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Abstract

The present study was conducted to evaluate the effects of zinc-enriched probiotics (ZnP) on growth performance, antioxidant
status, immune function, related gene expression, and morphological characteristics of Wistar rats raised under high heat
stress condition during summer. 36, 6-week-old male Wistar rats were randomly divided into three groups; fed with basal diet
(control), basal diet with probiotics (P), and basal diet with zinc-enriched probiotics supplementation (ZnP, 100 mg/L), for 40
consecutive days. Blood samples were collected through intracardiac method on the last day of experiment and tissues were
collected from liver, heart, and kidneys. The results revealed that both P and ZnP significantly (P < 0.05) enhanced growth
performance. However, ZnP remarkably increased glutathione content, glutathione peroxidase, and superoxide dismutase
activities but reduced malondialdehyde level in serum of the Wistar rats. The concentration of IL-2, IL-6, and IFN-y was
significantly (P <0.05) increased with treatments of P and ZnP compared to control group while IL-10 was significantly
(P <0.05) decreased. Additionally, the expression of SOD1, SOD2, MT1, and MT2 genes was significantly (P <0.05) up-
regulated with the treatment of ZnP, but Hsp90 and Hsp70 heat shock genes were significantly (P <0.05) down-regulated
with the treatment of P and ZnP, respectively. Hematoxylin and Eosin staining showed that both P and ZnP supplementation
treatments induced changes in villus height and intestinal wall thickness. In conclusion, zinc-enriched probiotics supplemen-
tation can improve the growth performance of Wistar rats under high ambient temperature through enhancing antioxidant
status, immune function, related genes expression, and intestinal morphological characteristics. This product may serves as
a potential nutritive supplement for Wistar rats under high heat stress conditions.
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Introduction

Heat stress is one of the major constraint having harm-
ful effects on animal health and performance, particularly
in hot regions of the world, and is a broad term that is
often used to produce negative connotations. This stress
D4 Xingxiang Chen results in animals when there is an imbalance between heat

cxx @njau.edu.cn generated and dissipation, and it often leads to oxidative
stress in animals. Reactive oxygen species (ROS) are the
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rats (Hall et al. 1994). Adaptation to heat stress requires
the physiological integration of many organs and systems,
namely endocrine and immune systems (Altan et al. 2003).
In addition, temperature stress has been reported to cause
considerable losses to the livestock farmers as well as has
a negative impact on both production and reproduction. It
increases embryonic loss, reduces milk yield, negatively
affect immunity, affect embryo quality and size, endocrine
hormones, sperm quality, and finally heat stress negatively
effects the reproduction (Krishnan et al. 2017; Jordan
2003). To avoid heat stress, previous studies recommended
basic strategies to mitigate thermal stress for improving
health status of the animals including changing the envi-
ronment of cows, selection of heat stress-resistant heif-
ers, nutritional management such as using trace minerals
like zinc, manganese, copper, selenium, chromium, anti-
oxidant treatment, and considering pharmaceuticals and
nutraceuticals principles (De Rensis and Scaramuzzi 2003;
Wolfenson et al. 2000; Kumar et al. 2011). Furthermore,
antioxidants including both enzymatic and non-enzymatic
provide necessary defense against oxidative stress gener-
ated due to high ambient temperature (Fridovich 1978).

