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ABSTRACT Global warming and climate changes
have a detrimental impact on poultry production, caus-
ing substantial economic losses. This study investigated
the effects of incorporating dietary betaine (BT) and
organic minerals (OMs) on broilers’ performance as
well as their potential to mitigate the negative impacts
of heat stress (HS). Six hundred 1-day-old Ross 308
chicks were randomly allocated to 12 experimental
treatments with 5 replicates of 10 birds each (5 male + 5
female). The birds were provided with diets containing
BT (0 and 2,000 ppm) and OMs (0, 250, and 500 ppm),
either individually or in combination, under both ther-
moneutral and HS-inducing temperatures. The HS con-
ditions involved exposing the birds to cyclic periods of
elevated temperature (35°C £ 2°C) for 6 h daily, from
10:00 am to 4:00 pm, starting from d 10 and continuing
until d 35. The exposure to HS deteriorated birds’
growth performance; however, dietary BT and OMs
inclusion improved the growth performance parameters
bringing them close to normal levels. Carcass traits
were not affected by dietary supplementation of BT,
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OMs, HS, or their interaction. Interestingly, while HS
led to increased (P < 0.05) levels of total cholesterol,
LDL-cholesterol, and hepatic malondialdehyde
(MDA), these adverse effects were mitigated (P <
0.05) by the addition of BT and OMs. Moreover, dietary
BT supplementation led to elevated serum total protein
and globulin concentrations. Cyclic HS did not alter
Mn, Zn, and Cu contents in the pectoral muscle. How-
ever, the incorporation of OMs at both levels increased
concentrations of these minerals. Notably, the combina-
tion of 500 ppm OMs and 2,000 ppm BT improved Mn,
Zn, Cu, and Fe digestibility, which has been compro-
mised under HS conditions. Cyclic HS upregulated gene
expression of interleukin-18, heat shock protein 70, and
Toll-like receptor-4 while downregulated the expression
of claudin-1, uncoupling protein, growth hormone
receptor, superoxide dismutase 1, glutathione peroxi-
dase 1 and insulin-like growth factor 1. The aforemen-
tioned gene expressions were reversed by the
combination of higher dietary levels of BT and OMs. In
conclusion, the dietary supplementation of 500 ppm

Accepted August 17, 2023.

'These authors contributed equally.

2Corresponding authors: Hossam.eltahan@dankook.ac.kr (HME);
inhokim@dankook.ac.kr (IHK); sungbocho@dankook.ac.kr (SC)


http://orcid.org/0000-0001-5511-7546
http://orcid.org/0000-0001-5511-7546
http://orcid.org/0000-0001-5511-7546
http://orcid.org/0000-0001-5511-7546
http://orcid.org/0000-0001-5511-7546
http://orcid.org/0000-0001-5511-7546
http://orcid.org/0000-0003-2941-6328
http://orcid.org/0000-0003-2941-6328
http://orcid.org/0000-0001-6652-2504
http://orcid.org/0000-0001-6652-2504
http://orcid.org/0000-0001-6652-2504
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Hossam.eltahan@dankook.ac.kr
mailto:inhokim@dankook.ac.kr
mailto:sungbocho@dankook.ac.kr

2 SALEH ET AL.

OMs along with 2,000 ppm BT yielded significant
improvements in growth performance and mineral
digestibility among broiler chickens, regardless of

thermal conditions. Moreover, this combination effec-
tively restored the expression of growth-related genes
even under heat-stress conditions.

Key words: betaine, organic mineral, growth performance, heat stress, broiler

INTRODUCTION

In intensive broiler production, birds are exposed to
various stress factors, mainly heat stress (Saleh et al.,
2021). Heat stress is one of the severe stress factors that
negatively influence broiler productivity in tropical and
subtropical regions, especially in humid environments
(Abdel-Moneim et al., 2021). At the same time, heat
stress causes physiological abnormalities in the endo-
crine and immune systems and electrolyte imbalances,
which are detrimental to the health and production of
broilers (Nawab et al., 2018; Abdel-Moneim et al.,
2022). Heat stress also damages gut structure and func-
tion (including low intestinal epithelium regeneration
and integrity), decreasing broilers’ growth performance
and metabolic rate (Quinteiro-Filho et al., 2010, 2012;
Hirakawa et al., 2020; Guo et al., 2021). Maintaining
proper temperature and humidity in modern poultry
houses can help minimize heat stress. However, this
approach is expensive, increases production costs, and is
unavailable for most regions of third-world countries
(Nawab et al., 2018). Alternatively, several studies
reported that nutritional intervention such as the addi-
tion of probiotics, prebiotics, antioxidants, vitamins,
organic minerals (OMs), and other natural active sub-
stances is a beneficial function strategy for mitigating
the adverse effects of heat stress in broilers (Nawab et
al., 2018; Abdel-Moneim et al., 2021; Saleh et al., 2021).
Other practices relied on balancing the dietary energy
level and supplementing antioxidants, OMs, and vita-
mins (Saleh et al., 2020a,b; Ashour et al., 2021).

The interest in employing natural plant extracts in
poultry nutrition has recently increased. Betaine (BT) is
a trimethyl glycine derivative present in various natural
extracts such as sugar beet (Palmonari et al., 2021). The
BT is a methyl donor that has osmoprotective properties,
which help maintain cell water homeostasis without inter-
fering with the cell’s metabolism (Sakomura et al., 2013;
Willingham et al., 2020; Al-Sagan et al., 2021). The BT
acts as an extracellular osmolyte and chaperone, prevent-
ing or delaying stress-induced protein denaturation while
assisting proteins that have already been denatured
(Saeed et al., 2017; Al-Tamimi et al., 2019). Furthermore,
the methyl group must be included in the poultry diet as
it is required for metabolism (Summers, 2013; Chen et al.,
2020), and it may contribute to increasing broilers’ body
weight and meat quality (Sun et al., 2008; Attia et al.,
2009). The BT also improved the regeneration of the
intestinal mucosa, enhancing nutrient absorption and uti-
lization (Mahmoudnia and Madani, 2012) and relieving
the adverse effects of high environmental temperature
(Hassan et al., 2011; Shakeri et al., 2018).
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OMs are widely accepted and becoming more popular
than inorganic counterparts to be supplemented in
broiler diets. Several investigations revealed that OMs
had better bioavailability, readily transported, and
retained for more extended periods than their inorganic
minerals, which consequently improved the bioavailabil-
ity and digestibility of broilers (Maiorka et al., 2002;
Saleh et al., 2020b). Adding OMs to broiler diets
increased growth performance in broilers under heat-
stress conditions (Lagana et al., 2007). Organic mineral
sources can also help increase trace elements’ absorption
by reducing interference from agents that create insolu-
ble complexes with ionic trace elements (Van der Klis
and Kemme, 2002).

