic losses in the poultry 
industry. Damage to the barrier function of the intestines 
is a primary factor leading to reduced growth rates and 
increased susceptibility to diseases [8].

In animals, intestinal barrier function of broilers is 
closely correlated to the expression levels of tight junc-
tion (TJ) proteins [9, 10]. Alhotan et  al. [11] found that 
HS damages intestinal barrier function of broilers by 
reducing the mRNA expression levels of claudin-1, clau-
din-4, occludin and zonula occludens-1 (ZO-1). Deng 
et  al. [12] reported that HS injures the barrier function 
of the small intestine by decreasing duodenal mRNA 
expression of occludin in broilers. Zhang et  al. [13] 
showed that HS damages the intestinal barrier function 
of broilers by reducing the protein expression levels of 
claudin-1 and occludin. The above studies indicate that 
HS causes intestinal barrier dysfunction in broilers by 
decreasing the expression of TJ proteins. Heat stress-
induced decrease in the expression of TJ proteins is asso-
ciated with NF-κB activation in broilers [14], which in 
turn may promote the expression of matrix metallopro-
teinases 2 and 9 (MMPs 2 and 9) genes [15]. The MMPs 
are a class of endopeptidases that is responsible for 
degrading the TJ proteins, and only MMP-2 and MMP-9 
are associated with the intestinal TJ proteins degrada-
tions [16, 17]. Therefore, HS may contribute to injuring 
small intestine barrier function in broilers possibly by 
suppressing TJ protein levels via activation of the NF-κB/
MMP signaling pathway.

Food digestion and nutrient absorption are located 
mainly in the intestines [18]. The HS-induced intestinal 
barrier function damage causes digestive and absorption 
disorders as well as other diseases [19, 20]. Feed nutrition 
is one of the important measures to alleviate HS. Zinc 
(Zn) is an essential trace element for animals and human 
beings [21, 22]. Dietary Zn deficiency leads to decreased 
growth performance and feed utilization, impaired 
immune response and delayed wound healing [23–25]. 
Therefore, the addition of Zn to broiler diets to prevent 

Zn deficiency is required. The Zn, especially organic Zn, 
has potential benefits for alleviating HS-induced intes-
tinal barrier function impairment in mammals [26] and 
in broilers [27–29]. The molecular mechanistic actions 
of inorganic Zn, have been investigated in other species 
[10, 30, 31]. Zinc oxide maintained the intestinal barrier 
function of weaning piglets by promoting the expression 
of TJ proteins [30]. Li et al. [10] reported that Zn oxide 
nanoparticles relieved HS-induced down-regulation of 
claudin and ZO-1 expressions in bovine intestinal epi-
thelial cells in vitro by inhibiting the NF-κB pathway. Yan 
et al. [31] found that the Zn finger protein A20 (A20) is 
involved in the regulation of NF-κB expression in rats. In 
addition, a series of studies with broilers in our labora-
tory has demonstrated that organic Zn as Zn proteinate 
with moderate chelation strength (Zn-Prot M) displays 
better Zn absorption and the highest Zn bioavailability 
compared to Zn sulfate and other organic Zn sources 
[32–35]. However, whether and how organic Zn-Prot M 
can alleviate HS-induced intestinal barrier function dam-
age in broilers has not been reported.

The jejunum has been shown to be the most sensitive 
segment of the small intestine in broilers in response to 
Zn and HS [36–38]. We thus hypothesized that Zn, espe-
cially the organic form of Zn as Zn-Prot M, could alle-
viate the HS-induced intestinal barrier function damage 
in broilers by promoting the expression of TJ proteins via 
induction of A20-mediated suppression of NF-κB/MMP 
(A20/NF-κB/MMP) signaling pathway in the jejunum of 
broilers. The aim of the present study was to determine 
the effects of dietary added Zn source and Zn level on 
growth performance, intestinal barrier function, expres-
sion of jejunal TJ proteins, and A20/NF-κB/MMP signal-
ing pathway genes of HS broilers.

Materials and methods
Animal ethics
The experiment was approved by the Animal Ethics 
Committee of Yangzhou University [approval number: 
SYXK (Su) 2021-0027].

Experiment design and treatments
A completely randomized design was employed in this 
experiment. Under high temperature (HT, 9:00–17:00: 
34 ± 1 °C, 8 h/d; 17:00–9:00: 28 ± 1 °C), a 1 (Control, HT-
CON) + 2 [Zn source,  ZnSO4·7H2O (ZnS) and Zn-Prot 
M (17.09% Zn and  Qf = 51.6 by analysis)] × 2 [added Zn 
level, 30 and 60  mg/kg] factorial arrangement of treat-
ments was used. The two dietary added Zn levels were 
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based on previous studies [27, 28]. Under normal tem-
perature (NT, 23 ± 1 °C, 24 h/d), a CON group (NT-CON) 
and pair-fed (NT-PF) group (the feed intake restriction 
to the same as that for the HT-CON group) were set up. 
Thus, there were a total of 7 different treatments (NT-
CON, NT-PF, HT-CON, HT-ZnS 30, HT-ZnS 60, HT-
Zn-Prot M 30 and HT-Zn-Prot M 60). The experimental 
treatments are shown in Table 1.