Zinc (Zn) is an essential microelement for the normal
growth and health of humans and other animals. Previous
studies suggested that Zn might enhance immunity, growth,
reproductive performance, and the ability to resist disease
(Poulsen 1995; Hahn and Baker 1993). In addition, zinc
protects the cells from the harmful effects of free oxygen
radicals produced during immune activation through its anti-
oxidant effect (King et al. 1995b). In addition, Zn is also
a component of the cytosolic superoxide dismutase (SOD)
enzyme, which protects the cell from oxidative stress by
catalyzing the dismutation of the superoxide anion and is
known to be activated following zinc treatment (Buzadzié
et al. 2002). Zn is also reported to stimulate immune
defenses while minimizing the adverse effect of immune cell
activation by bacterial translocation on the epithelial layer
(King et al. 1995a). Zinc is part of an essential component of
Cu/Zn superoxide dismutase (SOD) which regulates expres-
sion of many genes involved in antioxidant processes, such
as metallothioneins and glutathione peroxidase (Wood et al.
2011). The physiological and cellular Zn** concentrations
are immensely regulated by metallothioneins (MTs), Zn>*
importers (ZIPs proteins), and Zn** transporters (ZnTs),
which play an important role in the absorption, excretion,
transportation, and intracellular storage of zinc (Dong et al.
2014; Kambe et al. 2015). Moreover, inorganic Zn is also
toxic in excess amounts. In the recent years, due to some
beneficial characteristic of organic Zn processing some good
characteristics viz., lower toxicity, better palatability, higher
absorption and bioavailability, and less environmental pol-
lution, have been paid much more attention (Carlson et al.
2004b).
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Probiotics (P) are non-pathogenic microorganisms that
can resist small intestinal digestion within its host and reach
the colon alive, where they perform beneficial effects for
the health of the host animals (Musa et al. 2009). Previ-
ous studies of probiotics such as Lactobacillus bacteria and
yeasts have demonstrated that either Lactobacillus acido-
philus or Saccharomyces cerevisiae has strong effects on
animal antioxidant status and immunity, and can inhibit lipid
peroxidation in pigs under normal conditions (Zhang et al.
2008; Lessard et al. 2009). Similarly, studies have revealed
that probiotics can reduce the adverse effects of heat stress
in poultry (Zulkifli et al. 2000). Apparently, under appropri-
ate conditions, probiotics are capable of accumulating large
amounts of trace elements such as Se and Zn and incor-
porating them into organic compounds (Ren et al. 2011c),
since Zn and probiotics work via different mechanisms and
have been suggested to cooperate through a synergistic effect
(Ren et al. 2011b).

In this regard, the Institute of Nutritional and Metabolic
disorders in Domestic Animal and Fowls laboratory has
developed a zinc-enriched probiotic (ZnP), as a new feed
additive product to promote the livestock industry. To pro-
duce this ZnP, two strains of microorganisms’ viz., Lacto-
bacillus acidophilus and Saccharomyces cerevisiae (yeast)
were cultured with zinc oxide (zinc, inorganic zinc) under
appropriate micro-environment conditions and added to the
medium. In the production of ZnP, inorganic zinc was con-
verted into organic zinc and has proved to be very effec-
tive. Nevertheless, there is very limited knowledge about
the effects of ZnP on Wistar rats exposed to high environ-
mental heat stress. Therefore, no study has been conducted
to investigate the effect of ZnP supplementation under heat
stress on rats. The present study has been used to inves-
tigate the potential effects of zinc-enriched probiotics on
growth performance, antioxidant status, immune functions,
related genes expression, and morphological characteristics
in Wistar rats growing under ambient heat stress condition
in summer.

Materials and methods
Chemicals used in the present study

Antioxidant detection kits were bought from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The
IL-2, IL-6, IL-10, and IFN-y assay kits were obtained from
Multi Sciences Biotechnology Co., Ltd. (Nanjing, China).
Inorganic zinc oxide used in this study was purchased from
Sigma (Shanghai, China). Reagents for real-time PCR were
purchased from TakaRa (Dalian, China).
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Probiotic strains and preparation of diets

The Institute of Nutritional and Metabolic Disorders in
Domestic Animal and Fowls laboratory in Nanjing Agri-
cultural University (Nanjing, China) provided two different
probiotic strains including Lactobacillus acidophilus and S.
cerevisiae strains. Preliminary results indicated that these
two strains have a great tolerance to high concentrations of
inorganic Zn, low pH conditions, and high concentrations of
bile salts. Different type of diets viz., probiotics (P), zinc-
enriched probiotics (ZnP) were prepared. The fermentative
medium was composed of 20 g/L p-glucose, 10 g/L peptone,
5 g/L yeast extract, 10 g/L beef extract, 2 g/L. triammonium
citrate, 5 g/ sodium acetate, 1 ml/L Tween 80, 0.58 g/L
MgSO,-7H,0, 0.05 g/L Mn S00,-4H,0, 2 g/L K,HPO,.
Additionally, the colony-forming units (CFU) of L. acido-
philus and S. cerevisiae strains in all products were 10'!
and 10° CFU mL™!, respectively. The total Zn>* contents in
ZnP were 100 mg/L. The cultures were grown in a rotating
incubator at a temperature of 32 °C for 36 h at 100 rpm.