Additionally, OMs have numerous biological activi-
ties, including elevated serum concentrations of immu-
noglobulins (IgG, IgM, and IgA) (Feng et al., 2010),
reducing lipid peroxidation (Bun et al., 2011), and
improving antioxidant enzyme activities (superoxide
dismutase “SOD” and glutathione peroxidase “GPx”)
and gut morphology (Ma et al., 2011). Saleh et al.
(2020b) demonstrated that dietary OMs supplementa-
tion reduced lipid peroxidation and enhanced antioxida-
tive properties and immune response under high
ambient temperatures. Based on the beneficial effects of
BT and OMs, it could be hypothesized that there may
be a synergism between them to ameliorate the negative
impacts of heat stress and enhance growth performance,
digestibility, and immunity in heat-stressed broiler
chickens.

Therefore, this study aimed to investigate the effect of
dietary BT and/or OMs on growth performance, carcass
traits, muscle minerals profile, immunological response,
and digestibility of broilers reared on thermoneutral and
chronic heat-stress conditions.

MATERIALS AND METHODS
Ethical Statement

This work was executed under the approval of the
Ethics Committee of the Local Experimental Animals
Care Committee and carried out in compliance with
Kafrelsheikh University, Egypt (Number 4/2016EC)
guidelines.

Birds, Experimental Design, and Husbandry

A total of 600 one-day-old mixed-sex Ross-308 (50%
male + 50% female) chicks were housed in pens (stock-
ing density was 10 birds/m?) and randomly allotted into
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Table 1. Composition of the experimental starter, grower, and
finisher diets.

Starter Grower Finisher
Ingredient, g/kg (1-104) (11-254) (26—35d)
Yellow corn 526 568 627
Soybean meal, 46% 370 322 244
Corn gluten meal, 60% 35 42 51
Soya oil 27 25 37
Calcium carbonate 11 11 10.5
Dicalcium phosphate 18 18 15
Salt 3 3 3
Sodium bicarbonate 1.5 1.5 2
DL-Methionine, 99% 2.8 3.2 3
L-Lysine HCI, 98% 1.8 2.1 3.2
L-Threonine 0.5 0.8 0.9
Choline chloride, 60% 0.4 0.4 0.4
Premix' 3 3 3
Chemical analysis on DM basis
AME kcal 3000 3050 3150
Crude protein, % 23.02 21.05 19.04
Fat, % 5.3 5.5 5.9
Digestible LYS, % 1.38 1.34 1.25
Digestible M and C, % 0.95 0.92 0.87
Digestible THR, % 0.86 0.83 0.77
Digestible ARG, % 1.37 1.33 1.25
Digestible ILE, % 0.90 0.87 0.85
Digestible LEU, % 1.87 1.83 1.84
Digestible VAL, % 0.96 0.93 0.91
Calcium, % 0.96 0.96 0.87
Available P, % 0.48 0.48 0.44
Sodium, % 0.18 0.18 0.18
Chloride, % 0.24 0.24 0.24

"Hero mix (Hero pharm, Cairo, Egypt). Composition (per 3 kg): Vita-
min A 12,000,000 IU, vitamin D3 2,500,000 IU, vitamin E 10,000 mg, vita-
min K3 2,000 mg, vitamin B1 1,000 mg, vitamin B2 5,000 mg, vitamin B6
1,500 mg, vitamin B12 10 mg, niacin 30,000 mg, biotin 50 mg, folic acid
1,000 mg, pantothenic acid 10,000 mg, manganese 60,000 mg, zinc
50,000 mg, iron 30,000 mg, copper 4,000 mg, iodine 300 mg, selenium
100 mg, and cobalt 100 mg.

12 experimental treatments with 5 replicates (10 birds
each, 5 male + 5 female) to equalize the average body
weight in each group. The birds were provided with diets
containing BT (0 and 2,000 ppm) and OMs (0, 250, and
500 ppm), either individually or in combination, under
both thermoneutral and HS-inducing temperatures. The
HS conditions involved exposing the birds to cyclic peri-
ods of elevated temperature (35°C £ 2°C) for 6 h daily,
from 10:00 am to 4:00 pm, starting from d 10 and con-
tinuing until d 35. Relative humidity inside the poultry
house was kept between 50 and 70%).

All diets were formulated (Table 1) in mash form of 3
phases (starter “1—10 d of age,” grower “11—25 d of age,”
and finisher “26—35 d of age”) to meet the requirements
of broilers (Aviagen, 2014). The experimental dietary
supplementations were provided from 1 to 35 d of age.
Birds were raised in a climate-controlled area with unre-
stricted access to food and water and subjected to the
same environmental management (temperature, mois-
ture, ventilation, and light). Chicks were reared accord-
ing to the Ross Broiler Commercial Management
Guide’s recommendations from 1 to 10 d of age. From
10 to 35 d of age, the thermoneutral groups were contin-
ued according to Ross Broiler Commercial Management
Guide’s recommendations. In contrast, the other experi-
mental groups were subjected to cyclic heat-stress

conditions. The BT and OMs were provided by VES-
MARK Company, Tanta City, Egypt. The OMs con-
tents were 240 g zinc glycinate, 26 g copper glycinate,
300 g manganese, and 100 g iron glycinate, while BT
was a nature betaine HCL 98%.

Growth Performance and Carcass Traits

Initial and final weight (IBW and FBW), feed intake
(FI), and body weight gain (BWG) were recorded. The
FCR was calculated following Abdel-Moneim et al.
(2020). The health status and mortality rates were mon-
itored daily during the whole trial. At 35 d of age, 10
birds from each treatment (2 birds per duplicate, 1 male
and 1 female) were randomly selected and slaughtered.
Giblets (liver, heart, spleen, and gizzard), abdominal
fat, empty carcass, breast, and thigh were weighed.

Serum Biochemical Parameters and Hepatic
Lipid Peroxidation

Blood samples (5 mL) were collected from the wing
vein immediately before slaughtering, gathered into hep-
arinized test tubes, and then rapidly centrifuged
(3,000 rpm for 20 min at 5°C) to separate the plasma.
Plasma was stored at —20°C pending analysis.

