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Simple Summary: As climate change leads to increasing temperature fluctuations, the
poultry industry must develop effective strategies to protect birds and ensure sustainable
production. Newly hatched chickens in cold climates often endure cold stress, leading
to physiological and metabolic disruptions that hinder growth and reduce production
efficiency. No single anti-stress agent can effectively counteract the wide-ranging effects of
cold stress on poultry. This study evaluated the combined effects of early cold conditioning
and dietary glutamine (GIn) supplementation on broilers exposed to cold stress later in
life. Dietary supplementation with 0.3% and 0.5% GIn and cold conditioning improved
broiler growth performance throughout the experiment, except for feed intake during the
grower-finisher phase and overall growth under cold conditioning alone. Adding 0.3% and
0.5% GIn increased hemoglobin, total protein, albumin, triiodothyronine (T3), thyroxine
(T4), antioxidant capacity, catalase (CAT), superoxide dismutase (SOD), heat shock protein
70 (HSP70), interleukin 2 (IL2), IL10, IL4, interferon-y (INF-y), and troponin-T levels;
however, cold conditioning affected only blood packed cell volume, T3, T4, CAT, HSP70,
IL10, INF-y, and troponin-T. These findings suggest that dietary GIn supplementation,
along with early cold conditioning, may enhance broiler resilience to cold stress impacts
and improve performance, physiological, antioxidant, and immunological responses.

Abstract: Cold stress disrupts broiler homeostasis, and a single intervention may be insuffi-
cient for protection. This study examined the effects of early cold conditioning (25 + 1 °C
for 3 h at 5 days) and glutamine (Gln) supplementation on broiler thermotolerance during a
16 £ 1 °C cold challenge at 35 days. A 2 x 3 factorial design assigned 360 Cobb-500 broilers
to six treatments (six replicates/treatment, ten birds/replicate) with three Gln levels (0%,
0.3%, and 0.5%) and two temperature conditions: standard temperature and a 7 °C reduc-
tion at 5 days old. Supplementing with 0.3% and 0.5% GIn and cold conditioning improved
growth performance (p < 0.05), except for feed intake during the grower-finisher phase
and overall growth with cold conditioning alone. Adding 0.3% and 0.5% GIn enhanced
hemoglobin, total protein, albumin, triiodothyronine (T3), thyroxine (T4), antioxidant capac-
ity, catalase (CAT), superoxide dismutase (SOD), heat shock protein 70 (HSP70), interleukin
2 (IL2), IL10, IL4, interferon-y (INF-y), and troponin-T levels (p < 0.05). Cold conditioning
influenced packed cell volume, T3, T4, CAT, HSP70, IL10, INF-y, and troponin-T levels
(p < 0.05). Diet-temperature interaction influenced growth, antioxidant, and immune re-
sponses, but not hematological or biochemical indicators. Overall, dietary Gln at 0.3% and
0.5% and early cold conditioning may serve as complementary strategies to mitigate cold
stress in broilers.
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1. Introduction

In the context of global warming, the environment becomes more complicated and
unpredictable, and animal disturbances grow more common. Currently, low environmental
temperatures are one of the most common stressors in cold regions and throughout the win-
ter season, therefore threatening the animals’ health [1,2]. Earlier literature indicated that
physiological stress resulting from detrimental climatic circumstances might significantly
impact the reproductive and productive performance, health status, and immunological
responses of poultry chickens [3,4]. Cold stress has been shown to retard the development
and growth of chickens, necessitating increased feed intake to sustain body temperature,
which leads to a diminished feed conversion rate and resource wastage, along with subop-
timal weight uniformity and carcass quality. Furthermore, mortality and morbidity rates
are aggravated [5]. Additionally, cold stress may induce disorders such as ascites, edema,
epithelial injury in the intestinal mucosa, and heightened vulnerability to Escherichia coli
infections during the first few days post-hatch [6-8].