Experimental design and animals feeding

The experiment was carried out according to protocols
approved by the Animal Care and Use Committee of Nan-
jing Agricultural University (Certification No.: SYXK
(Su) 2011-0036). The formulation of the basal diets was
performed according to nutrient requirements of the rat
recommendations of National Research Council (Council
1995). Thirty-six male Wistar rats weighing 175 +5 g were
bought from the Center of Laboratory Animals, Yangzhou
University (Yangzhou, China). The rats were kept in a con-
trolled condition at 25+ 2 °C and a 12 h light/dark cycle for
5 days. The contents of zinc (inorganic zinc (zinc oxide)),
were 100 mg/L, calculated according to the 1 kg basal diet.
Probiotics (P) and zinc-enriched probiotics diets were fed
1 mL per day, via the stomach tube to each rat during the
day time. 36 male Wistar rats were randomly divided into
three equal groups (each group contained 12 Wistar rats).
Each group was further divided into three replicates and
each contained four rats. All rats were fed with the basal
diet for 40 consecutive days (in the months of 01. July to 10.
August 2018) as shown in Table 1.

The treatment groups were fed with combination of basal
and supplementation of P & ZnP products, respectively.
During the initial 20 days, the daytime temperature in the
rats’ room with natural ventilation ranged from 38 to 39 °C,
and the terminal 10 days daytime room temperature ranged
from 39 to 42 °C (Fig. 1), respectively. All of the basal diets
for the Wistar rats were hanged daily, and fresh water was
available at all times during the trial. Each rat was balanced
at the beginning and the end of the feeding experiment.
Feed intake was recorded daily; Average daily gain (ADG),

Table 1 Ingredient and nutrient composition of basal diet fed to
Wistar rats

Ingredient Amount,
g/kg diet
Casein (>85% protein) 200.0
Corn starch 150.0
Sucrose 500.0
Maltose dextrin 100.0
Cellulose 50.0
Corn oil 50.0
Vitamin mix 10.0
Mineral mix 35.0
Choline bitartrate 2.0
DL-methionine 3.0

average daily feed intake (ADFI), and feed/gain (F/G) ratio
were calculated for each group.

Sample collection and preparation

Blood samples were collected from each rat for all three
treated groups on the last day of the experiment. Two mil-
liliters (mL) of blood samples was collected directly from
the heart of each rat via a syringe primed without EDTA
and were gently ejected into Eppendorf tubes. Individually,
blood samples were stored at 4 °C until analysis of GSH-
Px activity, SOD activity, GSH content, MDA content, and
IL-2, IL-6, IL-10, and IFN-y concentration. We prepared
2 mL serum without EDTA and whole blood samples were
kept in a sloping position at 37 °C for 2 h, and then at 4 °C
overnight, followed by centrifugation at 3000 rpm for 10 min
resulting supernatant; this supernatant was collected and
stored at —20 °C until analysis of antioxidant status.

At the end of the experiment, all rats were sacrificed.
The liver, kidney, and heart tissues were quickly removed
and dressed with ice-cold isotonic saline, then fasten frozen
in liquid nitrogen and stored at — 80 °C until analysis of
SOD1, SOD2, MT1, MT2, SHSP 70, and HSP 90 mRNA
expression.

The GSH-Px and SOD activity and GSH and MDA con-
tent in serum were, respectively, determined using the com-
mercial kits in accordance with the manufacture’s instruc-
tions. GSH-Px activity, SOD activity, and GSH and MDA
content were expressed as U/L, U/mL, pmol/g protein, and
nmol/mL, respectively.