Total cholesterol, low-density lipoprotein (LDL) cho-
lesterol, high-density lipoprotein (HDL) cholesterol, tri-
glyceride (TG), glucose, aspartate aminotransferase
(AST), total protein, albumin, and globulin were
all measured colorimetrically using commercial kits (Dia-
mond Diagnostics Inc. 333 Fiske Street Holliston, MA
01746-2048, USA) according to the manufacturer’s
instructions. Malondialdehyde (MDA ) was used to detect
lipid peroxidation in the liver following Richard et al.
(1992), and the SOD and GPX activities were determined
according to the method of Marklund and Marklund
(1974). The hemagglutination inhibition test was used to
assess serum antibody titers against Newcastle disease
(ND) and avian influenza (H9N1) following OIE (2008).

Muscle Minerals Profile

Muscle mineral contents, including Mn, Zn, Cu, and
Fe, were assessed utilizing gas-liquid chromatography
(GLC) following Saleh et al. (2013) and AOAC (2003).
Ten grams of pectoral muscle were homogenized in
40 mL of 0.1 N HCI for 45 s at 4°C, then centrifuged
15,000 x g for 50 min at 4°C. The supernatants were fil-
tered and examined using a gas chromatograph (GC-4
CM-PFE, Shimadzu gas chromatograph, Tokyo, Japan)
with a flame ionization detector (GC-4 CM-PFE, Shi-
madzu gas chromatograph, Tokyo, Japan).

Nutrients Digestibility Coefficients

During the final 3 d of the investigation, excreta from
each cage replicate were collected and weighed for
digestibility testing. All samples were dried for 24 h at
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60°C in a drying oven following the digestibility test.
The dried samples were then homogenized in their
entirety according to (AOAC, 2003) for scrutiny and
finely ground. The Kjeldahl method was used to deter-
mine the nitrogen digestibility of the crude protein com-
ponent in the feed and excreta (CP, Method 968.06). An
adiabatic bomb calorimeter was used to calculate gross
energy (GallenkampAutobomb, London, UK) standard-
ized with benzoic acid (AOAC, 2003). The digestibility
of Mn, Zn, Cu, and Fe minerals was measured following
the method described by Bao et al. (2009).

Messenger RNA Expression of Growth-
Related Genes

Liver and duodenal samples were collected after
slaughter, kept in liquid nitrogen, and stored at —80°C
pending analysis. Hepatic and duodenal tissues’ RNA
was extracted, and its purity was checked using a 260/
280 nm spectrophotometer. To produce single-stranded
complementary DNA (cDNA), the QuantiTect reverse
transcription kit was used with 2 ug of total RNA, and a
random primer hexamer was used in the 2-step RT-PCR
reaction. The routine PCR and gel electrophoresis were
performed to evaluate all the primers before real-time
PCR (TaKaRa PCR Thermal Cycler Dices, Takara,
Shiga, Japan). Table 2 shows the primers of genes
involved in this study. In this case, to quantify gene
expression, a real-time PCR technique using the
2—AACT method was employed. GAPDH was used to
normalize against the examined genes as a standard
internal gene since it was confirmed that the expression
level was not altered under the current experimental
conditions. CT values were used to compare the relative
intensities of the genes and mRNA expression for each
sample.

Table 2. Primers for gene expression by RT-PCR.

Statistical Analysis

The data on the effect of BT and OMs on broiler per-
formance under thermoneutral or high ambient temper-
ature were analyzed using the GLM procedure of SAS
(2002) for a completely randomized design. The SAS
software’s general linear model (GLM) approach evalu-
ated the collected data under 1-way ANOVA (Ver 9.4;
SAS Institute, 2016). Tukey’s test was used to determine
the significance of mean differences, and all differences
were judged significant at P < 0.05.

RESULTS
Growth Performance and Carcass Traits

The effects of dietary supplementation of BT, OMs,
and exposure to HS, as well as their interaction effects,
on the growth performance of broiler chickens, are pre-
sented in Table 3. The findings indicate that exposure
to HS deteriorated all FBW, WG, FI, and FCR. How-
ever, the inclusion of BT and OMs in the diets
resulted in improvements in these paramters. Dietary
incorporation of BT and OMs nearly restored these
indices to almost normal levels, mainly when used at
higher concentrations. No significant interactions were
observed among the 3 factors that affected the out-
comes.

The various carcass traits, including percentages of
carcass, breast, thigh, liver, heart, spleen, gizzard,
and abdominal fat, showed no notable alterations due
to dietary supplementation of BT, OMs, HS, or their
interactions (Table 4). The exceptions were spleen
percentage, which decreased due to HS, and abdomi-
nal fat percentage, which was reduced due to BT sup-
plementation.

Gene Direction Primer sequence Accession number bp Tm (°C) Efficiency (%)

TLR4 Sense AGGCACCTGAGCTTTTCCTC NM 001030693.1 188 59 92.219
Antisense TACCAACGTGAGGTTGAGCC

IL-1b Sense CCGAGGAGCAGGGACTTT XM 015297469.1 270 59 96.124
Antisense GGACTGTGAGCGGGTGTAG

CLDN1 Sense CATACTCCTGGGTCTGGTTGGT NM 001013611.2 140 59 95.325
Antisense GACAGCCATCCGCATCTTCT

SOD1 Sense AGGAGTGGCAGAAGTAGAAA NM_ 205064.1 110 60 93.154
Antisense TAAACGAGGTCCAGCAT

GPX1 Sense GCCCGCACCTCTGTCATAC NM 001277853.1 165 60 90.124
Antisense TGCTTCTCCAGGCTGTTCC

UCP Sense GAGAAACAGAGCGGGATTTGAT AB088685.1 135 58 94.581
Antisense GCTCCTGGCTCACGGATAGA

GAPDH Sense AGAACATCATCCCAGCGTCC NM_ 204305 105 58 96.256
Antisense CGGCAGGTCAGGTCAACAAC

HSP70 Sense ATTCTTGCGTGGGTGTCTTC NM 001006685.1 152 58 97.481
Antisense GATGGTGTTGGTGGGGTTC

GHr Sense TCAGAAAGGATGGATTACTCTGGAGTATG NM_001001293-1 145 60 95.213
Antisense CGGAGGTACGTTGTCTTGATCGGAC

IGF-1 Sense GGTGCTGAGCTGGTTGATGC JN942578 140 60 92.154
Antisense CGTACAGAGCGTGCAGATTTAGGT

TLRA4, Toll-like receptor 4; 1b, interleukin 1 beta; CLDNT1, claudin-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SOD1, superoxide dismu-
tase 1; GPX1, glutathione peroxidase; UCP, uncoupling protein; HSP70; heat shock protein 70; GHr, growth hormone receptor; IGF-1: insulin growth fac-

tor-1.
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Table 3. Effect of dietary supplementation of betaine (BT) and organic minerals (OMs) on growth performance in broilers under heat

stress (HS).