Animals and diets
A total of 1,150 one-day-old Arbor Acres (AA) male 
broilers with an average body weight (41.3 ± 0.1  g) 
were purchased from Jiangsu Jinghai Poultry Group 
Co., Ltd., China. All chickens were fed ad libitum with 
the same corn-soybean meal complete diet formu-
lated based on the NRC [39] and Feeding standard of 
chicken in China [40] during d 1–21 (Table 2). At d 22 
of age, 784 chickens were weighed, selected, and ran-
domly allotted to 1 of 7 treatments with 7 replicates 
and 16 birds per replicate. The 16 chickens were placed 
in two adjacent stainless steel cages equipped with 
stainless steel feeders and waterers with 8 chickens per 
cage (90 cm × 70 cm × 45 cm). The two adjacent cages 
were regarded as one replicate unit. The broilers were 
maintained on a 24-h constant light schedule and han-
dled in accordance with the Arbor Acres Broiler Man-
agement Guide [41], and allowed ad  libitum access to 
diets (except for the NT-PF group chickens) and to tap 
water containing no detectable Zn. The room temper-
ature for the NT-CON and NT-PF groups was main-
tained at 23 ± 1 °C daily, whereas the room temperature 
for the HT-CON, HT-ZnS-30, HT-ZnS-60, HT-Zn-
Prot M-30 and HT-Zn-Prot M-60 groups was set as 
34 ± 1 °C, 8 h/d, and the temperature for the remaining 

time was set as 28 ± 1 °C. The relative humidity under 
either NT or HT was maintained at 55% ± 5%. As the 
broilers in the HT-CON group had lower feed intake 
than those in the NT-CON group, to eliminate the 
potential effect of the reduced feed intake in the HT-
CON group, the broilers in the NT-PF group were 
pair-fed the same amount of feed as those in the HT-
CON group consumed on the previous day. Dead birds 
were recorded daily, and body weight and feed intake 
were measured per replicate unit on d 28, 35 and 42 to 
calculate the average daily feed intake (ADFI), average 
daily gain (ADG), feed-to-gain ratio (F/G), and mortal-
ity during d 22 to 42.

The corn-soybean meal complete diets were formu-
lated to meet or exceed the requirements of broilers 
for all nutrients as recommended by the NRC [39] and 
Feeding standard of chicken in China [40] (Table  2). 
The supplemental levels of Zn as ZnS in the above basal 
complete diets as shown in Table 2, were based on the 
recent research results on dietary Zn requirements 
of broilers fed the conventional corn-soybean meal 
diets from 1 to 21 days of age or 22 to 42 days of age 
from our laboratory [42, 43]. During d 22–42, a single 
batch of the complete diet (CON) was mixed and then 
divided into 7 aliquots according to the experimental 
treatments. Either ZnS or Zn-Prot M was added to the 
above CON diet to formulate the respective treatment 
diets. The ZnS was reagent grade (Sinopharm Chemi-
cal Reagent Co. Ltd., Shanghai, China) and contained 
22.49% Zn on a basis of analysis (purity > 99.5%). The 
Zn-Prot M was the same as that used in the study of Hu 
et al. [35], which was provided by a special commercial 
company and contained 17.09% Zn with the chelation 
strength  (Qf value) of 51.6 on a basis of analysis. The 

Table 1 The arrangement of experimental treatments for 22–42‑day‑old broilers

a Supplemental Zn level based on dietary Zn requirement
b Added Zn levels to the above control group diet
c The feed intake of birds in the NT-PF group was restricted to the same as that of those in the HT-CON group

Temperature Added Zn source Added Zn level, mg/kg Analyzed Zn 
content, mg/kg

Normal temperature
(NT, 23 ± 1 °C, 24 h/d; humidity: 55% ± 5%)

Zn sulfate (ZnS)
(Control group, NT‑CON)

40a 64.36

ZnS
(Pair‑fed group, NT‑PFc)

40a 64.36

High temperature
(HT, 9:00–17:00: 34 ± 1 °C, 8 h/d; 17:00–9:00: 28 ± 1 °C; 
humidity: 55% ± 5%)

ZnS
(Control group, HT‑CON)

40a 64.36

ZnS
(HT‑ZnS)

30b 91.10

60b 120.43

Zn proteinate with moderate chelation 
strength (HT‑Zn‑Prot M)

30b 91.74

60b 121.00
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 Qf value of 51.6 is categorized as a moderate chelation 
strength based on the classification of Holwerda et  al. 
[44]. Lysine and methionine levels in the control diet or 
the diet supplemented with the ZnS were balanced by 
adding synthetic lysine-HCl and DL-methionine based 
on supplemental amounts of lysine and methionine 
from the Zn-Prot M. The analyzed Zn contents in all 
treatment diets are shown in Table 1.

Sample collection and preparation
Diet samples were collected and analyzed for calcium, 
Zn, or crude protein contents. The tap water was col-
lected for analysis of Zn content. At 28, 35 and 42 days 
of age, 3 chickens from each replicate unit were selected 
based on the average body weight of the cage unit and 
then anesthetized by intraperitoneal injection of propo-
fol (20 mg/kg body weight). As the biomarkers from the 
hepatic portal vein blood better reflect the intestinal bar-
rier function and health status of animals, blood samples 
were collected from the hepatic portal vein of each bird, 
and serum was separated and stored at –20 °C for analy-
ses of endotoxin, IL-1β and IL-6 contents and diamine 
oxidase (DAO) activity. The chickens were euthanized 
by decapitation after taking blood, and the jejunum was 
separated and rinsed with ice-cold saline solution. The 
jejunal mucosa were scraped with a sterilized microscope 
slide and then placed in sterilized 1.5-mL centrifuge 
tubes, immediately frozen in liquid nitrogen and stored 
at –80 °C for analyses of mRNA and protein expression 
levels. In addition, another chicken was selected from 
each replicate unit based on the average body weight of 
the cage unit, and subjected to fluorescein isothiocyanate 
dextran (FITC-D, catalog number FD4; Merck, Darm-
stadt, DEU) oral perfusion in a dose of 8.32 mg/kg body 
mass [45]. At 1 h after perfusion, blood samples were col-
lected from the hepatic portal vein, and centrifuged at 
3,000 r/min and 4 °C to obtain serum samples for analysis 
of FITC-D content. All samples from 3 birds in each rep-
licate unit were pooled into 1 sample before analyses.

