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A B S T R A C T

This study evaluated the effect of wheat germ oil (WGO), Bacillus subtilis, and their combination on growth
performance, immune response, nutrient digestibility, intestinal microbial, oxidative status, and gene expression
in heat-stressed broilers. Four hundred one-day-old male Ross 308 broilers were distributed into five pens (20
birds/pen) in four experimental groups: a control (CON) without additives, WGO group fed diet with WGO at 200
mg.kg-1, BS group fed diet with B. subtilis at 500 mg.kg-1 containing 5 × 108 CFU.g-1, and CWB group received
both WGO and B. subtilis. Heat stress exposure adversely affected broiler growth performance, carcass traits,
immune response, and insulin-like growth factor 1 (IGF-1) and mucin2 (MUC2) mRNA expression. However, the
CWB group showed a lower FCR, reduced mortality rate, and increased BWG compared to the other groups.
Nutrient digestion was also improved, with a higher digestibility of ether extract, dry matter, and crude protein.
By day 35, stress biomarkers like corticosterone and glucose levels were reduced, while triiodothyronine levels
increased in the BS and CWB groups. The CWB group also showed lower malondialdehyde and interleukin-6
levels, with higher superoxide dismutase activity, and increased levels of IgA, IgG, and interleukin-10. Addi-
tionally, the CWB group had higher HDL levels and lower cholesterol and LDL levels (P < 0.05). Notably, CWB
supplements modified the structure of the cecal microbial community by increasing Lactobacillus counts and
decreasing E. coli and C. perfringens counts. Furthermore, the expressions of intestinal MUC2 and hepatic IGF-1
were up-regulated (P < 0.05) in the CWB group. This study provides evidence that supplementing heat-stressed
broiler diets with a mixture of WGO and B. subtilis enhances antioxidant capacity, immune response, growth
performance, and gut integrity via modulating the microbial community and regulating gene expression.

Introduction

Rising environmental temperatures have detrimental impacts on
animals raised for meat, particularly in the poultry industry, where heat
stress leads to substantial economic losses and threatens sustainability.
Broiler chickens, a major part of global livestock, are highly vulnerable

to heat stress, which hampers growth, weakens immunity, and increases
mortality and morbidity (Abdel-Moneim et al., 2021). This stress also
compromises the quality and safety of the final product. Heat stress
causes changes in the structure, function, morphology, and mucosal
damage of the chicken intestine, reducing blood flow, oxygenation,
nutrient availability, and feed intake (Quinteiro-Filho et al., 2017). This
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results in increased gut permeability, inflammation, and impaired
nutrient absorption, compromising overall gut health (Wu et al., 2018).
On a cellular level, heat stress triggers reactive oxygen species (ROS)
production, leading to oxidative stress and immune fatigue. To combat
these effects, nutritionists have explored dietary interventions.
Numerous studies highlight the positive impact of feed additives in
mitigating heat stress and improving feed efficiency, such as prebiotics
(Abd El-Hack et al., 2021; Shehata et al., 2022; Yang et al., 2023),
essential oils (Elbaz et al., 2022b), probiotics (Abd El-Hack et al., 2020;
Elbaz et al., 2023b), herbal extracts (Dosoky et al., 2021; Elbaz et al.,
2021; Mesalam et al., 2021; Ebeid et al., 2023), and enhanced man-
agement and nutrition practices (Abdel-Moneim et al., 2021; Elbaz et al.,
2022a; Siddiqui et al., 2022; Abdel-Moneim et al., 2023). These ap-
proaches are essential for maintaining poultry viability and profitability
under heat stress conditions.

Probiotics are gaining increasing attention in poultry production due
to their multiple properties, the most important of which are antimi-
crobial and immunomodulatory, which provide health benefits to the
host. Numerous previous studies provide abundant evidence of their
potential to improve poultry growth performance (Abdel-Moneim et al.,
2020b; Elbaz et al., 2021), enhance nutrient digestion, and gut health
(Jeong and Kim, 2014), positively modify gut microbiota, and boost
immunity (Mountzouris et al., 2010). Common probiotic strains used in
poultry diets include Bifidobacterium, Lactobacillus, and Bacillus (Abd
El-Moneim et al., 2020). B. subtilis is particularly noted for its resilience
to environmental stresses and its role in enhancing gut health, immu-
nity, feed efficiency, and growth of broilers (Abdel-Moneim et al.,
2020a), through mechanisms like competitive exclusion and the pro-
duction of beneficial enzymes, vitamins, fatty acids, and antimicrobial
peptides (Gelinas et al., 2024).