Jejunum morphological examination
After fixation overnight, 0.5-cm cubes of the middle part of

jejunum were embedded in paraffin and 5 um sections were
cut. The sections were stained using hematoxylin and eosin

pisllase ol ay .
e e O) Springer



291 Page4of12

3 Biotech (2019) 9:291

Fig. 1 Daily average tempera-
ture from 12:00 a.m. to 08:00
p-m. in entire 40-day experi- "
ment period
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Table 2 Primers used for real-time quantitative PCR

DAYS

Gene Accession No. Forward primer (5'-3") Reverse primer (5'-3") Product
length
(bp)
B-Actin NM_031144.3 CACGGCATTGTCACCAACTG AACACAGCCTGGATGGCTAC 203
SOD1 NM_017050.1 GAAAGGACGGTGTGGCCAAT TCGTGGACCACCATAGTACG 94
SOD2 NM_017051.2 CGGGGGCCATATCAATCACA GCCTCCAGCAACTCTCCTTT 84
MT1 NM_138826.4 TCCTGCAAGAAGAGCTGCTG CACTTGTCCGAGGCACCTTT 89
MT2 NM_001137564.1 ACAGATGGATCCTGCTCCTG CCGAAGCCTCTTTGCAGATG 139
HSP70 NM_001329896.1 CAAGAATGCGCTCGAGTCCT CGCTGATCTTGCCCTTGAGA 77
HSP90 NM_001004082.3 GTACAGCAGCTCAAGGAGTTC GGGGGAAGACACAAGCCTATT 201

(H&E) as previously described (Hamid et al. 2017). The
villus height and muscle thickness of the jejunum were pho-
tographed using a light microscope according to the method
described previously (Wang et al. 2016). Morphometric
measurements of jejunum villus and intestinal wall thickness
were performed at a 40X magnification. All measurements
were analyzed using Image J software. Morphometric meas-
urements, including villus height were recorded according to
the method described previously (Ma et al. 2018). Also, the
muscle thickness of the jejunum was measured according to
the method described by Wang et al. (2015).

Determination of IL-2, IL-6, IL-10, and IFN-y
concentrations in serum

The IL-2, IL-6, IL-10, and IFN-y concentrations in the
serum samples were measured using enzyme-linked immu-
nosorbent assay (ELISA) kits in accordance with the manu-
facturer’s protocol (Multi Sciences Biotechnology Co., Ltd.).
The concentration units were expressed as pg/mL.
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SYBR green real-time PCR analysis

Real-time quantitative PCR method was employed for
mRNA detection. The PCR primers (Table 2) for six genes,
SOD1, SOD2, MT1, MT2, HSP70, and HSP90 and one ref-
erence gene (control) (f-actin) were designed using primer
software on the basis of the known Rattus norvegicus
sequences reported in the NCBI database.

Real-time quantitative PCR (qPCR)

The mRNA expression of genes (SOD1, SOD2, MT1, and
MT?2) and heat shock protein genes (Hsp70 and Hsp90)
were quantitatively analyzed by real-time PCR (qQRT-PCR).
Primers of the p-actin (reference gene) and target genes are
shown in Table 1. The total RNA was extracted from the
frozen heart, liver, and kidney samples using the RNAiso
Plus (TaKaRa) reagent according to the manufacturer’s
protocol. The isolated RNA pellets were resuspended in 50
pL of diethyl pyrocarbonate (DEPC) water, quantified by
measurement of the absorbance ratio at 260/280 nm, and
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then stored at — 80 °C prior to cDNA synthesis. First-strand
cDNA was synthesized from 2 uL of total RNA using 4 uL
SxprimerScript RT Master Mix and 14 uL RNase free water
(TaKaRa) according to the manufacturer’s instructions. The
real-time PCR was performed as described previously (Gan
et al. 2013). With some changes, reactions were carried out
in a 20 pL reaction combination holding 10 uL of 2x SYBR
Green I PCR Mater Mix (TaKaRa BIO INC), 0.4 pL Rox
Reference Dye 1, 0, 4 uL of each primer, 2 uL. cDNA, and
6.8 uL of PCR grade water. The whole processes were con-
ducted in a Step OnePlus Real-Time PCR system (Applied
Biosystems, USA). Relative mRNA expression levels of the
above genes were detected using the A (A cycle threshold)
procedure (Gan et al. 2014). The result was applied to each
gene by calculating the expression 2744 €,

Statistical analysis

The results are expressed as the mean values with their
standard errors. SPSS Statistics version 19 was used for
statistical analysis. Significant differences were analyzed
by one-way analysis of variance (ANOVA) followed by the
Duncan post hoc test. A P <0.05 was considered as statisti-
cally significant.