AT BT, g/ton OMs, g/ton Initial body weight, g Final body weight 35 d, g Weight gain 35 d, g Feed intake 35d,g FCR, 35d, g:g
TN 0 0 42.42 2169 2126 3337 1.538
250 42.46 2262 2219 3379 1.494
500 42.40 2283 2241 3368 1.476
2000 0 42.68 2246 2204 3320 1.478
250 42.58 2315 2272 3378 1.460
500 42.72 2335 2292 3356 1.437
HS 0 0 42.48 1884 1842 3066 1.628
250 42.64 1926 1883 3068 1.598
500 42.56 2077 2035 3252 1.566
2000 0 42.70 2035 1992 3199 1.576
250 42.42 2107 2064 3424 1.627
500 42.66 2140 2097 3251 1.524
SEM 0.400 40.15 40.18 54.88 0.030

Pvalue

HS 0.886 >0.001 >0.001 >0.001 >0.001
BT 0.567 >0.001 >0.001 >0.001 0.073
OMs 0.976 >0.001 >0.001 0.073 0.044
HS x BT 0.668 0.135 0.134 0.009 0.534
HS x OMs 0.997 0.446 0.447 0.526 0.514
BT x OMs 0.854 0.496 0.495 0.065 0.468

HS x BT x OMs 0.965

0.595 0.595 0.092 0.727

Values provided represent means that have been deemed statistically significant at (P < 0.05). SEM = standard error of means; AT = ambient temper-
ature; TN = thermoneutral temperature. n= 50, 50 birds per treatment (10 birds per duplicate, 5 male and 5 female).

Table 4. Effect of dietary supplementation of betaine (BT) and organic minerals (OMs) on carcass traits (%) in broilers under heat

stress (HS).

AT BT,g/ton  OMs, g/ton  Carcass  Breast muscle  Thighmuscle Liver  Heart  Spleen  Gizzard ~ Abdominal fat
TN 0 0 63.40 22.14 16.62 2.162 0.510 0.132 1.466 1.388
250 64.01 22.51 16.48 2.248 0.548 0.140 1.464 1.374
500 63.80 22.41 16.59 2.128 0.522 0.152 1.438 1.294
2000 0 63.89 22.86 16.43 2.180  0.532 0.124 1.470 1.214
250 64.26 22.35 16.42 2.214 0.488 0.126 1.474 1.164
500 63.29 22.55 16.01 2.114 0.512 0.118 1.436 1.112
HS 0 0 62.73 21.97 16.17 2.130  0.492 0.082 1.420 1.530
250 62.98 21.97 16.08 2272 0.518 0.086 1.436 1.434
500 62.41 21.95 16.16 2.210 0.534 0.086 1.468 1.410
2000 0 63.28 21.83 16.10 2.096  0.516 0.126 1.456 1.346
250 62.33 22.02 16.24 2.206 0.516 0.118 1.454 1.274
500 62.48 22.01 16.78 2.238 0.504 0.118 1.482 1.254
SEM 1.550 0.650 0.552 0.134 0.032 0.020 0.055 0.148

Pvalue

HS 0.235 0.177 0.600 0.818  0.738 0.020 0.883 0.165
BT 0.968 0.768 0.953 0.825 0.578 0.501 0.713 0.037
OMs 0.928 0.997 0.980 0.602  0.975 0.990 0.996 0.605
HSxBT 0.960 0.746 0.430 0.927  0.683 0.033 0.797 0.895
HSxOMs 0.928 0.985 0.747 0.690  0.874 0.944 0.697 0.963
BTxOMs 0.928 0.932 0.970 0.951  0.461 0.802 0.987 0.997
HSxBTxOMs 0.942 0.829 0.749 0.966  0.664 0.955 0.990 0.989

Values provided represent means that have been deemed statistically significant at (P < 0.05). SEM = standard error of means; AT = ambient temper-
ature; TN = thermoneutral temperature. n =10, 10 birds per treatment (2 birds per duplicate, 1 male and 1 female).

Serum Biochemical Parameters and Hepatic
Lipid Peroxidation

The impacts of dietary supplementation of BT, OMs,
and HS on the serum biochemical parameters of broilers
are shown in Table 5. Concentrations of glucose, AST,
and HDL-cholesterol remained unaffected by the main
factors as well as their interactions. Total cholesterol
and LDL-cholesterol levels were influenced (P < 0.05)
by HS, BT, and OMs, while TG levels were reduced (P
< 0.05) only by the inclusion of BT. The interaction
between BT, OMs, and HS did not exert a significant
effect on these 3 parameters. Notably, heat stress led to
an increase in total cholesterol and LDL-cholesterol

values (P < 0.01), while the dietary inclusion of BT and
OMs resulted in a reduction (P < 0.01) in the levels of
these indices.

In conditions of heat stress, concentrations of hepatic
MDA were elevated (P < 0.05), but these levels were
lowered (P < 0.05) by the incorporation of BT and OMs,
as demonstrated in Table 6. The interaction between
HS, BT, and OMs did not significantly impact MDA lev-
els. Hepatic GPX levels were reduced (P < 0.01) due to
exposure to HS without being affected by BT and OMs
supplementation or their interactions, regardless of the
presence or absence of HS. A similar pattern was
observed in hepatic SOD levels, which were notably
reduced (P < 0.01) in birds subjected to heat stress.
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Table 5. Effect of dietary supplementation of betaine (BT) and organic minerals (OMs) on serum parameters in broilers under heat

stress (HS).