Wheat germ oil (WGO), extracted from wheat germ and comprising
8-14 % of whole wheat’s weight (Arshad et al., 2013), is rich in linoleic
and oleic acids and vitamins D, E, and A (Barakat et al., 2011). It boasts
antioxidant properties due to its high content of biologically active
compounds, such as phenolics, tocotrienols, tocopherols, and caroten-
oids, which offer nutritional and health benefits. WGO contains high
levels of alpha-lipoic acid, known for its ability to neutralize ROS and
chelate minerals (Gumus et al., 2015), thereby reducing oxidative stress
(Barakat et al., 2011). It also enhances oxidative stability by regener-
ating self-antioxidants like vitamins E and C (Anwar and Mohamed,
2015). Additionally, WGO has been shown to improve the oxidative
stability of fats in poultry meat (Arshad et al., 2013) and has demon-
strated antimicrobial and anti-inflammatory effects (Zargar et al., 2023).

Given its beneficial properties, WGO can serve as an effective
nutritional supplement to alleviate the deleterious impacts of heat stress
in broilers. We hypothesized that supplementing broiler diets with WGO
and B. subtilis would improve their growth, gut health, immune
response, and oxidative status under heat stress. Therefore, this study
evaluated the impact of WGO and B. subtilis on the aforementioned
parameters, as well as on cecal microbiota and gene expression in
broilers under heat stress conditions.

Methods and materials

Ethics statement

The animal utilization protocol (000-23-141) for this experiment was
approved by the Desert Research Center Animal Care Committee, and all
birds were cared for per the Ain Shams on Animal Care Guidelines.

Diets, and bird management

A total of 400 day-old male Ross 308 broilers were obtained from a
commercial hatchery and distributed into five pens (20 birds/pen)
across four experimental groups. The groups were as follows: chicks fed
a diet with no feed supplements (CON), chicks fed a diet containing

WGO at 200mg.kg-1, chicks fed a diet with B. subtilis ATCC19659 (BS) at
500 mg.kg-1 containing 5× 108 CFU.g-1, and chicks fed a diet combining
WGO with B. subtilis (CWB) at the same doses. The room temperature
was set at 32◦C for 48 h, then reduced to 31◦C for another 48 h, after
which the birds were kept at ambient temperature, averaging 31.4◦C
with 59.3 % relative humidity during the experiment. The temperature-
humidity index (THI) was calculated following Tao and Xin (2003)
equation: THI = 0.85tdb + 0.15twb, where twb and tdb are wet and dry
bulb temperatures, respectively, as shown in Fig. 1. Lighting was
maintained at 24 h (20+ lux) during the first week, then reduced to 20 h
(10 lux) from day 8 until the end of the experiment. Fresh water and feed
were provided ad libitum throughout the trial. A corn-soybean meal--
based diet was formulated according to the nutrient requirements of the
birds (Aviagen, 2018) in a two-phase feeding program: starter (0-21 d)
and grower (22-35 d), as given in Table 1. B. subtilis strain was obtained
from Cairo Agricultural Research Center, Microbiology Culture Collec-
tion, Faculty of Agriculture, Ain Shams University, Egypt, and the
cold-pressed WGO was purchased from ALHAWAG Co., Egypt.

Growth performance and carcass traits

Live body weight (LBW) and feed intake (FI) were recorded on days
21 and 35. Mortality was recorded daily throughout the experiment, and
body weight gain (BWG), and feed conversion ratio (FCR) were calcu-
lated. On day 35, 15 birds per group were randomly selected for sam-
pling. These birds were weighed (representative weights for each
group), slaughtered, and dissected for carcass characteristics, including
carcass weight, liver, immune organs, and abdominal fat.

Nutrient digestibility

Five broilers from each group were separated and placed individu-
ally in digestion cages at 35 days of age. The digestion experiment lasted
for 4 days. Fresh excreta samples were collected from beneath each bird
every 8 h daily during the 4-day digestion experiment and then dried.
Additionally, the amount of feed consumed during the digestion period
was recorded to measure nutrient digestibility coefficients. The feed and
excreta samples collected were analyzed at the Desert Research Center
Laboratory in Egypt for dry matter (DM), nitrogen-free extract (NFE),
ether extract (EE), and crude protein (CP) using the methods of AOAC
(2000).

Blood biochemical analysis

Before slaughter, blood samples were collected from the jugular vein
into heparinized tubes, then centrifuged at 3000 × g for 15 min to
separate the plasma, which was stored at − 20◦C until further analysis.
Plasma concentrations of triglyceride, cholesterol, low-density lipopro-
tein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), and
glucose were analyzed using an automatic biochemical analyzer (Amiri
et al., 2020). In addition, levels of immunoglobulins M, G, and A (IgM,
IgG, and IgA), malondialdehyde (MDA), superoxide dismutase (SOD),
and glutathione peroxidase (GPx) activity were measured following
Abdel-Moneim et al. (2020). Plasma samples were also used to detect
concentrations of interleukin-10 and 6 (IL-10 and IL-6), and tumor ne-
crosis factor-α (TNF-α) using commercial ELISA kits (MyBioSource, San
Diego, CA), following the manufacturer’s instructions. Plasma levels of
triiodothyronine (T3) and corticosterone were measured using special-
ized commercial kits as described by Abdel-Moneim et al. (2022b) and
Emam et al. (2024), respectively.