Results
Growth performance and feed intake
After continuous feeding for 40 days, the zinc-enriched

probiotic group showed significantly (P <0.05) increased
body weight of Wistar rats compared to control and other

Table 3 Growth performance and feed intake of rats

Growth perfor-  Groups

fance Control P ZnP

Initial BW(g) 177.16+1.77a  179.0£1.53a 176.37+1.86a
Final BW(g) 204.04£2.56c 232.48+5.34b 259.57+3.24a
ADG (g/day) 0.672+0.13¢ 1.34+0.32b 2.08 +0.60a
ADFI (g/day) 22.63+2.39a 2584+1.45a  24.79+2.96a
F/IG 33.67+7.52c 19.29+426b 11.91+2.23a

treated groups under heat stress condition. There was sig-
nificant (P <0.05) enhancement in the growth performance
of Wistar rats under both the treatments viz., probiotics (P)
and Zn-enriched probiotics (ZnP) groups relative to control
under heat stress conditions. However, ZnP-supplemented
rats group showed better growth performance compared to
other treated groups (Table 3). There were no significant
(P <0.05) differences between the treated and control groups
in ADFI, but significant (P < 0.05) difference was exhibited
among the treated groups in F/G ratio, which can be eluci-
dated due to the effects of ZnP supplementation (Table 3).

GSH-Px activity, GSH content, SOD activity, and MDA
content in blood serum

The non-significant difference was found in GSH-Px activity
among the control and P groups under heat stress. How-
ever, GSH-Px activity increased significantly (P <0.05) in
ZnP-supplemented group compared to P treated and control
groups under heat stress condition (Table 4). The serum
GSH content was significantly (P <0.05) higher in the ZnP-
supplemented group compared to control and other treated
groups under heat stress conditions. Similarly, P-supple-
mented group also showed significant (P < 0.05) difference
compared to control (Table 4). Moreover, the control showed
significantly (P <0.05) decreased level of SOD activity, but
ZnP-treated group revealed significantly (P <0.05) increased
level of SOD compared to control and other treated groups
under heat stress (Table 4). In addition, the control group
showed significantly (P <0.05) higher level of MDA content
compared to P- and ZnP-supplemented groups under thermal
stress. Finally, ZnP supplementation significantly (P <0.05)
decreased the level of MDA content compared to control and
P-treated groups, respectively (Table 4).

IL-2, IL-6, IL-10, and IFN-y concentration in serum

The IL-2, IL-6, IL-10, and IFN-y concentrations in serum
from three treatment groups are shown in Fig. 2a—d. How-
ever, on the last day of the experiment, there were signifi-
cant (P <0.05) differences between all three groups for IL-2,
IL-6, IL-10, and IFN-y, when compared to each other. The
heat-stressed control group showed significantly (P <0.05)
lower level of IL-2, IL-6, and IFN-y while the IL-10 showed

Table4 The GSH-Px activity,
GSH content, SOD activity, and
MDA Content in blood serum

Antioxidant status Groups

Con P ZnP
GSH-Px Activity (U/L) 22.49+4.35b 23.68 +4.6b 53.91+5.99a
GSH content (umol/g protein) 26.23+1.76¢ 46.34+1.82b 59.63+2.63a
SOD activity (U/mL) 51.46+4.99¢ 82.05+3.79b 122.26 +5.34a
MDA content (nmol/ML) 54.17+2.99c 32.81+2.54b 19.27+3.23a
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Fig.2 Effect of P and ZnP on a
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significantly (P < 0.05) higher level in serum. Although the
P group showed significantly higher (P <0.05) value rela-
tive to control group, but the ZnP group was even more
highly significant (P <0.05) than the P and control groups,
respectively.