Analyses of dietary crude protein, calcium and Zn contents, 
serum indices and jejunal MMP‑2 activity
The crude protein content in the diets was determined 
using the Kjeldahl method [46]. The 5110 inductively 
coupled plasma optical emission spectrometry (Agilent 
Technologies, Mulgrave, Australia) was used to meas-
ure the calcium content in the diets, and Zn content 
in the diets and tap water as described previously [47]. 
Commercial kits were used to detect serum DAO activ-
ity (catalog number BC1285; Solarbio, Beijing, China), 
endotoxin (catalog number EC80545S; Bioendo, Xia-
men, China), IL-1β (catalog number SEKCN-0153; 
Solarbio, Beijing, China) and IL-6 (catalog number 
SEKCN-0161; Solarbio, Beijing, China) contents, and 
jejunal MMP-2 activity (catalog number SEKCN-0022; 
Solarbio, Beijing, China). Serum FITC-D was measured 
by a multifunctional microplate reader as previously 
described [45].

Quantitative real‑time PCR
Total RNA was extracted from 50 mg jejunum using the 
TRIzol kit (catalog number 15596018CN; Invitrogen, 

Table 2 Composition and nutrient levels of the broiler complete 
diets (as‑fed basis)

a Reagent grade
b Feed grade
c Provided per kilogram of diet for d 1 to 21: Vitamin A 12,000 IU, Vitamin  D3 
4,500 IU, Vitamin E 33 IU, Vitamin  K3 3 mg, Vitamin  B1 (thiamin) 3 mg, Vitamin 
 B2 (riboflavin) 9.6 mg, Vitamin  B6 4.5 mg, Vitamin  B12 0.03 mg, Pantothenic acid 
calcium 15 mg, Niacin 54 mg; Folic acid 1.5 mg, Biotin 0.15 mg; Choline 700 mg, 
Cu  (CuSO4·5H2O) 6 mg, Fe  (FeSO4·7H2O) 40 mg, Zn  (ZnSO4·7H2O) 60 mg, Mn 
 (MnSO4·H2O) 110 mg, Se  (Na2SeO3) 0.35 mg, I (Ca(IO3)2·H2O) 0.35 mg; and for 
d 22 to 42: Vitamin A 8,000 IU, Vitamin  D3 3,000 IU, Vitamin E 22 IU, Vitamin  K3 
2 mg, Vitamin  B1 (thiamin) 2 mg, Vitamin  B2 (riboflavin) 6.4 mg, Vitamin  B6 3 mg, 
Vitamin  B12 0.02 mg, Pantothenic acid calcium 10 mg, Niacin 36 mg; Folic acid 
1.0 mg, Biotin 0.10 mg; Choline 500 mg, Cu  (CuSO4·5H2O) 6 mg, Fe  (FeSO4·7H2O) 
30 mg, Zn  (ZnSO4·7H2O) 40 mg, Mn  (MnSO4·H2O) 80 mg, Se  (Na2SeO3) 0.35 mg, I 
(Ca(IO3)2·H2O) 0.35 mg
d ZnSO4·7H2O and Zn proteinate with moderate chelation strength added in 
place of the equivalent weight of corn starch to produce treatment diets as 
shown in Table 1
e Calculated values
f Values determined by analysis, and each value is based on triplicate 
determinations

Item D 1–21 D 22–42

Ingredient, %

 Corn 54.75 58.78

 Soybean meal 36.31 32.56

 Soybean oil 4.95 5.15

  CaHPO4
a 1.87 1.67

  CaCO3
a 1.20 1.09

  NaCla 0.30 0.30

 DL‑Methionineb 0.31 0.15

  Micronutrientsc 0.31 0.20

 Corn  starchd 0.00 0.10

 Total 100.00 100.00

Nutrient levels, %

 Metabolizable Energy, kcal/kg 3,045 3,102

 Crude  proteinf 21.44 20.08

  Lysinee 1.10 1.01

  Methioninee 0.61 0.44

 L‑Threoninee 0.80 0.75

  Tryptophane 0.24 0.22

 Methionine +  Cysteinee 0.91 0.72

  Caf 1.01 0.92

 Non‑phytate  Pe 0.45 0.40

 Zn, mg/kgf 84.40 64.36
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Carlsbad, California, USA). A reverse transcription kit 
(catalog number R223-01; Vazyme, Nanjing, China) 
was used to reverse transcribe the RNA into cDNA, 
and quantitative real-time PCR was performed using 
SYBR Green (catalog number Q111-02; Vazyme, Nan-
jing, China). All primers (Table  3) were synthesized by 
Tsingke Biotech (Beijing, China). β-Actin and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) were 
used as reference genes. The data were analyzed using 
the  2−ΔΔCt relative expression method [48].

Total protein extraction and Western blotting
Frozen jejunal mucosa samples were homogenized in 
ice-cold RIPA lysis buffer (catalog number R0010; Solar-
bio, Beijing, China) as previously described [49]. The 
protein concentration was determined by BCA protein 
assessment kit (catalog number 23225; ThermoFisher, 
Waltham, Massachusetts, USA). Proteins were sepa-
rated by SDS-PAGE, and transferred onto nitrocellulose 
(NC) membranes. The NC membrane was blocked at 
room temperature for 1.5  h using 5% BSA. After that, 
it was incubated overnight at 4 °C with primary anti-
bodies [claudin-1 (catalog number WL03073; Wanlei, 