Cecum microbial enumeration

During slaughter, approximately 2 g of cecal contents were collected
to assess gut microbial diversity. One gram of each cecal sample was
placed in 9 ml of phosphate-buffered saline, serially diluted, and then
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cultured on agar specific to each microbe. The cultures were incubated
at the required temperature and duration as described by Abdel-Moneim
et al. (2022c). The microbial counts included Clostridium perfringens (on
tryptose sulfite cycloserine agar), Escherichia coli (on MacConkey agar),
and Lactobacillus (on MRS agar).

Gene expression

After slaughter, liver and ileum samples were collected from five
chickens in each group at the end of the experiment to directly assess
target gene expression. Samples were homogenized thoroughly for RT-

PCR analyses using a Qiagen one-step RT-PCR kit (Qiagen, USA),
following the manufacturer’s guidelines. NanoDrop spectrophotometer
was used to assess the purity and integrity of RNA. RNA with an A260/
A280 ratio of 1.8 or greater was selected for cDNA synthesis. The RT-
PCR reaction was conducted in a total volume of 25 μl for each gene
of interest using a Bio-Rad thermal cycler (MyCycler, Germany) and
included 40 cycles of denaturation (95◦C, 30 s), annealing (60◦C, 30 s),
and extension (72◦C, 30 s) using a RT-PCR System (Applied Biosystems,
USA). The primer pairs for insulin-like growth factor 1 (IGF-1) and
mucin 2 (MUC2) genes were designed based on the Gallus gallus
sequence as follows: MUC2) 5-“F-TTCATGATGCCTGCTCTTGTG”− 3; 5-
“R-CCTGAGCCTTGGTACATTCTTGT”− 3, while IGF-1) 5-“F-TGTACTG
TGCTCCAATAAAGC”− 3; 5-“RCTGTTTCCTGTGTTCCCTCTACTT”− 3.
Relative gene expression levels were calculated using the 2^-ΔΔCt
method, with normalization to the β-actin housekeeping gene, as
described by Livak and Schmittgen (2001).

Statistical analysis

All experimental data were analyzed using a one-way ANOVA with
the GLM procedure in SAS (9.4 software, SAS Institute Inc., Cary, NC,
USA). The Tukey multiple comparison range test was performed to
determine statistical differences between groups’ means at P < 0.05.
Data were presented as mean values with pooled SEM.

Results

Performance parameter

The LBW and BWG of the CON group at 3 and 5 weeks were reduced
(P < 0.05) compared to the treated groups (Table 2). Chickens fed the
experimental additives showed an increase in LBW and BWG compared
to CON group, with the highest LBW and BWG (P< 0.05) observed in the
CWB group that received WGO and B. subtilismixture. Furthermore, FCR

Fig. 1. Average temperature-humidity index (THI) during the experimental period.

Table 1
Feed ingredients and chemical composition of basal diets.

Ingredient, % Starter (0-21d) Grower (22-35d)

Yellow corn 55.40 59.20
Soybean meal 38.06 33.10
Corn Oil 2.380 4.050
Di-Calcium Phosphate 2.040 1.820
Calcium carbonate 1.270 1.060
Premix* 0.300 0.300
Salt 0.250 0.250
DL-Methionine 0.160 0.120
Hcl-Lysine 0.040 -
Sodium bicarbonate 0.100 0.100
Chemical composition ​ ​
Crude protein, % 23 21
Metabolizable energy, kcal.kg-1 3000 3200
Calcium, % 1.045 0.941
Available phosphorus, % 0.497 0.451

* Premix: (1 %) provided the following (per Kilogram of complete diets). 1400
IU Vitamin A, 3000 IU Vitamin D3, 50 mg Vitamin E, 4 mg Vitamin K, 3 mg
Vitamin B6, 6 mg Vitamin B12, 60 mg Niacin, 20 mg Pantothenic acid, 0.20 mg
folic acid, 150 mg Choline, 48 mg Ca, 3.18 mg P, 100 mg Mn, 50 mg Fe, 80 mg
Zn, 10 mg Cu, 0.25 mg Co, 1.5 mg Iodine.
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was lower in the treated groups compared to the CON group during
Weeks 4-5 and Weeks 0-5. The CWB group achieved the best FCR
compared to the other groups (P < 0.05), even though FI remained
unaffected across all experimental groups during the study.

Relative abdominal fat weight decreased (P < 0.05) in the WGO, BS,
and CWB groups, with the lowest level observed in the WGO and CWB
groups. However, the relative weights of the liver and dressing were not
statistically altered by the experimental feed additives (Table 2).
Nevertheless, there was also a numerical elevation (P < 0.063) in the
dressing in the CWB group compared to the remaining groups.