Effect of ZnP on the mRNA expression of SOD1
and SOD2 genes

The expressions of SOD1 and SOD2 genes were up-reg-
ulated (P <0.05) in the ZnP group as compared to control
and P groups. In addition, the mRNA expressions of the
antioxidant-related gene showed a better effect (P <0.05) in
the ZnP group relative to the P group. Similarly, the expres-
sion of SOD1 and SOD2 genes was increased significantly
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(P<0.05) in ZnP group compared to group. However, no
significant differences were found in expressions of SOD1
and SOD?2 genes between control and P groups (Figs. 3, 4).

Effect of ZnP on MT1 and MT2 mRNA genes
expressions

Expression levels of MT1 and MT2 genes in liver, heart,
and kidney tissues are shown in Figs. 5 and 6. The MT1 and
MT2 genes expressions in liver, heart, and kidney of rats
were up-regulated under both P and ZnP treatment compared
to the control group, respectively. Additionally, there were
no significant (P <0.05) differences between control and
P-supplemented groups in the up-regulation level of MT1
and MT2 genes expression. However, the expression level

(1]

Relative SOD1 mRNA level

Con P

ZnP ZnP

Fig.3 Effect of P and ZnP on mRNA levels of SODI in the liver (a), heart (b), and kidney (c) of heat-stressed rats. The means with different

superscript letters are significantly different from each other at (P <0.05)
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Fig.4 Effect of P and ZnP on mRNA levels of SOD?2 in the liver (a), heart (b), and kidney (c) of heat-stressed rats. The means with different

superscript letters are significantly different from each other at (P <0.05)
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Fig.5 Effect of P and ZnP on mRNA levels of MT1 gene in the liver (a), heart (b), and kidney (c) of heat-stressed rats. The means with different

superscript letters are significantly different from each other at (P <0.05)
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Fig. 6 Effect of P and ZnP on mRNA levels of MT?2 gene in the liver (a), heart (b), and kidney (c) of heat-stressed rats. The means with different

superscript letters are significantly different from each other at (P <0.05)

of ZnP-supplemented group was significantly (P <0.05) up-
regulated relative to control and treated groups.

Effect of ZnP on Hsp70 and Hsp90 mRNA genes
expressions

Expression levels of Hsp70 and Hsp90 genes in liver, heart,
and kidney tissues are shown in Figs. 7 and 8. The expres-
sion of Hsp70 and Hsp90 genes in liver, heart, and kidney of
rats was significantly down-regulated (P < 0.05) in diet sup-
plied with P or ZnP relative to the control group. However,

the expression level of ZnP-supplemented group is signifi-
cantly (P <0.05) down-regulated compared to control and
treated groups.

Dietary of probiotics and zinc-enriched probiotics
affected the development of villus height
and muscle thickness of jejunum

Hematoxylin and eosin staining showed that P and ZnP diet-
induced changes in the middle part of jejunum morphology
are shown in Fig. 9. Compared to the control, the probiotics
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Fig. 7 Effect of P and ZnP on mRNA levels of Hsp70 gene in the liver (a), heart (b), and kidney (c) of heat-stressed rats. The means with differ-
ent superscript letters are significantly different from each other at (P <0.05)

a b c

— 1.5 — 1.5 — 1.59

@ @ <

E z :

< c < c <

E 1.0 é 1.0 E

E g £

o o o

Y Y =Y

[ [ 2

»n @»n »n

= 0.51 T 0.51 =

2 2 ¢

] ) o]

&~ 0.0 &~ 0.0 & o .

Con P ZnP Con P ZnP Con P ZnP

Fig. 8 Effect of P and ZnP on mRNA levels of Hsp90 gene in the liver (a), heart (b), and kidney (c) of heat-stressed rats. The means with differ-
ent superscript letters are significantly different from each other at (P <0.05)
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Fig.9 Effect of dietary P and ZnP on the middle part of jejunum histology. a Hematoxylin and eosin (H & E) staining images (magnifica-
tion, X40). b Villus height. c. Intestinal wall thickness. a, b Means with different letters differed significantly (P <0.05)
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and zinc-enriched probiotics fed rats had a significantly
increased villus height but it is non-significantly increased
among the P and control groups while compared to the intes-
tinal wall thickness. Moreover, the ZnP diet fed rats were
showing a significant increase in villus height and intestinal
wall thickness compared to P and control groups.