“Acclimation” is a term that indicates the physiological modifications that an organism
undergoes to increase its resilience to the stressful aspects of its environment [9]. Chickens
can be endowed with enhanced thermal stress tolerance during the prenatal and early
postnatal periods through an adaptation mechanism known as genomic imprinting, which
serves to pre-adapt the organism for the anticipated environmental conditions it will en-
counter later in life [10,11]. This can also be accomplished during the early postnatal period
through the application of thermal conditioning [12]. The acquisition of thermotolerance
and the enhancement of performance represent two opposing processes; consequently, the
acclimation process is characterized by a temporary decline in performance [13]. Nonethe-
less, there is a certain period during which thermotolerance may be enhanced through
thermal conditioning without compromising performance [14]. During this time frame, the
thermoregulatory feedback mechanism is not fully developed, and thermal conditioning
can create an enduring “memory” that enhances the capacity to manage thermal stresses in
later stages of life [12,14]. Cold conditioning during the early postnatal period has elicited
effective responses to cold in poultry. For instance, intermittent cold exposures during
the first three weeks of bantam chicks’ lives resulted in a significantly higher growth rate
than the controls from the second week onwards [15]. Moreover, after adjusting to a cold
environment of 15 °C for many hours, broiler chicks of 3 to 4 days (d) old become more
resistant to low-temperature environments [16]. In other mammalian species, rats that
had acclimated to chronic moderate restraint stress for 2 to 10 d showed considerably less
degree of stomach mucosal damage than their control relatives when they were concur-
rently subjected to cold stress [17]. In essence, cold acclimation is thought to increase cold
tolerance and hasten body temperature recovery in cold environments [18].

Indeed, the stress response is a non-specific systemic adaptive response, and its physi-
ological consequences are various. Thus, it is challenging to maintain body homeostasis
through a singular tactic. Consequently, a viable approach is to improve the diet and
investigate the protective effects of nutritional additives on cold-stressed chicks in conjunc-
tion with the acclimation to cold stress during the first few days post-hatch. We elected
glutamine (Gln) to enhance the nutritional and metabolic energy content of the diet in order
to mitigate the adverse effects of cold stress. Gln is the most prevalent free amino acid
(AA) in the body, and apart from its significance in AA transamination and as a protein
constituent, GIn has a variety of nonnutritive functions and has been asserted to be essen-
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tial in certain clinical or stress-related situations [19,20]. For small intestine enterocytes,
macrophages, lymphocytes, and fibroblasts, for instance, Gln is the main metabolic fuel
and is regarded as an essential AA in several species under inflammatory circumstances,
including infection and damage. Moreover, it is among the most effective substrates for
gluconeogenesis, which also supports intestinal tract physiology and function [21,22]. De-
spite the fact that GIn is a superb supply of both carbon and nitrogen for the synthesis
of AA in chicks through amination and amidation, the national research council and the
nutritional specification standards for poultry strains have not recommended dietary re-
quirements of poultry for Gln. Nevertheless, prior research had demonstrated that poultry
require GIn in their diets to achieve optimal health and growth [23,24]. More crucially,
given the low activity of arginase and proline oxidase in tissues of chickens for GIn syn-
thesis from arginine and proline [25,26], the dietary requirements for GIn should be taken
into account and are probably greater in birds than in mammals [27]. Through extensive
research that has demonstrated that dietary supplementation with GIn can improve the
health and development performance of poultry, additional lines of evidence have been
provided to support the hypothesis of insufficient Gln synthesis in birds. At first, the feed
intake (FI), body weight gain (BWG), and feed conversion ratio (FCR) of 1-day-old broiler
chickens were improved by dietary supplementation with 0.4, 0.6, or 0.8% GIn over a
35-day period, without any adverse effects on the carcass percentage [28]. Furthermore, in
addition to reducing post-hatching mortality in 1- to 42-day-old broilers under heated and
humid conditions, dietary supplementation with 0.5-1% GIn increased the height of the
small-intestinal villus, BWG, and feed efficiency [29]. It is significant that Fathi et al. [30]
found that the rate of mortality and hepatic injury was reduced in broiler chickens with
cold-induced ascites that were 1- to 42-day-old when they were dietary supplemented
with 100 ppm GIn. Thus, in order to optimize poultry growth and feed efficiency, it is
essential to provide sufficient dietary Gln, particularly under stress conditions. Hence, the
present study aimed to evaluate the impact of early-life exposure of broilers to low ambient
temperatures, supplemented with dietary Gln, as strategies for coping with cold stress. We
have evaluated the effects on broilers” growth performance, metabolic status, antioxidant
capacity, and immune status.