Shenyang, China; 1:1,000), occludin (catalog number 
331500; Invitrogen, Carlsbad, California, USA; 1:1,000), 
ZO-1 (catalog number 617300; Life technologies, Carls-
bad, California, USA; 1:250), JAMA (catalog number 
A1241; ABclonal, Wuhan, China; 1:1,000), A20 (catalog 
number WL00820; Wanlei, Shenyang, China; 1:500), 
NF-κB p65 (catalog number 10745-1-AP; Proteintech, 
Wuhan, China; 1:3,000), MMP-2 (catalog number bs-
0412R; Bioss, Beijing, China; 1:1,000), MMP-9 (cata-
log number bs-4593R; Bioss, Beijing, China; 1:1,000), 
Lamin A/C (catalog number BS1446; Bioworld, Nanjing, 
China; 1:1,000) and β-actin (catalog number HX1827; 
Huaxingbio, Beijing, China; 1:5,000)]. On the follow-
ing day, Tris-Buffered Saline and Tween 20 (TBST) 
were used to wash the membranes and then they were 
incubated with secondary antibody. The protein bands 
were visualized using the chemiluminescence (ECL) 
detection kit (catalog number 180-5001; Tanon, Beijing, 
China). Quantification of protein bands was performed 
with Tanon GIS 1D software (Tanon, Beijing, China). 
Protein quantification was performed using β-actin as 
the cytoplasmic internal reference and Lamin A/C as 
the nuclear internal reference.

Table 3 Primer sequences for real‑time PCR amplification

ZO-1 Zonula occludens-1, JAMA Junctional adhesion molecule-A, A20 Zn finger protein A20, NF-κB Nuclear factor kappa-B, MMP Matrix metalloproteinase, GAPDH 
Glyceraldehyde-3-phosphate dehydrogenase, F Forward, R Reverse

Genes GenBank ID Primer sequences Product 
length, bp

Claudin‑1 AY750897.1 F: 5’‑CAT ACT CCT GGG TCT GGT TGGT‑3’ 100

R: 5’‑GAC AGC CAT CCG CAT CTT CT‑3’

Occludin NM_205128.1 F: 5’‑GCA GAT GTC CAG CGG TTA CT‑3’ 150

R: 5’‑ATG ACG ATG AGG AAC CCA CA‑3’

ZO-1 XM_015278975 F: 5’‑CTT CAG GTG TTT CTC TTC CTC CTC ‑3’ 131

R: 5’‑CTG TGG TTT CAT GGC TGG ATC‑3’

JAMA EF102433 F: 5’‑CAG ACC CCT ACA AGA ACC GC‑3’ 149

R: 5’‑CAC CTG GAC GAT GAG GTT GA‑3’

A20 XR_005848478.2 F:5’‑AAG AAG CCA GAA GGA CAG AAG AAC ‑3’ 83

R: 5’‑CAG TGC TGC TCG CTG TAG ATC‑3’

NF-κB p65 NM_001012887.2 F: 5’‑AAG ATC TGG TGG TGT GCC TG‑3’ 137

R: 5’‑AGT GGA ACC TTT CGC GGA TT ‑3’

MMP-2 NM_204420.3 F: 5’‑CGA TGC TGT CTA CGA GTC CC‑3’ 96

R: 5’‑TAG CCC CTA TCC AGG TTG CT‑3’

MMP-9 NM_204667.2 F: 5’‑TCA CGT ACC GGG TGA TGA AC‑3’ 288

R: 5’‑TCA CGT ACC GGG TGA TGA AC‑3’

β‑Actin NM_205518.1 F: 5’‑ CAG CCA TCT TTC TTG GGT AT‑3’ 169

R: 5’‑ CTG TGA TCT CCT TCT GCA TCC‑3’

GAPDH NM_204305.1 F: 5’‑CTT TGG CAT TGT GGA GGG TC‑3’ 128

R: 5’‑ACG CTG GGA TGA TGT TCT GG‑3’
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Statistical analyses
All data were analyzed statistically using SAS software 
(version 9.4, 2013). The data obtained from NT-CON, 
NT-PF and HT-CON groups were analyzed using the 
GLM procedure through one-way ANOVA. A single 
degree of freedom contrast was used to test the differ-
ences between all supplemental Zn treatments and the 
HT-CON. The data excluding the HT-CON under HT 
were analyzed by two-way ANOVA using the GLM pro-
cedure, and the statistical model included Zn source, 
added Zn level and their interaction. Differences among 
means were tested by the least significant difference 
(LSD) method. The replicate cage unit was the experi-
mental unit and the statistical significance was set at 
P < 0.05.

Results
Growth performance and mortality
As shown in Fig.  1, the treatment groups NT-CON, 
NT-PF and HT-CON did not affect mortality, but influ-
enced (P < 0.01) ADG, ADFI and F/G of broilers during 
d 22–42. Compared with the NT-CON, HT-CON and 

NT-PF groups exhibited decreased (P < 0. 05) ADG and 
ADFI, but increased (P < 0.05) F/G with no differences 
between HT-CON and NT-PF groups. Compared with 
the HT-CON, all supplemental Zn treatments under HT 
had no effect on the growth performance indices (ADG, 
ADFI and F/G) and mortality of broilers from 22 to 42 
days of age under HT. The Zn source, added Zn level 
and their interaction had no effects on the growth per-
formance indices and mortality of broilers from 22 to 42 
days of age under HT.