Nutrient digestibility

Table 3 demonstrates the impact of the dietary supplements on
nutrient digestibility. Broilers fed the CWB, BS, and WGO diets showed

increased digestibility of DM and CP (P< 0.05) compared to the control.
Additionally, EE digestibility was higher (P < 0.05) in chicks fed the
CWB and WGO diets compared to those fed the BS and CON diets.
Nitrogen-free extract digestibility was higher (P< 0.05) in chicks fed the
CWB diet compared to the other groups. Chicks fed the CWB diet
exhibited the best digestibility coefficient of NFE, EE, DM, and CP.

Stress biomarkers and lipid profile

Glucose and corticosterone levels were lower (P < 0.05) in the WGO,
BS, and CWB groups compared to the CON group, as presented in
Table 4. Nevertheless, T3 levels were higher (P < 0.05) in these groups
than in the CON group, with the CWB group exhibiting the lowest
glucose and corticosterone levels and the highest T3 levels. Additionally,
the dietary supplements significantly impacted the blood lipid profile,
with chickens fed BS and CWB diets showing reduced (P < 0.05) plasma
cholesterol levels. Plasma HDL levels were increased (P< 0.05), and LDL
levels were reduced (P < 0.05) in the BS, WGO, and CWB groups
compared to the CON group. However, triglyceride levels were not
influenced by the experimental additives Table 5.

Immune response

Table 3 illustrates the impact of dietary supplementation of WGO,
B. subtilis, or their mixture on the broiler’s immune response. While IgM
levels were not significantly affected, both IgA and IgG levels were
higher (P < 0.05) in the BS and CWB groups compared to the other
groups. The dietary supplements also significantly influenced blood
immune cytokines: IL-10 levels increased in the WGO, BS, and CWB
groups (P < 0.05) compared to the CON group, whereas IL-6 levels
decreased (P < 0.05) in the BS and CWB groups compared to the WGO
and CON groups. TNF-α levels remained unaffected by the supplements.

Antioxidant status

As depicted in Fig. 2, antioxidant status improved with experimental
feed additives, as SOD levels increased (P < 0.05) and MDA levels
decreased (P < 0.05) in the BS, WGO, and CWB groups compared to the
CON group, while GPx levels were not affected by the dietary
supplements.

Cecum microbial enumeration

The experimental treatments significantly altered the microbial

Table 2
Effect of dietary supplementation of wheat germ cold-pressed oil, B. subtilis and
their mixture on growth performance and carcass traits in broiler chickens under
heat stress.

Parameter CON WGO BS CWB SEM P-value

Week 0-3 ​ ​ ​ ​ ​ ​
LBW, g 692.2c 713.1b 721.9b 747.0a 3.814 >0.001
BWG, g.period-
1

651.6c 672.5b 681.3b 706.1a 3.797 >0.001

FI, g.period-1 768.1 770.4 765.3 764.7 1.449 0.453
FCR, g feed.g
gain-1

1.179a 1.146b 1.123b 1.082c 0.010 >0.001

Week 3-5 ​ ​ ​ ​ ​ ​
LBW, g 1797.2c 2004.2b 1995.8b 2074.5a 18.41 >0.001
BWG, g.period-
1

1105.0b 1291.1a 1273.9a 1327.5a 16.17 >0.001

FI, g.period-1 2422 2476 2429 2473 12.01 0.243
FCR, g feed.g
gain-1

2.108a 1.921b 1.908b 1.866b 0.021 >0.001

Week 0-5 ​ ​ ​ ​ ​ ​
BWG, g.period-
1

1756.6c 1963.6b 1955.2b 2033.7a 18.40 >0.001

FI, g.period-1 3190 3246 3194 3237 11.61 0.202
FCR, g feed.g
gain-1

1.818a 1.654b 1.634bc 1.593c 0.016 <0.001

Mortality, % 11 9 8 5 - -
Carcass traits,
%

​ ​ ​ ​ ​ ​

Dressing 69.61 70.26 69.80 71.33 1.614 0.063
Abdominal fat 4.21a 3.06c 3.61b 2.94c 0.022 0.002
Liver 2.16 2.24 2.08 2.21 0.091 0.615

CON, Experimental basal diet without feed additive; WGO, Experimental basal
diet with wheat germ oil at 200 mg.kg-1; BS, Experimental basal diet with Ba-
cillus subtilis at 500 mg.kg-1 containing 5 × 108 CFU.g-1; CWB, Experimental
basal diet with wheat germ oil and B. subtilis; LBW, live body weight; FI, feed
intake; BWG, body weight gain; FCR, feed conversion ratio; SEM, standard error
of the mean. Means in the same row with different superscripts are significantly
different.

Table 3
Effect of dietary supplementation of wheat germ cold-pressed oil, B. subtilis and
their mixture on digestion coefficients of nutrient in broiler chickens under heat
stress.