2. Materials and Methods
2.1. Birds, Diets, and Management

The present experiment was conducted by the Department of Animal Production, the
National Research Center, and the Department of Nutrition and Clinical Nutrition, Faculty
of Veterinary Medicine, Zagazig University, during the winter season. The Animal Protocol
was approved by the Institutional Animal Care and Use Committee of Zagazig University
(ZU-TACUC). A total of 360 unsexed Cobb-500 broiler chicks, acquired from a commercial
hatchery (Dakahlia Poultry, Mansoura, Egypt), were randomly allocated into six treatment
groups (6 replicates per group, 10 birds per replicate) in a 2 x 3 factorial design with an
initial average BW of 44.37 + 0.99 gm. This included three dietary levels of GIn (0%, 0.3%,
and 0.5%) and two temperature conditions: standard temperature, set at optimal levels
according to the broiler management guide [31], and a cold temperature, which involved
a decrease of 7 °C for three hours on day five (25 £ 1 °C), after which the temperature
was restored to standard levels. The birds under standard temperature conditions were
kept in a normal thermal environment from days 1 to 35, i.e., 32 °C during the first week
of age, 30 °C on day 7, and 27 °C on day 14, then the temperature was reduced gradually
by 1 °C every 2 days till it dropped to 23 °C and was maintained until the end of the
study [31]. The chicks were raised in a hierarchically designed cage system partitioned by
wire mesh barriers with dimensions of 1.0 m x 0.50 m x 0.40 m under uniform sanitary
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and managerial conditions over the experimental period. On the first day of placement, a
24 h light period was administered, followed by a lighting regimen of 23 h of lightand 1 h
of darkness for the subsequent three days, transitioning to an 18:6 h light-to-dark period
until the end of the experiment. For five hours on day 35, all chicks underwent acute cold
stress at a 68 °C drop in the rearing temperature (16 &= 1 °C) to explore the resistance of
the broilers to cold stress. Birds were slaughtered within 6 h after the end of the cold stress.

L-Glu was obtained from Amresco (Solon, OH, USA), with a purity of over 99.0%. The
basal diet was corn-soybean meal, and the birds were fed the starter diet until they were
21 days of age, followed by a grower-finisher diet from days 22 to 35. The Gln used was a
white crystalline powder. Small amounts of the basal diet were mixed first with quantities
of the supplemental glutamine as small batches, followed by a larger quantity of the diets
until the whole diet was homogenously mixed. All experimental diets were designed in
accordance with the broiler nutrition specifications [31,32] (Table 1). For the whole study,
fresh water and feed in a mash form were given ad libitum.

Table 1. Ingredients and composition (%) of the basal diet (as-fed basis).

Ingredients Starter (0-21 d) Grower-Finisher (22-35 d)
Yellow corn 54.0 58.93
Soybean meal (44% CP) 34.12 30.25
Corn gluten (60% CP) 6.1 4.90
Soy oil 1.0 1.18
Limestone 1.65 1.60
Monocalcium phosphate 1.65 1.65
Common salt 0.45 0.45
Premix * 0.30 0.30
DL-Methionine, 98% 0.15 0.16
Lysine, Hcl, 78% 0.30 0.30
NaHCO; 0.28 0.28

Calculated composition
DM% 89.70 89.70
ME, kcal/kg 2900.47 2950.85

CP% 23.02 21.00
EE% 3.48 3.78
CF% 3.64 3.47
Ca% 0.99 0.96
Total P% 0.75 0.73
Available P% 0.45 0.45
Lysine% 1.34 1.24
Methionine% 0.52 0.50
Threonine% 0.86 0.78

* Vitamin and mineral premix per kg of diet: vitamin A, 10000 IU; vitamin D3, 5000 IU; vitamin E, 80 mg; vitamin
K, 3 g; thiamine, 3 g; riboflavin, 9 g; pantothenic acid, 15 g; folic acid, 2 g; pyridoxine, 4 g; niacin, 60 g; cobalamin,
20 mg; biotin, 0.15 mg; Fe, 40 mg; Cu, 15 mg; Mn, 100 mg; Zn, 100 mg; I, 1 g; Se, 0.35 g. DM: Dry matter;
ME: Metabolizable energy; CP: Crude protein; EE: Ether extract; CF: Crude fiber; Ca: Calcium; Total P: Total
phosphorus; Available P: Available phosphorus. The calculated glutamine level (%) in the basal diet was 2.15 in
the Starter phase (0-21 days) and 1.96 in the Grower-Finisher phase (22-35 days).