FITC‑D, endotoxin and interleukin contents and DAO 
activity in serum, and jejunal MMP‑2 activity
As shown in Fig.  2, the treatment groups NT-CON, 
NT-PF and HT-CON did not affect serum DAO activity 
of broilers on d 28, but influenced (P < 0.04) serum FITC-
D contents and DAO activities on d 35 and 42, and serum 
FITC-D content on d 28, and serum endotoxin content 
on d 42. Compared with the NT-CON, HT-CON and 
NT-PF increased (P < 0.05) serum FITC-D contents of 
broilers on d 28 and 42, and serum DAO activity on d 42. 
Compared with the NT-PF, HT-CON increased (P < 0.05) 

Fig. 1 Effects of dietary added Zn source and level on growth performance and mortality of HS broilers from 22 to 42 days of age. A ADFI. B ADG. 
C F/G. D Mortality. ZnS: Zn sulfate. Zn‑Prot M: Zn proteinate with moderate chelation strength  (Qf  = 51.6). NT: normal temperature, 23 ± 1 °C, 24 h/d. 
HT: high temperature, 9:00–17:00: 34 ± 1 °C, 8 h/d, and 17:00–9:00: 28 ± 1 °C. ADFI: average daily feed intake. ADG: average daily gain. F/G: feed 
to gain ratio. CON: control group. PF: pair‑fed group, and the feed intake of PF birds was restricted to match that of those in the HT‑CON group. 
Different letters indicate significant differences among treatments (P < 0.05). Data are mean ± SE (n = 5–7)
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serum FITC-D content and DAO activities of broilers on 
d 35 and 42, and serum endotoxin content on d 42. Com-
pared with the HT-CON, all supplemental Zn treatments 
under HT decreased (P < 0.05) serum DAO activities of 
broilers on d 28, 35 and 42, and serum FITC-D and endo-
toxin contents of broilers on d 42. Under HT, Zn source 
affected (P < 0.05) serum endotoxin content of broilers on 
d 42. Added Zn level affected (P < 0.05) serum FITC-D 
and endotoxin contents and DAO activity of broilers on 
d 42, and serum FITC-D content on d 35. There were no 
interactions between Zn source and added Zn level in all 
of the above indices. Compared with the ZnS, Zn-Prot M 
decreased (P < 0.05) serum endotoxin content in broilers 

on d 42. Compared with the 30  mg/kg of supplemental 
Zn, 60  mg/kg decreased (P < 0.05) serum FITC-D and 
endotoxin contents and DAO activity of broilers on d 42, 
and serum FITC-D content on d 35.

As shown in Fig. 3, the treatment groups NT-CON, 
NT-PF and HT-CON had no effect on serum IL-6 con-
tent, but influenced (P < 0.05) serum IL-1β content and 
jejunal MMP-2 activity of broilers on d 42. Compared 
with the NT-CON, HT-CON increased (P < 0.05) 
serum IL-1β content and jejunal MMP-2 activity. Com-
pared with the NT-PF, HT-CON increased (P < 0.05) 
serum IL-1β, but did not change jejunal MMP-2 activ-
ity. Compared with the HT-CON, all supplemental 

Fig. 2 Effects of dietary added Zn source and level on serum FITC‑D contents and DAO activities of HS broilers on d 28, 35 and 42 and serum 
endotoxin content of HS broilers on d 42. A Serum FITC‑D content of broilers on d 28. B Serum DAO activity of broilers on d 28. C Serum FITC‑D 
content of broilers on d 35. D Serum DAO activity of broilers on d 35. E Serum FITC‑D content of broilers on d 42. F Serum DAO activity of broilers 
on d 42. G Serum endotoxin content of broilers on d 42. ZnS: Zn sulfate. Zn‑Prot M: Zn proteinate with moderate chelation strength  (Qf  = 51.6). NT: 
normal temperature, 23 ± 1 °C, 24 h/d. HT: high temperature, 9:00–17:00: 34 ± 1 °C, 8 h/d, and 17:00–9:00: 28 ± 1 °C. CON: control group. PF: pair‑fed 
group, and the feed intake of PF birds was restricted to match that of those in the HT‑CON group. FITC‑D: fluorescein isothiocyanate dextran. DAO: 
diamine oxidase. Different letters indicate significant differences among treatments (P < 0.05). *P < 0.05. Data are mean ± SE (n = 4–7)
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Zn treatments under HT decreased (P < 0.01) jejunal 
MMP-2 activity, and had no effect on serum IL-1β 
and IL-6 contents. Under HT, Zn source did not affect 
serum IL-6 content, but affected (P < 0.05) serum IL-1β 
content and jejunal MMP-2 activity. Added Zn level 
and its interaction with Zn source did not affect serum 
IL-1β and IL-6 contents, and jejunal MMP-2 activ-
ity. Compared with the ZnS, Zn-Prot M decreased 
(P < 0.05) serum IL-1β content and jejunal MMP-2 
activity.

mRNA expression levels
As shown in Fig.  4, the treatment groups NT-CON, 
NT-PF and HT-CON had no effect on mRNA expression 
levels of MMP-2 and MMP-9, but influenced (P < 0.01) 
mRNA expression levels of claudin-1, occludin, JAMA, 
ZO-1, A20 and NF-κB p65 in the jejunum of broilers on 
d 42. Compared with the NT-CON, either NT-PF or 
HT-CON decreased (P < 0.01) mRNA expression lev-
els of JAMA and A20, but increased (P < 0.0001) NF-κB 
p65 mRNA expression. Compared with the NT-PF, HT-
CON decreased (P < 0.05) mRNA expression levels of 

claudin-1, occludin, JAMA and ZO-1, and increased 
(P < 0.05) NF-κB p65 mRNA expression. Compared with 
the HT-CON, all supplemental Zn treatments under HT 
increased (P < 0.05) claudin-1 and A20 mRNA expres-
sion levels, and decreased (P < 0.0001) NF-κB p65 mRNA 
expression. Under HT, Zn source did not affect mRNA 
expression levels of claudin-1, occludin, JAMA, ZO-1, 
MMP-2 and MMP-9, but influenced (P < 0.05) mRNA 
expression levels of A20 and NF-κB p65. Added Zn 
level did not affect mRNA expression levels of occludin, 
JAMA, MMP-2 and MMP-9, but influenced (P < 0.05) 
mRNA expression levels of claudin-1, ZO-1, A20 and NF-
κB p65. No interactions between Zn source and added 
Zn level were detected on mRNA expression levels for 
any of the above-mentioned genes. Compared with the 
ZnS, Zn-Prot M increased (P < 0.05) A20 mRNA expres-
sion and decreased (P < 0.05) NF-κB p65 mRNA expres-
sion. Compared with the 30 mg/kg of supplemental Zn, 
60 mg/kg increased (P < 0.05) mRNA expression levels of 
claudin-1, ZO-1 and A20, and decreased (P < 0.01) NF-κB 
p65 mRNA expression.