Discussion

The present study demonstrated that zinc-enriched probi-
otics (ZnP) supplementation has improved both final BW
and ADG of Wistar rats, while as it decreased F/G ratio
under heat stress condition. Hence, it proved the hypothesis
suggesting that ZnP supplementation could improve growth
performance under heat stress. It has been reported that heat
stress enhances metabolic activity (Bernabucci et al. 2010),
as well as leads to oxidative stress due to increased accu-
mulation of ROS content along with increased lipid peroxi-
dation products (Zhang et al. 2003). Previous studies have
revealed that pigs fed with diets enriched of zinc oxide reveal
significant differences in ADG, final BW, and F/G compared
to control group, while as ZnP diet decreased the F/G ratio
(Cho et al. 2018; Stehlik-Tomas et al. 2004; Li et al. 2018),
and also pigs fed with Zn in the form of ZnO supplements
had showed significant increase in ADG and F/G compared
to pigs fed with basal diet (Li et al. 2018).

Piglets raised under high ambient temperature showed
that dietary P supplementation decreased MDA content as
well as increased the GPX activity (Carlson et al. 2004a).
Although the mechanism of probiotics on increasing GSH
content and SOD activity is still unclear, the reduced MDA
content might be associated with the increased GSH content
and SOD activity. Many earlier studies have revealed the
role of probiotics (L. acidophilus) in improving the func-
tion of swine antioxidant defense system (Wang et al. 2009,
2012). Furthermore, Zn supplementation and dietary zinc
oxide nanoparticle of Japanese quails and broiler chickens
improved the total antioxidant capacity and reduced the
MDA concentrations compared to controls (Zhao et al. 2014;
Atakisi et al. 2009), and supplementation with zinc improved
antioxidant status of birds, and the effects of ZnPic were
relatively greater than those of ZnSo,H,0 in heat-stressed
quail (Sahin et al. 2005). Similar to above mentioned previ-
ous studies, the present study reported that combined effect
of ZnP supplementation significantly increased GPX and
SOD activities as well as GSH content, and reduced MDA
content under heat stress conditions in Wistar rats. Hence,
our results strongly suggest that the ZnP supplementation
has more beneficial effects in terms of improving animal
antioxidant status than P alone under heat stress in Wistar
rats. Similarly, Ren et al. also demonstrated that selenium/

zinc-enriched probiotics significantly increased the activi-
ties of glutathione peroxidase, SOD, and total antioxidant
capacity, and decreased MDA content in the blood of canine
(Ren et al. 2011a).

Till date, the effects of ZnP supplementation on increas-
ing IL-2, IL-6, and IFN-y and effects on decreasing IL-10
concentrations in Wistar rats under high-temperature stress
condition have not been reported. In this context, data
obtained in the present study showed that dietary supple-
mentation of P and ZnP increased serum IL-2, IL-6, and
IFN-y and decreased the IL-10 concentrations in Wistar
rats under heat stress environment, respectively, which is
consistent with some previous studies that report same find-
ings under normal temperature conditions (Kirchner and
Rink 2000). Furthermore, this study also showed that the
effects of ZnP supplementation on increased IL-2, IL-6, and
IFN-y and decreased IL-10 secretions were more dramatic
than that of P supplementation alone, suggesting that ZnP
is more effective in boosting Wistar rat’s immune function
than P used alone. The reason may be because of the syn-
ergistic effect between Zn and P on IL-2, IL-6, IL-10, and
IFN-y secretions. It was earlier reported that the probiotics
of L. acidophilus increased the IL-2 secretion in pigs raised
under normal temperature conditions (Tortuero et al. 1995;
Babinska et al. 2005).