2.2. Growth Performance

Upon arrival, the birds were weighed individually to determine their average initial
body weight (BW). The BW was subsequently determined at 21 and 35 days, and the BWG
was calculated as W2 — W1. The FI for each replicate was calculated by subtracting the
weight of leftover feed from the initial feed weight and then dividing this value by the
average BWG to derive the FCR [33].



Animals 2025, 15, 1386

50f 16

2.3. Sample Collection and Biochemical Analysis

At the end of the experiment (35 days), 6 birds from each of the treatment groups were
randomly selected within 6 h after the end of the last cold stress for sample collection. For
hematological analysis, a 1 mL blood sample was obtained from each bird using heparinized
needles by wing vein puncture, thereafter transferred to sample tubes, and immediately
kept on ice in a chilled container. Hemoglobin (Hb) and packed cell volume (PCV) were
evaluated within two hours of sample collection using the methodologies of Jain [34].
For the biochemical examination, additional blood samples were collected from the same
birds into vacutainer tubes absent of anticoagulant (BD Vacutainer, Becton Dickinson,
Franklin Lakes, NJ, USA), which were allowed to coagulate at ambient temperature. The
samples were subsequently centrifuged for 13 min at 3000x g. The supernatants (serum
samples) were obtained in Eppendorf tubes and kept at —20 °C until subsequent analysis.
Subsequent to blood collection, the same birds were slaughtered by cervical dislocation in
accordance with the institutional committee’s recommendations, eviscerated, and a piece of
the liver tissue was taken out, vacuum packed, and stored at —20 °C for heat shock protein
70 (HSP70) testing.

Serum total protein (TP) content was determined using the final point biuret method,
whereby proteins interact with copper sulfate in an alkaline sodium hydroxide medium to
produce a violet-colored biuret complex. The color intensity, assessed spectrophotometri-
cally at 546 nm, is directly proportional to the protein content [35,36]. Serum albumin was
measured using a dye-binding approach predicated on the capacity of albumin to establish
a stable complex with bromocresol green (BCG) dye. The BCG-albumin complex demon-
strates an absorbance change relative to the unbound dye, with absorbance measured at
620 nm [37,38]. Globulin concentrations were obtained by subtracting albumin from TP.
The technique employed by Sanchez-Carbayo et al. [39] was utilized to evaluate blood
triiodothyronine (T3) and thyroxin (T4) levels by commercially available kits (Byk-Sangtec
Diagnostica, Dietzenbach, Germany; Immulite 2000, DPC, Los Angeles, CA, USA) per the
manufacturers’ instructions.

2.4. Antioxidant Status Assessments

The serum total antioxidant capacity (TAC) was evaluated colorimetrically with com-
mercially available kits (Rel Assay, Sehitkamil /Gaziantep, Turkey) in accordance with the
methodology of Janaszewska and Bartosz [40]. Antioxidants present in the serum convert
the dark blue-green 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS) radical into a colorless reduced type of ABTS. The variation in absorbance at
660 nm correlates with the sample’s TAC. The activities of superoxide dismutase (SOD) and
catalase (CAT) enzymes were evaluated in the serum using the methodologies provided by
Kraljevi¢ et al. [41]. The measurement of SOD was premised on the formation of superoxide
radicals resulting from the interaction between xanthine and xanthine oxidase, which then
produced formazan dye via a reaction with nitro blue tetrazolium. The reduction rates of
superoxide anion exhibit a linear correlation with the activity levels of xanthine oxidase,
which is inhibited by the SOD and measured at 560 nm. The breakdown of hydrogen
peroxide (H,O,) was monitored at 240 nm in the presence of CAT. The activity of CAT was
quantified as the quantity of enzyme required to decompose 1 mmol of HO, per minute at
pH 7.8 and 25 °C.

For HSP70 assessment, liver tissue samples (n = 6/treatment ~1 g each) were washed
three times to eliminate remaining blood and thereafter homogenized in 4 mL of protein
buffer using a Polytron Homogenizer (Heat System UltraSonics, New York, NY, USA) for
quantification of proteins. The homogenates were subjected to centrifugation at 3000x g
for 15 min at 4 °C, after which the supernatants were collected for TP analysis. The HSP70
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evaluation was conducted in duplicate with commercial enzyme-linked immunoassay kits
(Quantikine, R&D Systems, Minneapolis, MN, USA) in accordance with the manufacturer’s
instructions. The standard HSP70 level was calculated by dividing the optical density of
each sample by its original TP concentrations.