Fig. 3 Effects of dietary added Zn source and level on serum IL‑1β and IL‑6 contents and jejunal MMP‑2 activity of HS broilers on d 42. A Serum 
IL‑1β content. B Serum IL‑6 content. C Jejunal MMP‑2 activity. ZnS: Zn sulfate. Zn‑Prot M: Zn proteinate with moderate chelation strength 
 (Qf = 51.6). NT: normal temperature, 23 ± 1 °C, 24 h/d. HT: high temperature, 9:00–17:00: 34 ± 1 °C, 8 h/d, and 17:00–9:00: 28 ± 1 °C. CON: control 
group. PF: pair‑fed group, and the feed intake of PF birds was restricted to match that of those in the HT‑CON group. IL, interleukin. MMP, matrix 
metalloproteinase. Different letters indicate significant differences among treatments (P < 0.05). Data are mean ± SE (n = 5–7)
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Protein expression levels
As shown in Fig.  5, the treatment groups NT-CON, 
NT-PF and HT-CON had no effect on MMP-9 protein 
expression, but influenced (P < 0.0001) protein expres-
sion levels of claudin-1, occludin, JAMA, ZO-1, A20, 
NF-κB p65 and MMP-2 in the jejunum of broilers on d 

42. Compared with the NT-CON, both NT-PF and HT-
CON decreased (P < 0.05) protein expression levels of 
claudin-1, occludin, JAMA, ZO-1 and A20, but increased 
MMP-2 protein expression. Compared with the NT-PT, 
HT-CON decreased (P < 0.05) claudin-1, occludin, 
JAMA, ZO-1 and A20, and increased NF-κB p65 protein 

Fig. 4 Effects of dietary added Zn source and level on mRNA expression levels of tight junction proteins and target proteins in the related signaling 
pathway in the jejunum of HS broilers at 42 days of age. A–D mRNA expression levels of related tight junction proteins (claudin‑1, occludin, JAMA 
and ZO-1). E–H mRNA expression levels of target proteins (A20, NF-ΚB p65, MMP-2 and MMP-9) in A20/NF‑κB p65/MMP‑2 signaling pathway. ZnS: 
Zn sulfate. Zn‑Prot M: Zn proteinate with moderate chelation strength  (Qf = 51.6). NT: normal temperature, 23 ± 1 °C, 24 h/d. HT: high temperature, 
9:00–17:00: 34 ± 1 °C, 8 h/d, and 17:00–9:00: 28 ± 1 °C. CON: control group. PF: pair‑fed group, and the feed intake of PF birds was restricted to match 
that of those in the HT‑CON group. ZO-1, zonula occludens‑1; JAMA, junctional adhesion molecule‑A; MMP, matrix metalloproteinase; A20, Zn 
finger protein A20; NF-κB, nuclear factor kappa‑B. Values of mRNA abundance levels of target genes were calculated as the relative quantities (RQ) 
of claudin‑1, occludin, JAM-A, ZO-1, MMP2, MMP9, A20 or NF-κB p65 mRNA to the geometric mean of internal reference genes β-actin and GAPDH 
mRNA using  2−△△Ct. Different letters indicate significant differences among treatments (P < 0.05). *P < 0.05. Data are mean ± SE (n = 5–7)
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Fig. 5 Effects of dietary added Zn source and level on protein expression levels of tight junction proteins and target proteins in the related 
signaling pathway in the jejunum of HS broilers at 42 days of age. A–D Protein expression levels of related tight junction proteins (claudin‑1, 
occludin, JAMA and ZO‑1). E–H Protein expression levels of target proteins (A20, NF‑ΚB p65, MMP‑2 and MMP‑9) in A20/NF‑κB p65/MMP‑2 signaling 
pathway. I Representative immunoblots of related tight junction proteins (claudin‑1, occludin, JAMA and ZO‑1). J Representative immunoblots 
of target proteins (A20, NF‑ΚB p65, MMP‑2 and MMP‑9) in A20/NF‑κB p65/MMP‑2 signaling pathway. ZnS: Zn sulfate. Zn‑Prot M: Zn proteinate 
with moderate chelation strength  (Qf  = 51.6). NT: normal temperature, 23 ± 1℃, 24 h/d. HT: high temperature, 9:00–17:00: 34 ± 1 °C, 8 h/d, 
and 17:00–9:00: 28 ± 1 °C. CON: control group. PF: pair‑fed group, and the feed intake of PF birds was restricted to match that of those in the HT‑CON 
group. ZO‑1, zonula occludens‑1; JAMA, junctional adhesion molecule‑A. MMP, matrix metalloproteinase; A20, Zn finger protein A20; NF‑κB, 
nuclear factor kappa‑B. Values of target protein expression levels were expressed by the relative quantities (RQ) of target protein band intensity 
to the internal reference band intensity of β‑actin or Lamin A/C. Different letters indicate significant differences among treatments (P < 0.05). 
*P < 0.05. Data are mean ± SE (n = 5–7)
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expression. Compared with the HT-CON, all supplemen-
tal Zn treatments under HT increased (P < 0.01) protein 
expression levels of claudin-1, occludin, JAMA, ZO-1 and 
A20, but decreased (P < 0.0001) protein expression levels 
of NF-κB p65 and MMP-2. Under HT, Zn source did not 
affect protein expression levels of ZO-1, A20, NF-κB p65 
and MMP-9, but influenced (P < 0.05) protein expression 
levels of claudin-1, occludin, JAMA and MMP-2. Added 
Zn level did not affect protein expression levels of ZO-1 
and MMP-9, but influenced (P < 0.05) protein expression 
levels of claudin-1, occludin, JAMA, A20, NF-κB p65 and 
MMP-2. No interactions between Zn source and added 
Zn level were detected on protein expression levels for 
any of the above-mentioned genes. Compared with the 
ZnS, Zn-Prot M increased (P < 0.05) protein expression 
levels of claudin-1, occludin and JAMA, but decreased 
(P < 0.05) MMP-2 protein expression. Compared with 
the 30  mg/kg of supplemental Zn, 60  mg/kg increased 
(P < 0.05) protein expression levels of claudin-1, occlu-
din, JAMA and A20, and decreased (P < 0.0001) protein 
expression levels of NF-κB p65 and MMP-2.