Parameter CON WGO B.S CWB SEM P-value

Dry matter 61.7c 65.3b 64.5b 68.2a 0.02 <0.001
Crude protein 66.9c 67.5bc 68.3b 70.6a 0.17 0.016
Ether Extract 54.1c 63.7b 56.2c 67.4a 0.09 <0.001
Nitrogen-free extract 63.0b 65.2ab 64.1ab 66.8a 0.51 0.035

CON, Experimental basal diet without feed additive; WGO, Experimental basal
diet with wheat germ oil at 200 mg.kg-1; BS, Experimental basal diet with Ba-
cillus subtilis at 500 mg.kg-1 containing 5 × 108 CFU.g-1; CWB, Experimental
basal diet with wheat germ oil and Bacillus subtilis; SEM, standard error of the
mean. Means in the same row with different superscripts are significantly
different.

Table 4
Effect of dietary supplementation of wheat germ cold-pressed oil, B. subtilis and
their mixture on stress biomarkers and lipid profile in broiler chickens under
heat stress.

Parameter CON WGO BS CWB SEM P-value

Stress biomarkers ​ ​ ​ ​ ​ ​
Glucose, mg.dl-1 94.61a 81.40b 86.13b 75.24c 2.630 0.029
T3, ng.ml-1 0.567c 0.813b 0.757b 1.061a 0.061 0.006
COR, pg.ml-1 413.4a 325.3b 283.7c 279.0c 18.25 0.004
Lipid profile, mg.
dl-1

​ ​ ​ ​ ​ ​

Triglyceride 24.44 23.78 24.10 23.21 0.449 0.842
Cholesterol 176.3a 166.1ab 154.2b 148.8b 4.738 0.010
LDL 60.20a 53.42b 49.11b 44.67c 2.059 0.016
HDL 82.30c 106.1b 97.60b 111.5a 4.482 <0.001

CON, Experimental basal diet without feed additive; WGO, Experimental basal
diet with wheat germ oil at 200 mg.kg-1; BS, Experimental basal diet with Ba-
cillus subtilis at 500 mg.kg-1 containing 5 × 108 CFU.g-1; CWB, Experimental
basal diet with wheat germ oil and Bacillus subtilis; T3, triiodothyronine; COR,
corticosterone; LDL, low-density lipoprotein cholesterol; HDL, high-density li-
poprotein cholesterol; SEM, standard error of the mean. Means in the same row
with different superscripts are significantly different.
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composition of the cecum, specifically affecting C. perfringens, E. coli,
and Lactobacillus, as illustrated in Fig. 3. Chickens fed BS and CWB had a
higher (P < 0.05) Lactobacillus count and lower (P < 0.05) E. coli and
C. perfringens counts compared to the WGO and CON groups.

Gene expression

As shown in Fig. 4, the dietary supplementation of WGO, B. subtilis,
or their combination significantly influenced gene expression of IGF-1
and MUC2. Heat stress reduced the expression of IGF-1 and MUC2.
However, adding a WGO and B. subtilis mixture to the diet of heat-
stressed broilers resulted in the highest (P < 0.05) upregulation of
IGF-1 and MUC2 gene expression compared to the other groups. Spe-
cifically, MUC2 expression increased (P< 0.05) in broilers fed B. subtilis-
supplemented diets (BS and CWB groups) compared to the CON and
WGO groups. Additionally, IGF-1 expression was higher (P < 0.05) in

the CWB-supplemented group than in the other experimental groups.

Discussion

Despite the great development in the poultry industry, environ-
mental stressors, particularly high summer temperatures, continue to
pose challenges. This highlights the need to explore natural alternatives
with antioxidant, antimicrobial, and anti-inflammatory properties as an
effective strategy to combat the harmful impacts of heat stress. The
current study found that birds exposed to high ambient temperatures
exhibited signs of morphological heat stress alongside elevated corti-
costerone and glucose levels and reduced T3 levels in birds on a diet
without experimental additives. As anticipated, the dietary combination
of WGO and B. subtilis in this study demonstrated a positive impact in
alleviating the negative impacts of heat stress on broilers.

Recent studies proposed that using natural antioxidants or probiotics

Table 5
Effect of dietary supplementation of wheat germ cold-pressed oil, B. subtilis and their mixture on the immune response of broiler chickens under heat stress.

Parameter1 CON WGO BS CWB SEM P-value

Immunoglobulin ​ ​ ​ ​ ​ ​
IgA, ng.ml-1 247.4b 256.3b 271.5a 268.1a 5.339 0.001
IgM, ng.ml-1 12.53 11.89 12.92 13.11 0.429 0.192
IgG, µg.ml-1 2.346c 2.913b 3.054a 3.220a 0.108 <0.001
Immune cytokines ​ ​ ​ ​ ​ ​
IL-10, pg.ml-1 37.92c 40.61b 38.84bc 42.63a 0.679 <0.001
IL-6, pg.ml-1 88.65a 81.33ab 72.91b 71.17b 2.150 0.001
TNF-α, pg.ml-1 247.1 251.3 238.7 242.2 3.685 0.361

CON, Experimental basal diet without feed additive; WGO, Experimental basal diet with wheat germ oil at 200mg.kg-1; BS, Experimental basal diet with Bacillus subtilis
at 500mg.kg-1 containing 5× 108 CFU.g-1; CWB, Experimental basal diet with wheat germ oil and Bacillus subtilis; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α;
IL-6, interleukin-6; SEM, standard error of the mean. Means in the same row with different superscripts are significantly different.