2.5. Immune Status Assessments

ELISA kits (Wuhan Fine Biotech Co., Ltd., East Lake High-tech Development District,
Wuhan, Hubei Province, China) that are specific for chickens were employed to evaluate
the serum levels of proinflammatory cytokines, interleukin 2 (IL2) and interferon-y (IFN-y),
and anti-inflammatory cytokines, interleukin 10 (IL10) and interleukin 4 (IL4). An ELISA
plate reader (benchmark plus microplate spectrophotometer system with incubator, Bio-
Rad Laboratories, Hercules, CA, USA) measured optical densities of kit standards and
test samples at 450 nm. All procedures were carried out in line with the manufacturer’s
guidelines. Following the manufacturer’s recommendations, serum concentrations of
Troponin-T have been measured by electrochemiluminescence immunoassay technique
(Elecsys 2010, Roche Diagnostics, Mannheim, Germany) [42].

2.6. Statistical Analysis

All data derived from the 2 x 3 factorial experimental design (comprising two temper-
atures and three dietary GIn levels) were analyzed using SPSS software (Version 28.0 for
macOS 10.15, Chicago, IL, USA). The main effects of temperature, Gln supplementation,
and their interactions were analyzed using the General Linear Model procedure in SPSS.
The pen was considered the experimental unit for growth performance measurements,
while individual blood draws and health status constituted the experimental unit for blood
physiology, antioxidant, and immunological parameters. Significant treatment effects
among dietary groups were identified using Tukey’s honestly significant difference test.
The differences between the standard temperature and cold-conditioned treatments were
examined using Student’s ¢-test. The significance level was set at p < 0.05, and results were
presented as mean =+ standard deviation.

3. Results
3.1. Growth Performance

Table 2 presents the growth results for the starter, grower-finisher, and overall periods.
During the starter period, all growth performance metrics were influenced by the diet
and temperature factors. Dietary GIn and cold conditioning led to enhancements in BW,
BWG, FI, and FCR (p < 0.05) than those in the control group. The interaction effects
results indicated that the highest BW was recorded in the cold-conditioned treatment
supplemented with 0.3% and 0.5% dietary Gln (p = 0.014). Throughout the grower-finisher
period and overall performance, BW, BWG, FCR, and FI were improved by the inclusion
of 0.3% and 0.5% dietary GIn (GIn) (p < 0.05). BW and BWG were enhanced due to cold
conditioning throughout the growing period; furthermore, BW, BWG, and FCR all exhibited
improvement as a result of cold conditioning during the overall period (p < 0.05). Regarding
the interaction effect, all treatment groups showed enhanced BW, BWG, and FCR compared
to the control diet at standard temperature (p < 0.05).
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Table 2. Effect of dietary glutamine level and early cold conditioning on growth performance of broilers.

Diet Temp
Starter (0-21 d) Grower-Finisher (22-35 d) Overall performance (0-35 d)
Initial BW BW, g BWG, g FI,g FCR BW, g BWG, g FI, g FCR BW, g BWG, g FI,g FCR
Control STD 44.40 48444 440.0 500.8 1.13 1595.6 4 1111.2°¢ 2382.6 2142 1595.6 d 1551.24 2883.4 1.862
Cold 44.60 514.8 ¢ 470.2 528.6 1.12 1778.8 ¢ 1264.0 P 2402.2 1.90P 1778.8 ¢ 1734.2 ¢ 2930.8 1.69P
0.3% Gln STD 44.40 549.8 505.4 546.0 1.08 1907.2 b 1357.42 2480.4 1.82°P 1907.2 b 1862.8 P 3026.4 1.62P
Cold 44.00 580.4 2 536.4 548.8 1.02 1972.42b 139202 2610.2 1.87°P 1972.42b 19284 ab 3159.0 1.63P
0.5% Gln STD 44.40 562.4 518.0 549.4 1.06 1935.4 P 1373.02 2591.2 1.88P 1935.4 P 1891.0P 3140.6 1.66°
Cold 44.40 596.8 2 552.4 563.0 1.01 2010.22 1413472 2626.4 1.85P 201022 1965.8 2 3189.4 1.62P
SEM 0.372 5.24 5.23 5.27 0.004 34.20 29.53 5.79 0.048 34.20 34.25 10.01 0.032
Main Effects
Diet
Control 44.50 499.60 b 455.10 P 514.70 b 1.132 1687.20°  1187.60P  2392.40° 2.022 168720 164270  2907.10P 1.772
0.3% Gln 44.20 565.10 2 520.90 2 547.40 2 1.05P 1939.802  1374.70®  2545.302 1.85P 1939.802  1895.602  3092.702 1.63P
0.5% 44.40 579.60 2 535.202 556.20 2 1.04P 1972.802 1393202  2608.802 1.87P 1972.802 1928402  3165.002 1.64P
SEM 0.400 2.63 2.75 472 0.007 23.42 21.78 2.71 0.042 23.42 23.76 6.81 0.026
Temperature
STD 44.40 532.20 487.80 532.06 1.09 1812.73 1280.53 2484.73 1.95 1812.73 1768.33 3016.80 1.71
Cold 4433 564.00 519.66 546.80 1.05 1920.46 1356.46 2546.26 1.87 1920.46 1876.13 3093.06 1.65
SEM 0.272 9.33 9.34 6.59 0.010 4218 33.28 26.37 0.041 4218 4218 31.48 0.030
p-values
Diet 0.820 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001
Temperature 0.867 0.026 0.013 0.038 0.037 0.021 0.029 0.075 0.051 0.021 0.021 0.059 0.031
Diet x Temp 0.820 0.014 0.857 0.063 0.072 0.002 <0.001 0.134 <0.001 0.002 0.002 0.279 0.001