Discussion
The results from the current study show that HS sig-
nificantly reduced ADFI, ADG, mRNA expression lev-
els of claudin-1, occludin, JAMA, ZO-1 and A20, and 
their corresponding protein expression, and remarkably 
increased F/G, serum FITC-D, endotoxin and IL-1β con-
tents, serum DAO activity as well as MMP-2 activity, 
NF-κB p65 mRNA expression level, and protein expres-
sion levels of NF-κB p65 and MMP-2 in the jejunum of 
broilers. However, dietary supplementation of Zn, espe-
cially organic Zn as Zn-Prot M at 60 mg/kg, significantly 
decreased serum FITC-D, endotoxin and IL-1β contents, 
serum DAO activity as well as MMP-2 activity, NF-κB 
p65 mRNA expression level, and protein expression lev-
els of NF-κB p65 and MMP-2, and notably promoted 
mRNA expression levels of claudin-1, ZO-1 and A20, and 
protein expression levels of claudin-1, occludin, JAMA, 
ZO-1 and A20 in the jejunum of HS broilers. The above 
results suggest that dietary supplemental Zn, especially 
60  mg Zn/kg as Zn-Prot M, could alleviate the HS-
induced intestinal barrier function damage by promoting 
the expression of TJ proteins via induction of A20-medi-
ated suppression of the NF-κB p65/MMP-2 pathway 
(A20/NF-κB p65/MMP-2 pathway) in the jejunum of HS 
broilers, which supports our hypothesis. These findings 
have not been reported before, and thus provide a sci-
entific foundation for the alleviation of the HS-induced 
intestinal barrier function injury through dietary optimal 
Zn addition in broiler production.

Previous study has indicated that HS has a negative 
impact on the growth performances of broilers [50]. In 
the present study, HS decreased ADG and ADFI, and 
increased F/G of broilers during d 22–42 mainly due to 
a reduced feed intake, which is consistent with previous 
findings [51, 52]. Some of the previous studies showed 
that dietary Zn addition can alleviate HS-induced growth 
retardation [53, 54]. In other studies, dietary Zn supple-
mentation had no significant effect on the growth per-
formance of broilers exposed to HS [55, 56], which was 
consistent with our present results. It appears that the 
effect of dietary Zn on the growth performance of heat-
stressed broilers is dependent on the Zn level in basal 
diets, the dose of supplemental Zn, dietary formulation, 
and experimental duration time [57, 58].

Earlier studies have demonstrated that HS can impair 
intestinal barrier function in broilers [59, 60], and that 
dietary Zn could improve intestinal barrier function [29, 
61]. FITC-D, a macromolecular substance, cannot cross 
the intestinal epithelial barrier under normal conditions 
[62]. Hence, oral administration of FITC-D has been used 
as an indicator of intestinal permeability in broilers [63]. 
Furthermore, when intestinal barrier function is compro-
mised, DAO and endotoxin can be released into blood. 
Therefore, serum DAO activity and endotoxin content 
are also regarded as typical indicators for reflecting the 
intestinal barrier function [64–66]. Alhenaky et  al. [59], 
Tabler et  al. [45] and Lan et  al. [67] reported that HS-
induced damage of intestinal barrier function in broilers 
is accompanied by an increase in endotoxin and FITC-D 
contents and DAO activity in serum. Similar results were 
obtained in the present study. The HS-induced intestinal 
barrier function damage was caused by the combined 
effect of both the reduced feed intake and HT itself, 
but the effect of HT itself was greater than that of the 
reduced feed intake, which is in line with one previous 
report [60]. Dietary Zn was shown to alleviate the HS-
induced increases in endotoxin content in pig serum [68], 
FITC-D content in broiler serum [69] and DAO activity 
in duck serum [70]. Similar results were observed in our 
study in which dietary Zn supplementation was observed 
to relieve HS-induced increases in serum FITC-D and 
endotoxin contents and DAO activity. Furthermore, Zn-
Prot M was more effective than ZnS in decreasing the 
serum endotoxin content of HS broilers, while 60 mg/kg 
of added Zn was more effective than 30 mg/kg of added 
Zn in decreasing serum FITC-D and endotoxin con-
tents and DAO activity of broilers, which has not been 
reported before. Our findings, together with those of oth-
ers [28, 71, 72], indicate that dietary supplemental Zn, 
especially 60  mg Zn/kg as Zn-Prot M, can protect the 
intestinal barrier of broilers from HS-induced damage.
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The TJ proteins are pivotal structures for maintain-
ing intestinal integrity and barrier function [73]. Ruff 
et  al. [74] reported that the damage of the small intes-
tine is aggravated with increased HS exposure time. Sid-
diqui et al. [75] demonstrated that the damage of HS on 
the jejunum of broilers was more obvious. Therefore, 
the jejunum of broilers at 42 days of age was selected 
as the target small intestinal segment in the subsequent 
measurements of the present study. Alhotan et  al. [11] 
reported that HS damages intestinal barrier function 
by reducing the expression of claudin-1, occludin and 
JAMA in the jejunum of broilers. Xia et al. [76] demon-
strated that the HS-induced damage of intestinal barrier 
function is accompanied by decreased mRNA expression 
levels of claudin-1 and ZO-1 in pigs. In the present study, 
we found that HS injures intestinal barrier function par-
tially by down-regulating the expression of claudin-1, 
occludin, JAMA, and ZO-1 in the jejunum of broilers. 
Additionally, HS-induced down-regulation in the expres-
sion of the above TJ proteins in the jejunum of broilers 
was attributed to the combined effect of both the reduced 
feed intake and HT itself, but the effect of HT itself was 
greater than that of the reduced feed intake. In a study by 
Xie et al. [77], ZnS supplementation was found to attenu-
ate lipopolysaccharide-induced decreases of claudin-1, 
occludin and ZO-1 mRNA and protein expression in 
duck jejunal epithelial cells. Similar results were observed 
in the current study in which dietary Zn addition relieved 
HS-induced down-regulation of claudin-1, occludin, 
JAM-A and ZO-1 protein expression levels in the jeju-
num of broilers. Moreover, the Zn-Prot M was more 
effective than ZnS, and 60 mg/kg of supplemental Zn was 
better than 30 mg/kg. The above results indicate that die-
tary supplemental Zn, especially 60 mg Zn/kg as Zn-Prot 
M, can alleviate HS-induced down-regulation of main TJ 
protein expression in the jejunum of broilers, which has 
not been reported before. However, the mechanism by 
which Zn regulates the expression of TJ proteins needs 
further investigation.