AT BT, g/ton OMs, g/ton TC, mg/dL TG, mg/dL LDL, mg/dL HDL, mg/dL Glucose, mg/dL AST, mg/dL
TN 0 0 121.0 62.20 64.80 52.20 145.8 240.4
250 112.2 50.80 57.00 51.60 147.8 246.0
500 117.6 58.80 58.60 54.00 153.0 247.0
2000 0 115.8 46.00 58.20 54.20 150.8 246.6
250 107.2 50.40 51.80 52.00 142.4 231.2
500 119.4 53.80 63.00 52.60 148.4 226.6
HS 0 0 135.8 69.20 76.00 52.60 165.4 251.2
250 125.4 59.20 66.40 54.60 155.2 267.2
500 121.8 54.60 65.60 53.20 152.2 230.6
2000 0 1214 52.00 66.00 52.40 156.4 244.8
250 118.8 50.40 63.20 51.80 142.8 240.8
500 118.2 51.00 59.60 52.80 145.2 232.0
SEM 3.810 5.671 3.418 0.934 11.45 9.372
Pvalue
HS 0.001 0.467 0.001 0.804 0.462 0.411
BT 0.016 0.012 0.029 0.458 0.398 0.089
OMs 0.025 0.511 0.025 0.614 0.643 0.160
HSxBT 0.225 0.686 0.323 0.177 0.551 0.945
HSxOMs 0.112 0.433 0.157 0.245 0.672 0.346
BT xOMs 0.264 0.222 0.306 0.233 0.913 0.359
HSxBT xOMs 0.781 0.817 0.441 0.256 0.941 0.393

Values provided represent means that have been deemed statistically significant at (P < 0.05). SEM = standard error of means; AT = ambient temper-
ature; TN = thermoneutral temperature; TC = total cholesterol; LDL = low-density lipoprotein cholesterol; HDL = high-density lipoprotein cholesterol;
TG = triglyceride; AST = aspartate aminotransferase. n = 10, 10 birds per treatment (2 birds per duplicate, 1 male and 1 female).

Table 6. Effect of dietary supplementation of betaine (BT) and organic minerals (OMs) on broilers’ hepatic contents of MDA, SOD, and

GPX under heat stress (HS).

AT BT, g/ton OMs, g/ton MDA, nmol/g SOD, U/mg GPX, U/mg
TN 0 0 8.450 3.988 1.988
250 6.380 4.740 2.740
500 6.740 5.040 3.040
2000 0 7.436 4.760 2.760
250 6.870 4.720 2.720
500 6.370 5.140 3.140
HS 0 0 10.61 2.200 1.060
250 7.870 3.420 1.420
500 7.556 3.740 1.740
2000 0 7.800 3.900 1.900
250 7.126 3.520 1.520
500 7.280 3.520 1.520
SEM 0.233 0.129 0.115

Pvalue

HS 0.018 >0.001 >0.001
BT 0.050 0.015 0.109
OMs 0.003 0.007 0.096
HSxBT 0.235 0.454 0.891
HSxOMs 0.900 0.875 0.352
BT xOMs 0.156 0.003 0.064
HSxBTxOMs 0.625 0.285 0.830

Values provided represent means that have been deemed statistically significant at (P < 0.05). SEM = standard error of means; AT = ambient temper-
ature; TN = thermoneutral temperature; MDA = malondialdehyde; SOD = superoxide dismutase; GPX = glutathione peroxidase. n =10, 10 birds per

treatment (2 birds per duplicate, 1 male and 1 female).

However, the dietary inclusion of BT and OMs, along
with their interaction, led to a reduction (P < 0.05) in
hepatic SOD levels.

Breast Meat Minerals Content

The influence of incorporating dietary BT and OMs,
as well as exposure to HS, on the mineral composition of
the pectoral muscle is elucidated in Table 7. The expo-
sure to HS did not induce any notable changes in Mn,

Zn, and Cu levels within the pectoral muscle, although
there was a marginal reduction in Fe content (P < 0.05).
The inclusion of BT in the diet led to an increase (P <
0.01) in Mn content within the breast meat, while the
levels of Zn, Cu, and Fe remained unaffected. Moreover,
the dietary inclusion of OMs resulted in enhanced (P <
0.01) levels of all minerals in the pectoral muscle. The
interactions between HS, BT, and OMs did not signifi-
cantly impact the mineral content of the breast muscle,
with the exception of Cu levels, which were increased
(P < 0.05) due to the interaction between BT and OMs.
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Table 7. Effect of dietary supplementation of betaine (BT) and organic minerals (OMs) on broilers’ muscle mineral profile (mg/kg)

under heat stress (HS).

AT BT, g/ton OMs, g/ton Mn Zn Cu Fe
TN 0 0 0.126 3.762 0.296 2.260
250 0.198 6.066 0.482 2.474
500 0.204 6.354 0.500 2.640
2000 0 0.128 4.856 0.336 2.252
250 0.250 6.702 0.402 2.766
500 0.252 6.466 0.414 2.510
HS 0 0 0.122 3.562 0.256 2.060
250 0.168 5.764 0.436 2.106
500 0.180 6.520 0.420 2.374
2000 0 0.194 4.092 0.414 1.926
250 0.246 6.266 0.426 2.260
500 0.274 6.340 0.428 2.352
SEM 0.024 0.465 0.442 0.238

Pvalue

HS 0.740 0.300 0.744 0.028
BT >0.001 0.096 0.845 0.851
OMs >0.001 >0.001 0.001 0.049
HSxBT 0.074 0.536 0.070 0.847
HSxOMs 0.315 0.720 0.705 0.773
BT xOMs 0.525 0.412 0.040 0.583
HSxBT xOMs 0.787 0.945 0.928 0.914

Values provided represent means that have been deemed statistically significant at (P < 0.05). SEM = standard error of means; AT = ambient temper-
ature; TN = thermoneutral temperature. n= 10, 10 birds per treatment (2 birds per duplicate, 1 male and 1 female).

Immune Response

Table 8 illustrates the impact of dietary supplementa-
tion with BT and OMs, as well as exposure to HS, on the
immune response of broiler chickens. The antibody titer
against HIN1 and ND remained unaffected by BT,
OMs, HS, or their interactions, except for the ND titer,
which displayed an increase (P < 0.05) due to BT sup-
plementation. Serum concentrations of total protein and
globulins were not altered in response to BT, OMs,
HS, or their interactions, except they were elevated
(P < 0.05) due to BT and the interaction between BT
and OMs. Conversely, serum albumin levels were

reduced (P < 0.01) upon OMs inclusion while remaining
unaffected by the other factors or their interactions.

Digestibility

Table 9 provides insight into the impact of HS, as well
as dietary supplementation with BT and OMs, on the
digestibility of CP, ME, Mn, Zn, Cu, and Fe. Across
treatments, no significant changes were observed in CP
and ME digestibility nor their interaction with the main
factors. However, it is worth noting that CP digestibility
experienced an increase (P < 0.01) due to OMs

Table 8. Effect of dietary supplementation of betaine (BT) and organic minerals (OMs) on immunity in broilers under heat stress (HS).