a,b,¢,d Means with different superscripts within the same row differ significantly (p < 0.05). Gln: glutamine; STD: standard temperature; BW: body weight; BWG: body weight gain; FI:
feed intake; FCR: feed conversion ratio.
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3.2. Blood Hematological and Biochemical Parameters

Table 3 presents data regarding hematological and biochemical blood parameters.
Blood Hb level and serum TP, albumin, T3, and T4 were increased in response to 0.3% and
0.5% dietary GIn (p < 0.001). The temperature influence on PCV, T3, and T4 levels was
noted, with increases found with cold conditioning (p < 0.05). No interaction effects were
seen between the diet and temperature factors on any evaluated parameters (p > 0.05).

Table 3. Effect of dietary glutamine level and early cold conditioning on hematological and serum
biochemical parameters of broilers.

Diet Temp
Hb, g/dL PCV % TP, g/dL A"g’/‘:;i““' Glg}’d‘f‘r" Ts, ng/mL ngl;; L
Control STD 9.46 36.40 3.77 2.14 1.63 4.09 22.67
Cold 10.66 37.00 4.46 2.67 1.79 4.47 23.96
0.3% Gln STD 10.96 37.40 497 3.11 1.85 453 25.29
Cold 10.72 37.80 5.35 3.49 1.85 5.06 26.62
0.5% GIn STD 11.04 37.60 5.24 3.42 1.82 4.71 26.06
Cold 9.46 38.00 5.43 3.53 1.89 5.21 27.06
SEM 0.137 0.395 0.178 0.146 0.082 0.107 0.346
Main Effects
Diet
Control 9.79b 36.70 411P 240b 1.71 428b 23.31b
0.3% Gln 10.812 37.60 5.162 3302 1.85 4792 25.952
0.5% 10.88 2 37.80 4874 3482 1.85 4962 26.56 2
SEM 0.067 0.509 0.247 0.195 0.141 0.090 0.329
Temperature
STD 10.28 4.44 24.67 4.66 2.89 5.76 441
Cold 10.70 491 25.87 5.08 3.23 6.99 5.09
SEM 0.171 0.094 0.477 0.210 0.176 0.186 0.176
p-values
Diet <0.001 0.142 <0.001 <0.001 0.619 <0.001 <0.001
Temperature 0.061 0.003 0.079 0.125 0.143 0.007 0.008
Diet x Temp 0.375 0.981 0.504 0.513 0.908 0.817 0.943

&b Means with different superscripts within the same row differ significantly (p < 0.05). Gln: glutamine; STD:
standard temperature; Hb: hemoglobin; PCV: packed cell volume; TP: total protein; T3: triiodothyronine;
Ty4: thyroxin.

3.3. Oxidative Stress Response

Table 4 shows the data related to the antioxidant status. The serum levels of TAC,
CAT, and SOD, as well as liver HSP70, were increased in response to 0.3% and 0.5% dietary
Gln (p < 0.05). Only the levels of HSP70, CAT, and SOD were elevated in response to
cold conditioning (p < 0.05). Regarding interaction effects, all treatment groups exhibited
enhanced TAC and CAT levels compared to the control diet at standard temperature
(p < 0.05); however, 0.3% and 0.5% GIn supplementation at cold or normal temperature
elevated HSP70 levels (p = 0.002).