It is reported that the decreased protein expression of 
TJ proteins is closely correlated with the activation of 
NF-κB [78]. The NF-κB signaling pathway plays a cru-
cial role in inflammation [79]. The activation of NF-kB 
promotes the production of inflammatory cytokines 
TNFα, IL-1β, and IL-6 [80]. In the present study, we 
found that HS increased the IL-1β content in the serum 
of broilers mainly due to the effect of HT itself, reflect-
ing NF‐kB activation. A study with bovines indicated that 
HS-induced decrease in TJ protein expression is associ-
ated with NF-κB activation [10]. Furthermore, previous 
studies revealed that NF-κB is a key transcriptional fac-
tor participating in the regulation of MMP-2 and MMP-9 

gene expression [81, 82]. Both MMP-2 and MMP-9 are 
responsible for degrading the intestinal TJ proteins 
[16, 17]. In the present study, HS increased the jejunal 
NF-κB p65 and MMP-2 protein expression levels and 
also MMP-2 activity mainly due to the effect of HT itself. 
Dietary Zn addition alleviated the HS-induced down-
regulation of the jejunal NF-κB p65 mRNA and protein 
expression levels as well as the level of MMP-2 protein 
expression and MMP-2 activity. Additionally, the remis-
sion effect of Zn-Prot M was greater than that of ZnS, 
and the remission effect of supplemental Zn was greater 
at 60 mg/kg than at 30 mg/kg. The above findings suggest 
that dietary supplemental Zn, especially 60 mg Zn/kg as 
Zn-Prot M, can alleviate HS-induced down-regulation 
of main TJ protein expression possibly by inhibiting the 
NF-κB p65/MMP-2 signaling pathway in the jejunum of 
broilers, which has not been reported before.

A20 mediates some of the biological actions of Zn [83], 
and it is required for the Zn-induced NF-κB inactivation 
[84]. Li et  al. [85] reported that dietary Zn supplemen-
tation inhibits intestinal inflammation via A20-mediated 
NF-kB inactivation. In the current investigation, we 
found that HS markedly decreased A20 mRNA and its 
protein expression in the jejunum of broilers mainly due 
to the effect of HT itself, but dietary Zn addition allevi-
ated the HS-induced down-regulation of the jejunal A20 
mRNA and its protein expression. Moreover, the remis-
sion effect of Zn-Prot M was greater than that of ZnS in 
A20 mRNA expression, and the remission effect of sup-
plemental Zn was greater at 60 mg/kg than at 30 mg/kg 
in A20 mRNA and its protein expressions. Therefore, die-
tary supplemental Zn, especially 60 mg Zn/kg as Zn-Prot 
M, can alleviate HS-induced down-regulation of A20 
expression in the jejunum of broilers and thereby allow 
restoration of A20-mediated suppression of the NF-κB 
p65/MMP-2 pathway (A20/NF-κB p65/MMP-2 path-
way), which has not been reported before.

Conclusions
Dietary supplementation with Zn, especially organic 
Zn as Zn-Prot M at 60  mg/kg, alleviates HS-induced 
intestinal barrier function damage by promoting the 
expression of TJ proteins possibly via induction of 
A20-mediated suppression of NF-κB p65/MMP-2 path-
way (A20/NF-κB p65/MMP-2 pathway) in the jejunum 
of broilers. Further studies need to be conducted using 
a primary cultured jejunal epithelial cell model or the 
jejunal organoid model of broilers as well as gene over-
expression and RNA interference to address and con-
firm the above possible mechanisms.
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Abbreviations
AA  Arbor Acres
ADFI  Average daily feed intake
ADG  Average daily gain
A20  Zinc finger protein A20
DAO  Diamine oxidase
FITC‑D  Fluorescein isothiocyanate dextran
F/G  Feed to gain ratio   
HS  Heat stress
IL  Interleukin
JAMA  Junctional adhesion molecule A
MMP  Matrix metalloproteinase
NF‑κB p65  Nuclear factor kappa‑B p65
TJ  Tight junction protein
ZO‑1  Zonula occludens‑1
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