AT BT, g/ton OMs, g/ton Total protein, mg/dL Albumin, mg/dL Globulin, mg/dL HONI1, titer ND, titer
TN 0 0 3.700 1.180 2.520 7.400 6.000
250 3.660 1.140 2.520 8.000 6.800
500 3.920 1.120 2.800 7.600 6.200
2000 0 3.720 1.200 2.520 7.200 6.600
250 4.380 1.280 3.100 7.600 6.400
500 3.820 1.160 2.660 8.400 6.800
HS 0 0 3.820 1.220 2.640 6.600 6.200
250 3.860 1.320 2.440 7.200 6.600
500 3.720 1.180 2.540 8.200 6.000
2000 0 4.060 1.260 2.800 8.400 6.800
250 4.180 1.280 2.900 8.000 7.000
500 4.040 1.060 2.980 8.000 7.000
SEM 0.145 0.058 0.138 0.551 0.379

Pvalue

HS 0.400 0.152 0.699 0.916 0.540
BT 0.002 0.630 0.002 0.176 0.036
OMs 0.266 0.002 0.334 0.252 0.518
HSxBT 0.547 0.058 0.186 0.251 0.359
HSxOMs 0.299 0.264 0.208 0.865 0.909
BT xOMs 0.039 0.381 0.050 0.709 0.299
HSxBTxOMs 0.203 0.272 0.186 0.143 0.753

Values provided represent means that have been deemed statistically significant at (P < 0.05). SEM = standard error of means, AT = ambient temper-
ature; TN = thermoneutral temperature. n= 10, 10 birds per treatment (2 birds per duplicate, 1 male and 1 female).
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Table 9. Effect of dietary supplementation of betaine (BT) and organic minerals (OMs) on nutrients and minerals digestibility coeffi-

cients (%) in broilers under heat stress (HS).

AT BT, g/ton OMs, g/ton CP ME Mn Zn Cu Fe
TN 0 0 66.00 55.33 28.33 27.67 24.33 29.00
250 65.66 54.67 34.00 32.00 30.00 34.33
500 67.00 55.67 38.00 35.67 34.00 37.33
2000 0 65.00 55.33 27.33 27.67 26.00 27.67
250 66.33 55.33 33.33 32.67 31.00 33.67
500 66.33 54.67 37.00 35.00 33.00 36.33
HS 0 0 64.66 55.00 27.00 26.33 24.67 28.00
250 66.66 54.00 32.33 31.67 29.33 32.67
500 67.00 55.33 36.00 35.00 34.00 35.33
2000 0 65.33 53.67 25.67 26.00 25.00 26.67
250 66.66 56.33 27.67 27.67 26.33 28.00
500 67.00 55.67 35.33 35.33 32.67 36.67
SEM 0.634 0.861 1.265 1.357 1.384 1.470
Pvalue
HS 0.651 0.739 0.004 0.066 0.198 0.041
BT 0.880 0.739 0.043 0.362 0.630 0.146
OMs 0.005 0.714 >0.001 >0.001 >0.001 >0.001
HSxBT 0.453 0.579 0.369 0.362 0.248 0.747
HS x OMs 0.417 0.496 0.438 0.483 0.374 0.328
BT x OMs 0.742 0.177 0.557 0.693 0.478 0.409
HS x BT x OMs 0.436 0.411 0.438 0.347 0.630 0.323

Values provided represent means that have been deemed statistically significant at (P < 0.05). SEM = standard error of means; AT = ambient temper-
ature; TN = thermoneutral temperature; CP = crude protein; ME = metabolizable energy. n= 10, 10 birds per treatment (2 birds per duplicate, 1 male

and 1 female).

supplementation. Notably, including OMs in the diet led
to increased (P < 0.01) digestibility for Mn, Zn, Cu, and
Fe. Conversely, exposure to HS resulted in reduced (P <
0.05) digestibility for Mn and Fe, while BT supplemen-
tation led to an increased (P < 0.05) digestibility of Mn.
The interaction among HS, BT, and OMs did not exert
a discernible effect on the digestibility of the aforemen-
tioned parameters.

Messenger RNA Expression of Growth-
Related Genes

Significant upregulation of hepatic gene expression of
SOD1, GPX1, UCP, GHr, and IGF-1 proteins were
observed in response to HS and BT and OMs dietary
treatments (Figure 1A, B, D, E, and F). A key finding of
this study is the substantial normalization and recovery
of hepatic mRNA expression levels for SOD1, GPX1,
UCP, GHr, and IGF-1 in groups subjected to similar
treatments under heat-stress conditions. Conversely,
there was a notable increase in hepatic HSP70 mRNA
expression within the heat-stress groups compared to
other treated groups (Figure 1C). This elevation was
mitigated by different BT and OMs treatments under
heat-stress conditions.

Results depicted in Figures (1G and H) underscore a
pronounced elevation in mRNA expression levels of
intestinal TLR4 and IL-18 in the heat-stressed group
compared to other treated groups. Intriguingly, various
dietary treatments involving BT and OMs under heat-
stressed conditions demonstrated a significant reduction
in intestinal TLR4 and IL-18 gene expression. Further-
more, there was a noteworthy increase in claudin-1
mRNA expression due to dietary BT and OMs treat-
ments, with a substantial surge attributed to the inter-
action between BT and high levels of OMs (Figure 1I).

Claudin-1 mRNA expression was significantly decreased
(P < 0.01) in the heat-stressed groups but exhibited a
marked increase (P < 0.01) due to the dietary incorpo-
ration of BT and OMs, as well as their interaction.

DISCUSSION
Growth Performance

Several studies demonstrated that heat stress reduces
broilers’ growth performance, including FI, BWG, and
FCR (Lu et al., 2017; Liu et al., 2019). The current
study also indicates that exposure to HS decadent all
FBW, WG, FI, and FCR. However, the inclusion of BT
and OMs in the diets resulted in an enhancement in per-
formance parameters (Table 3). Notably, the dietary
combination of BT and OMs enhanced FBW and BWG
in broilers under heat-stress conditions. However, no sig-
nificant interactions were observed among the 3 factors
(HS, BT, OMs) that affected the results. Also, current
results agree with Chand et al. (2017), who found that
dietary 0.20% BT supplementation significantly
improved FI, BWG, and FCR in broilers under heat-
stress conditions. On the same path, other studies
showed that dietary 0.10% BT supplementation
decreased the detrimental impact of high ambient tem-
perature on performance and increased production effi-
ciency (He et al., 2015; Al-Sagan et al., 2021). The
reduction in broilers’ growth under heat-stress condi-
tions might be due to the reduced FI, a defensive strat-
egy to limit body heat increment (Song et al., 2013).