The present study also revealed that the combinational
effect of ZnP showed significantly better results compared to
using either of them (i.e., Zn or P) alone, that suggests that
Zn-enriched probiotics promoted the expression of SOD1
and SOD2 genes in liver, heart, and kidney. This showed
that zinc-enriched probiotics can significantly improve
antioxidant genes in rats that were subjected to heat stress.
Likewise, the previous study observed the effects of dietary
zinc oxide (ZnO) on E. fetida, and results have revealed that
expression of Cu/Zn-SOD and MT genes was significantly
up-regulated to the highest levels in a dose-dependent man-
ner at day 10, respectively (Xiong et al. 2012).

Metallothioneins are encoded by zinc-activated transcrip-
tion genes group of proteins and are involved in protecting
cells against ROS accumulation (Tapiero and Tew 2003).
The MT-1 and MT-2 are the predominant MTs exerting as
the potent ROS scavengers (Thornalley and Vasik 1985).
In this study, we investigated the expression of MT-1 and
MT-2 in liver, heart, and kidney using qRT-PCR. In the
present study, zinc-enriched supplementation resulted in a
significant increase in MT-1 and MT-2 mRNA levels, which
is similar to the observation of OT-treated Coco-2/TC7 cells
with zinc supplementation (Ranaldi et al. 2009).

Furthermore, in this study, the combined effect of zinc-
enriched probiotics supplementation showed significant
down-regulation of Hsp70 and Hsp90 mRNA expression in
the liver, kidney, and heart of Wistar rats in each experi-
mental group than their separate supplementation under heat
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stress. Previous studies have shown that thermal stress in
mammals exposed over a period of time enhances Hsp70
and Hsp27 expression (Kadzere et al. 2002). Similarly, it
has been revealed that the effect of organic supplementation
of trace minerals selenium (Se), chromium (Cr), and zinc
(Zn) reduced Hsp70 mRNA expression level significantly
indicating the reduced heat stress in broilers during tropical
summer (Rao et al. 2016). Therefore, based on the results of
the present study, it can be hypothesized that effects of P and
ZnP on down-regulating Hsp70 and Hsp90 mRNA levels of
heat-stressed Wistar rats may be due to the increasing tissue
P and Zn concentration as well as GSH-Px enzyme activity
and mRNA levels. The ZnP supplementation in Wistar rats’
diet has maximum effects on decreasing Hsp70 and Hsp90
mRNA levels, suggesting that ZnP is more beneficial to
Wistar rats under heat stress conditions than P or Zn alone.
Clearly, the combination of P and Zn in ZnP has great effects
on decreasing Hsp70 and Hsp90 mRNA.

In the present study, the villus height and intestinal wall
thickness in the middle part of jejunum in P and ZnP groups
were significantly (P <0.05) higher and thicker compared
to the control group. Previous studies have shown that zinc
supplementation significantly (P <0.05) increased the villus
height in the small intestine in rats (Khan et al. 2013). On
the other hand, Gunal et al. (2006) reported that villus height
of jejunum and ileum increased in broiler chicks supplied
with the multi-microbe probiotic product, and also it has
been reported that villus height was increased in gnotobiotic
piglets inoculated Lactobacillus fermentum (monoassociated
with Lactobacillus fermentum) (Matur and Eraslan 2012).
These results suggest that the effects of P and ZnP on Wistar
rats changed the jejunum morphology.

Conclusion

The present study was the first report to study the effect of
combined Zn and P as ZnP supplementation on the growth
performance of Wistar rats under heat stress. It was reported
that ZnP supplementation could alleviate the negative effects
of heat stress, and improved growth performance, antioxi-
dant capacity, immune functions, genes expression of Hsp90,
Hsp70, SOD1, SOD2, MT1, and MT2, and change the mor-
phological characteristics of villus height and intestinal wall
thickness in the middle part of the jejunum. The probiot-
ics and zinc may enhance the function due to their syner-
getic effects on growth performance of Wistar rats under
heat stress. Our results suggest that ZnP (100 mg Zn/L) is
a potential nutritive supplement for Wistar rats under heat
stress conditions. It is concluded that dietary use of ZnP
is a potential nutritive feed supplement in subtropical and
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tropical areas for reducing the harmful effects of persistent
summer heat stress.
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