Fig. 2. Effect of dietary supplementation of wheat germ cold-pressed oil, B. subtilis, and their mixture on oxidative status of broiler chickens under heat stress. CON,
Experimental basal diet without feed additive; WGO, Experimental basal diet with wheat germ oil at 200 mg.kg-1; BS, Experimental basal diet with Bacillus subtilis at
500 mg.kg-1 containing 5 × 108 CFU.g-1; CWB, Experimental basal diet with wheat germ oil and Bacillus subtilis Data presented as mean values with their standard
errors. Values with different superscript letters are statistically different (P < 0.05).
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is an effective strategy for enhancing the performance and health of
broiler chickens, particularly during heat stress (Abdel-Moneim et al.,
2022a; Elbaz et al., 2023a). In our study, heat-stressed chickens fed a
diet without additives exhibited poor growth, characterized by lower
BW and higher FCR. However, dietary incorporation of WGO with
B. subtilis improved BWG and reduced FCR, consistent with previous
studies (Arshad et al., 2013; Bai et al., 2016). B. subtilis has been shown
to enhance immune response during stress, supporting broiler growth
(Abdel-Moneim et al., 2021), and WGO has been found to improve
growth performance in rabbits and broilers (Arshad et al., 2013;
Morshedy et al., 2021; Zou et al., 2023). The benefits of WGO may be
due to its active compounds, such as α-lipoic acid, α-tocopherols, and
vitamin C (Barakat et al., 2011), which promote health and perfor-
mance. Additionally, WGO’s antibacterial and antioxidant properties
likely contribute to these improvements (Morshedy et al., 2021). The
combination of WGO and B. subtilis under heat stress likely enhances
growth by boosting antioxidative enzymes, immune response, nutrient
utilization, and intestinal morphology, and modifying gut microbiota
(Morshedy et al., 2021; Elbaz et al., 2022b).

Despite the growth performance improvement from feeding chickens
WGO and B. subtilis supplements, carcass characteristics were largely
unaffected except for abdominal fat. Chickens fed WGO alone or com-
bined with B. subtilis (WGO and CWB groups) had less abdominal fat
than other groups. In agreement with our results, Arshad et al. (2013)

and Elbaz et al. (2021) reported that WGO and probiotics supplemen-
tation to broiler diets led to decreased abdominal fat. This reduction in
abdominal fat may be due to the active chemicals in the oils that in-
fluence fat metabolism by inhibiting 3‑hydroxy-3-methylglutaryl coen-
zyme A reductase (HMG-CoA), the rate-limiting enzyme involved in
cholesterol synthesis, thereby reducing cholesterol production and fat
deposition (Zhang et al., 2009). Gut microbiota also affects fat meta-
bolism by reducing the production of acetyl-CoA carboxylase, which
decreases lipogenesis. The reduction in abdominal fat indicates that the
experimental supplements improved carcass quality by redistributing
fatty acids within the carcass (Wood et al., 2008).

In this study, the digestive system performance was investigated to
clarify the effectiveness of experimental additives on nutrient utiliza-
tion. The results showed a notable improvement in the digestibility of
DM, CP, EE, and NFE in chickens of the CWB group under heat stress.
Previous studies have reported that feeding diets containing probiotics
enhanced nutrient digestion in broilers by modifying the microbial
environment, inhibiting pathogens, and supporting host metabolism
(Elbaz et al., 2023b; Gelinas et al., 2024). Similar to our results, plant
oils have been shown to significantly improve CP and EE digestibility
(Ezzat and Hamed, 2012). For instance, adding vegetable oil to rabbit
diets has been found to improve the digestibility of DM, OM, and CF
(Omer et al., 2013). Morshedy et al. (2021) also confirmed that the CWB
supplement improved digestible crude protein, total digestible

Fig. 3. Effect of dietary supplementation of wheat germ cold-pressed oil, B. subtilis, and their mixture on cecal microbial enumeration (Log10 CFU.g− 1 wet weight) of
broiler chickens under heat stress. CON, Experimental basal diet without feed additive; WGO, Experimental basal diet with wheat germ oil at 200 mg.kg-1; BS,
Experimental basal diet with Bacillus subtilis at 500 mg.kg-1 containing 5 × 108 CFU.g-1; CWB, Experimental basal diet with wheat germ oil and Bacillus subtilis Data
presented as mean values with their standard errors. Values with different superscript letters are statistically different (P < 0.05).
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nutrients, and digestible energy. These findings are in line with those of
Lee et al. (2003), which demonstrated that active compounds in oil in-
crease digestive enzyme activity in broilers, thereby enhancing nutrient
digestibility.