Furthermore, broilers underuse high energy to adjust
the increased ambient temperature, reducing the energy
required for development and resulting in inferior
growth performance (Nawab et al., 2018). Temperature
loss via radiation can be occurred by blood moving from
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Figure 1. The mRNA expression of (A) hepatic SOD1, (B) hepatic GPX1, (C) hepatic HSP70, (D) hepatic UCP, (E) hepatic GHr, (F) hepatic
IGF-1, (G) intestinal TLR, (H) intestinal IL-18, (I) intestinal claudin-1. Different letters in the different columns are significantly different (P <
0.05). Values are expressed as means == SEM. 1 A, control fed a basal diet; B and C, the diet mixed with 250 or 500 ppm OMs; D, the diet mixed
with 2,000 ppm BT; E and F, the diet mixed with 250 or 500 ppm OMS plus 2,000 ppm BT. The same treatments were used for the groups AH to
FH. 2 A—F groups were reared under thermoneutral conditions (26 + 1 C), while AH—FH groups were under heat stress (35°C £ 2°C for 6 h daily)
from d 10 to d 35. n= 10, 10 samples from each treatment (2 birds per duplicate, 1 male and 1 female).

central to peripheral (body’s surface) circulation (Attia
and Hassan, 2017; Rizk et al., 2019). Also, heat stress
reduced the jejunal transepithelial resistance affecting
the digestion and absorption processes and, perchance
jeopardizing feed efficiency. Moreover, dietary supple-
mentation of OMs may reduce the environmental
impact of excessive excretion by reducing the inclusion
of inorganic forms and improving absorption (Aksu et
al., 2010). At the same time, dietary BT supplementa-
tion increased jejunum permeability and relieved the
adverse effects of heat stress on FI, BWG, and breast
muscle weight in broiler chickens (Shakeri et al., 2018).
Furthermore, disrupting the intestinal barrier might
provide a pathogen entry point, raising the risk of sick-
ness (Dunshea et al., 2013; Ebeid et al., 2021). A similar
set of results was discovered by Lagana et al. (2007),
who found that supplementing OMs increased broiler
performance by causing a drop in FI, which resulted in a
higher FCR, regardless of the environmental conditions.
Due to heat stress exacerbates a minor mineral shortage
or raises the nutrient demand, and these nutrients have
interrelationships, which could improve nutritional
digestibility (Sahin and Kucuk, 2001).

Similarly, Petrovic et al. (2010) and Zhao et al. (2010)
found that OMs are more bioavailable, resulting in lower
food inclusion, excretion, and environmental pressure.
The results might differ for various reasons, including
different environmental circumstances and dietary

treatments such as BT and OMs in broiler diets. The dis-
parities in experimental results suggested that more
research was needed to close the gap in contradicting
results caused by the varying doses, experiment environ-
ment, and poultry species.

Carcass Traits

Results of carcass traits in the present study agreed
with those of Sakomura et al. (2013), who found no dif-
ferences in the carcass, breast yield, or abdominal fat in
heat-stressed broilers given BT as a dietary supplement.
Furthermore, Al-Sagan et al. (2021) reported that BT
supplements did not affect the percentage of carcass
pieces. Additionally, the results of Zhao et al. (2010) and
Mishra et al. (2013) established that the OMs supple-
mented into broilers’ diets did not affect carcass traits.
Several studies reported that conditional heat stress
deteriorates carcass traits and abdominal fat content
(Rao et al., 2011; Lu et al., 2017; Al-Sagan et al., 2021).
On the other hand, other researchers found that supple-
menting broilers’ diets with BT increased their eviscer-
ated carcass % and breast muscle yield when exposed to
high ambient temperature (Liu et al., 2019). The varia-
tion between experimental results might most likely be
linked to the observed severity of the heat stress, BT and
OMs concentrations, and broilers’ genetic background.
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Breast Meat Minerals Content

The dietary mixture of BT plus OMs may enhance
OMs bioavailability and increase the deposition of Mn
and Zn in breast meat in the present study (Table 6).
Also, significant disparities between breast muscle con-
centrations of Mn, Zn, and Cu in Ross-308 broiler chick-
ens received the various experimental diets. These
findings agree with those of Wedekind et al. (1992) and
Rabiee et al. (2010), which stated that the bioavailabil-
ity of OMs is higher than that of inorganic minerals. El-
Husseiny et al. (2012) noted that higher performance
and carcass traits and lower excretion of these organic
minerals were noticed in birds-fed diets with 100% of the
requirements of inorganic form. Furthermore, Manangi
et al. (2012) noted that Zn, Cu, and Mn litter levels were
low in birds fed the low concentration of OMs compared
to industry-standard mineral supplementation derived
from inorganic sources.

Serum Biochemical Parameters

Results presented in Table 5 revealed that dietary BT
and OMs combination did not affect serum concentra-
tions of lipid profile, glucose, and AST. However, total
cholesterol and LDL-cholesterol values were numerically
reduced in groups B, D, and E and B, C, D, and E,
respectively, compared to the control group (A). Similar
outcomes were reported by Ratriyanto and Mosenthin
(2018), who observed that dietary BT improved lipase
activity and reduced the quantities of triacylglycerols
and cholesterol in the serum of laying hens. Ghasemi
and Nari (2020) reported that supplementing BT in
diets did not affect blood biochemical parameters. More-
over, Echeverry et al. (2016) revealed no marked
changes caused by the supplementation of OMs into
broilers’ diets in the overall analysis of biochemical blood
indices, including total protein, globulin, glucose, and
cholesterol. The use of suitable amounts of BT and
OMs, which may be a valuable nutritional intervention,
especially under heat-stress conditions, might be con-
tributed to the improvement in serum parameters of
broilers in the present study.

Antioxidative Properties and Lipid
Peroxidation

Interestingly, adding BT with OMs was more effective
in reducing hepatic MDA levels (as the index of lipid
peroxidation) under heat-stress conditions (FigurelA).
These improvements might be attributed to enhancing
the antioxidative enzyme activities. This assumption is
confirmed in the present study, whereas gene expression
of SOD1 and GPX1 was upregulated by BT and OMs
dietary treatments (Figure 1B and C). It was reported
that heat stress increased the level of MDA in broiler
breast muscle (Azad et al., 2010) by increasing substrate
oxidation and mitochondrial membrane potential, as
well as decreasing uncoupling protein production

(Mahmoud and Edens, 2003). Dietary BT was shown to
facilitate antioxidative status in the breast muscle of
broilers fed a low-methionine diet depending on its role
within tissue as a methyl donor, which might be used for
methionine synthesis (Alirezaei et al., 2012). Based on
the findings of Alirezaei et al. (2011), BT may protect
cells from oxidative injury by replenishing S-adenosyl
methionine, which helps increase substrate availability
for the manufacture of GSH, which shields cells against
oxidative damage. Wang et al. (2019) proved that
methionine is involved in regulating the antioxidant-
related gene expression in the liver and intestine, includ-
ing thioredoxin (Trz), glutaredoxin (Grz), glutathione
reductase (GSR), and glutathione synthetase (GSS)
via transsulfuration pathway in glutathione system in
broiler chickens.

Even though BT serves as a methyl group donor in
protein structure, enzyme function, and cellular func-
tion, its osmoregulatory properties could affect the
growth of broiler chickens in hot environments (Craig,
2004). Furthermore, BT reduces the fear response in
broilers exposed to heat stress by constraining oxidative
stress and growing broiler feed intake (Ratriyanto and
Mosenthin, 2018). During heat stress, administration of
BT reduced broiler chickens’ tonic immobility, linked to
higher serum levels of SOD and GPX activities. These
observations supported our data concerning the gene
expression of SOD1, GPX1, GHr, and IGF-1.

Heat stress stimulated free radicals production and
decreased the UCP mRNA expression with a significant
reduction in GPX1 (Del Vesco et al., 2015; Habashy et
al., 2018). In this study, hepatic gene expressions of
GPX1 and UCP in heat-stressed broilers were increased
by BT supplement, which may reduce oxidative damage
in the liver. Moreover, the methionine-saving properties
of BT may be vital, allowing more methionine to be used
for antioxidant gene expression, including phosphatidy-
linositol 3-kinase, regulatory 1 in the liver, and atrogin 1
and cathepsin L2 in breast muscle in broiler chickens
(Del Vesco et al., 2015). Furthermore, BT positively
affected mitochondrial respiration, which may also be a
factor in increased UCP mRNA expression (Lee, 2015).
Additionally, BT may help maintain intestinal integrity
and barrier function, resulting in better digestion and
nutritional absorption. Recently, Wu et al. (2020) dis-
covered that adding BT to lipopolysaccharide boosted
CLDN1 mRNA expression in porcine epithelial cells, in
line with our findings.

Immune Response

Surprisingly, there were numerical differences in
serum antibody titers against HIN1 and ND when
broilers were fed a combination of BT and OMs under
heat-stress conditions. At the same time, total protein,
albumin, and globulin were numerically enhanced by
high levels of dietary supplementations of BT and OMs
compared to the other treatments under either thermo-
neutral or heat-stress conditions. These findings are
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consistent with prior results, which indicated that the
increase in blood albumin due to BT integration was
connected with its capacity to contribute methyl groups,
which are required for protein metabolism, and its
involvement in boosting immunity (Attia et al., 2005;
Hassan et al., 2011; Chand et al., 2017). Moreover, OMs
supplementation may benefit intestinal development
and immune system function (Echeverry et al., 2016).
Conversely, Dardenne et al. (1985) reported that Zn, as
one of the trace minerals, plays a vital role in regulating
the immune system function and its relationship with
enzymes required to preserve the integrity of cells
engaged in the immunological response. It is worth not-
ing that an adequate supply of trace minerals in the diet
is essential for a healthy immune system that can deal
with environmental challenges and infections (Maggini
et al., 2007; Tomlinson et al., 2008).

Digestibility

According to previous evidence, heat exposure has
been demonstrated to stress osmotic cells in broilers,
causing a water imbalance and modifying cell permeabil-
ity through dehydration (Ratriyanto and Mosenthin,
2018). Furthermore, changes in the digestive system’s
structure and function may happen due to fluid move-
ment from the digestive system during heat stress (Song
et al., 2013). There were no noteworthy differences in
CP or metabolism energy digestibility in the present
study between dietary BT and OMs treatments under
thermoneutral or heat-stress conditions. However, the
supplementation of OMs in combination with BT signifi-
cantly increased Mn, Zn, Cu, and Fe trace minerals’
digestibility (Table 8). These results align with the find-
ings of Liu et al. (2019). Therefore, it could be supposed
that a dietary combination of BT plus OMs may
enhance OMs bioavailability and stabilize the normal
mineral balance, improving the growth performance and
antioxidative properties in broilers subjected to stress
conditions. Moreover, enhancing OMs bioavailability
may be resulted in increasing the deposition of Mn and
7Zn in breast meat in the present study.

Messenger RNA Expression of Growth-
Related Genes

The cells of all animals include heat shock genes,
which produce HSPs that aid in cell protection from
heat-induced injury. Many HSPs were induced because
of their well-documented roles in cells as a defense
against heat stress (Dangi et al., 2016). In the present
study, HSP70 mRNA was increased during heat anxiety
with significant normalization with the dietary treat-
ment of BT and OMs. In agreement with the results of
the present study, Dangi et al. (2015) reported that the
expression of HSPs is significantly reduced by BT. The
gene expression of HSP70 can also be inhibited by BT,
which may help to stabilize cellular proteins and protect
them from denaturation due to heat stress (Sheikh-

Hamad et al., 1994). These results might be attributed
to the fact that under heat-stress conditions, dietary BT
supplementation is involved in reducing rectal tempera-
ture and respiration rates in broiler chickens (Singh et
al., 2015) and growing rabbits (Hassan et al., 2011)
which may lead to alleviating some of the adverse effects
of heat stress including expression of HSP70.

The intestinal mucosal immune system relies on TLRs
to transmit signals and mediates the proinflammatory
effect (Chow et al., 1999; Vallabhapurapu and Karin,
2009). The TLR4, NF-kg, and IL-18 mRNA expression
in broilers’ intestines were reduced by BT treatment
(Song et al., 2021). In addition, the NF-kB pathway was
inhibited or downregulated by BT to alleviate stress in
rats (Yang et al., 2018). Furthermore, Wu et al. (2020)
found that treating intestinal porcine epithelial cells
with BT abridged the mRNA expression of the proin-
flammatory cytokine interleukin 6, and S-adenosylme-
thionine synthesis was increased by BT, which reduced
inflammation. An adenosylmethionine averted the initi-
ation of inducible nitric oxide synthase and lessened NF-
kB synthesis (Purohit et al., 2007; Dou et al., 2018). The
increased intestinal barrier and integrity function may
be connected with lower mRNA expressions of intestinal
genes such as TLR4, NF-kg, and IL-18.

CONCLUSIONS

Heat stress negatively affected the growth perfor-
mance and physiological homeostasis of broiler chickens.
The dietary supplementation of 500 ppm OMs along
with 2,000 ppm BT yielded significant improvements in
growth performance and mineral digestibility among
broiler chickens, regardless of thermal conditions. More-
over, this combination effectively restored the expression
of growth and immune-related genes under heat-stress
conditions.
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