Heat stress in broilers leads to major physiological changes,
including increased corticosterone levels and decreased T3 levels
(Apalowo et al., 2024). This stress also damages the intestinal mucosa,
closely linked to the elevated secretion of corticosterone in broilers (Law
et al., 2019). In our experiment, broilers under heat stress in the control
group showed significantly higher corticosterone and glucose levels and
lower T3 concentrations. However, the experimental feed additives
significantly altered these stress markers by decreasing corticosterone
and glucose levels and increasing T3 concentrations in heat-stressed
broilers. These findings align with Abdelnour et al. (2023), who

reported that adding pumpkin essential oil to rabbits’ diets reduced
stress-related threats by modifying many physiological processes. The
physiological changes induced by the WGO and B. subtilis supplement in
heat-stressed chickens likely play a role in alleviating heat stress by
increasing T3 concentrations, which are crucial for regulating body
metabolism and temperature (Quinteiro-Filho et al., 2012). Addition-
ally, heat stress reduces the aerobic metabolism of glucose and fats while
increasing glycolysis due to ROS production, which damages mito-
chondrial activity and explains the rise in glucose levels during heat
stress (Estévez, 2015).

Heat stress has been shown to negatively affect lipid metabolism due
to the activation of lipid peroxidation and electrolyte imbalances
(Sokołowicz et al., 2016). Oxidative stress during heat stress triggers the
production of ROS, altering lipid profiles in blood and meat (Apalowo

Fig. 4. Effect of dietary supplementation of wheat germ cold-pressed oil, B. subtilis, and their mixture on mRNA expression of hepatic IGF-1 and ileal MUC2 of broiler
chickens under heat stress. CON, Experimental basal diet without feed additive; WGO, Experimental basal diet with wheat germ oil at 200 mg.kg-1; BS, Experimental
basal diet with Bacillus subtilis at 500 mg.kg-1 containing 5 × 108 CFU.g-1; CWB, Experimental basal diet with wheat germ oil and Bacillus subtilis Data presented as
mean values with their standard errors. Values with different superscript letters are statistically different (P < 0.05).

A.-M.E. Abdel-Moneim et al. Poultry Science 104 (2025) 104708 

7 



et al., 2024). In the present study, heat stress and experimental additives
remarkably affected the blood lipid profile. Heat stress increases
cholesterol and LDL levels and decreases HDL levels, consistent with
findings by Abdel-Moneim et al. (2024), who reported similar changes
under heat stress. However, supplementing broiler diets with a mixture
of WGO and B. subtilis significantly reduced plasma cholesterol and LDL
levels while increasing HDL levels compared to the remaining groups.
These findings are in line with Kim et al. (2009), who observed a
reduction in cholesterol levels in broilers fed probiotics, which might be
attributed to the inhibition of cholesterol synthesis by probiotics.
Similarly, Abd El-Moneim and Sabic (2019) found that feeding on
A. awamori as a probiotic exhibited a positive effect on lipid metabolism
by lowering cholesterol through the inhibition of HMG-CoA. Morshedy
et al. (2021) also reported that WGO supplementation in rabbit diets
increased HDL levels and decreased LDL levels. The hypocholester-
olemic impact of WGO may be attributed to its high contents of phy-
tosterols and vitamin E that reduce cholesterol synthesis and absorption
by limiting the incorporation of bile and dietary cholesterol into mi-
celles. The presence of linoleic acid inWGO, which abstracts cholesterol,
further contributes to this effect (Zacchi et al., 2006).

Blood levels of immunoglobulins and cytokines are key indicators of
broiler immunity. In the current study, chickens of the CWB group
showed increased levels of IgA, IgG, and IL-10, while IL-6 levels
decreased compared to other groups. Conversely, IL-6 increased and IL-
10 decreased in the control group. In the same context, recent studies
indicate that heat stress causes the release of pro-inflammatory cyto-
kines (IL-6 and IL-10) through an imbalance in the gut microbiota and
thus a disruption in physiological functions (Chen et al., 2024).
Consistent with our findings, B. subtilis supplementation has been shown
to boost IgA, IgG, and IgM levels and enhance innate immunity by
reducing IL-6 and increasing IL-10 during heat stress (Wu et al., 2018).
Moreover, many reports have documented the anti-inflammatory and
antioxidant properties of WGO (Alamery et al., 2022; Zargar et al.,
2023).

Oxidative stress is a major harmful effect of from heat stress, pro-
ducing ROS that damage biological molecules, leading to impaired
physiological performance (Abdel-Moneim et al., 2021). During oxida-
tive stress, birds produce enzymes like SOD and GPx to neutralize these
reactive species. Malondialdehyde, a key product of lipid peroxidation,
serves as an indicator of oxidative damage, signaling that hydroxyl
radicals have attacked fatty acids in membrane phospholipids, causing
cell damage. In the current study, the heat-stressed chickens fed on diets
containing a mixture of WGO and B. subtilis showed increased SOD ac-
tivity and decreased MDA levels, although GPx activity remained un-
affected. These findings align with previous studies, which
demonstrated that B. subtilis supplementation boosted CAT, GSH, and
SOD activities while reducing MDA in poultry (Bai et al., 2016;
Abdel-Moneim et al., 2020a). Additionally, Arshad et al. (2013) noticed
that incorporating WGO to broiler diets improved their antioxidant
status by decreasing MDA levels. Consistent with these results, Zargar
et al. (2023) reported that antioxidant capabilities and performance
were significantly improved by the treatment of WGO.

Gut microorganisms play vital roles in many aspects of chickens’
health including metabolism, immunity, and growth. The use of pro-
biotics to mitigate stress has gained popularity, with studies highlighting
their positive effects on modulating gut microbiota (Elbaz et al., 2021;
Shehata et al., 2021). In the current study, the experimental supple-
ments improved the microbial balance in the ceca of heat-stressed
broilers. Chickens fed the diet with WGO and B. subtilis supplements
mixture showed a noteworthy increase in Lactobacillus counts and a
decrease in C. perfringens and E. coli counts. These findings align with
previous studies that reported increased Lactobacillus and reduced E. coli
enumeration when B. subtilis was added to broiler diets (Jeong and Kim,
2014). Additionally, B. subtilis has been shown to decrease C. perfringens
and increase Lactobacillus and Bifidobacteria in the ileum and cecum
(Whelan et al., 2019). Similarly, Zou et al. (2023) results documented

that WGO incorporation decreased counts of E. coli and Salmonella and
increased the enumeration of Lactobacillus in broiler feces. The antimi-
crobial effect of WGOmay be attributed to its bioactive compounds. Cao
et al. (2020) reported that compounds such as ß-acids, polyphenols
flavonoids, and xanthohumol in plant extracts promote the growth of
Lactobacillus bacteria and maintain gut health. Wheat germ extract also
has various therapeutic and biomedical applications, including antimi-
crobial effects (Ryva et al., 2019). Based on these results, we conclude
that the improved growth performance of heat-stressed broilers is due to
the antioxidant and antibacterial properties of the WGO and B. subtilis
mixture added to their diet.

Heat stress negatively impacts poultry productivity by reducing
nutrient utilization and disrupting the intestinal mucosal barrier, lead-
ing to altered gene expression and changes in gut microbial content
(Abdel-Moneim et al., 2021). Our findings revealed that dietary incor-
poration of WGO and B. subtilismixture increased the mRNA expression
of MUC2 and IGF-1 in heat-stressed broilers. Similar findings were re-
ported by Aliakbarpour et al. (2012), who observed that probiotics
enhanced the regulation of the intestinal epithelial barrier by upregu-
lating MUC2 expression. Furthermore, Humam et al. (2021) noticed that
adding probiotics under heat stress conditions exhibited antioxidative
activities and modified IGF-1 mRNA expression. Salehizadeh et al.
(2019) also reported that probiotic supplements elevated IGF-1 mRNA
expression, and Kareem et al. (2016) found a positive correlation be-
tween increased hepatic IGF-1 expression and the addition of L. plan-
tarum strains in broiler diets. Beneficial gut microbes are known to
modulate IGF-1 gene expression by producing short-chain fatty acids,
which stimulate liver and adipose tissue cells to increase IGF-1 levels,
thereby promoting growth (Salehizadeh et al., 2019). Ginkgo biloba oil
supplementation has also been shown to increase IGF-I expression in
broilers (El-Kasrawy et al., 2023), likely due to the bioactive compounds
in the oil that enhance growth performance. Our results indicate that
supplementing WGO and B. subtilis mixture to the CWB group boosts
IGF-1 expression, which binds to its growth hormone receptor, stimu-
lating cell proliferation and leading to increased BW. The increased
MUC2 expression in chickens of the CWB group could be attributed to
improved modulation of beneficial gut bacteria, reducing inflammation,
enhancing gut integrity, and optimizing nutrient utilization, thereby
improving the growth performance of heat-stressed broilers.

This study demonstrates that dietary incorporation of a combination
of WGO and B. subtilis can effectively mitigate the deleterious impacts of
heat stress on broiler chickens. The dietary inclusion of this mixture
improved immune response, nutrient digestibility, growth performance,
and enhancing antioxidant capacity. The combination also modulated
the gut microbial environment, reduced inflammation, and up-regulated
mRNA expression of IGF-1 and MUC2, indicating enhanced physiolog-
ical resilience and overall health in heat-stressed broilers.
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