Table 4. Effect of dietary glutamine level and early cold conditioning on the antioxidant status

of broilers.
Diet Temp
TAC, U/mL CAT,U/mL  SOD,U/mL  HSP70, ng/mg
Control STD 9.29b 3.71P 142.53 3.8b
Cold 11.452 5.602 155.10 407°b
0.3% Gln STD 11.742 5.732 157.31 422P

Cold 12.212 6.20a 158.67 5562
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Diet Temp
TAC, U/mL CAT, U/mL SOD,U/mL  HSP70, ng/mg
0.5% GIn STD 11.972 6.07 2 158.18 5134
Cold 12.322 6.327 159.78 5.652
SEM 0.398 0.391 2.73 0.116
Main Effects
Diet
Control 10.37° 465° 148.81° 397P
0.3% GIn 11972 5962 157.99 @ 4892
0.5% 12.152 6.202 158.98 2 5394
SEM 0.107 0.369 0.193 0.216
Temperature
STD 1.76 11.00 517 0.36
Cold 1.84 11.99 6.04 0.75
SEM 0.113 0.336 0.324 0.095
p-values
Diet <0.001 <0.001 0.009 <0.001
Temperature 0.586 0.014 0.022 0.019
Diet x Temp <0.001 0.016 0.132 0.002

&b Means with different superscripts within the same row differ significantly (p < 0.05). GIn: glutamine; STD:
standard temperature; HSP70: heat shock protein 70; TAC: total antioxidant capacity; CAT: catalase enzyme; SOD:

superoxide dismutase enzyme.

3.4. Immune Response

Table 5 shows the data related to immune status. The serum levels of IL2, IL4, IL10,
and INF-vy, as well as troponin-T levels, were increased in response to 0.3% and 0.5% dietary
GIn (p < 0.001). Only IL10, IFN-vy, and troponin-T levels were elevated in response to the
cold conditioning (p < 0.05). The interaction effects results indicated that cold conditioning
combined with dietary GIn supplementation at 0.3% and 0.5% enhances IL4, IL10, INF-y,
and troponin-T levels relative to other treatment groups (p < 0.05).

Table 5. Effect of dietary glutamine level and early cold conditioning on the immune status of broilers.

Diet Temp
IL2, pg/mL  IL4,pg/mL  IL10, pg/mL ;ilfm‘f TrI:’gP/i’;‘L‘“'
Control STD 3.77 23.824 22.66 ¢ 4.88¢ 0.0848 ©
Cold 452 25.19 4 25.38 4 5.13¢ 0.095 ¢
0.3% GIn STD 5.04 29.26 € 26.52 ¢4 5944 0.235°¢
Cold 6.73 39.04 2 31.77b 7.37b 1.06 2P
0.5% GIn STD 6.19 3291b 28.51°¢ 6.46 ¢ 0.768 P
Cold 7.17 40.552 34.742 8.462 1.102
SEM 0.152 0.305 0.619 0.059 0.002
Main Effects
Diet
Control 4.14° 2450 24,02 5.01b 0.09b
0.3% GIn 5.882 34.152 29.152 6.652 0.642
0.5% 6.682 36.732 31.632 7.462 0.932
SEM 0.147 0.342 0.825 0.047 0.001
Temperature
STD 152.67 37.13 5.00 28.66 25.90
Cold 157.85 37.60 6.14 34.92 30.63
SEM 2.52 0.376 0.295 1.11 0.704
p-values
Diet <0.001 <0.001 <0.001 <0.001 <0.001
Temperature 0.100 0.344 0.015 0.008 <0.001
Diet x Temp 0.111 <0.001 0.003 <0.001 <0.001

ab,c.d e Means with different superscripts within the same row differ significantly (p < 0.05). Gln: glutamine;
STD: standard temperature; IL2: interleukin 2; IL4: interleukin 4; IL10: interleukin 10; IFN-y: interferon-y.
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4. Discussion

Sudden extreme cold stress can be detrimental to chickens, since it has been proven to
elevate basal metabolic rate and energy metabolism, which are critical and energy-intensive
for homeotherms [43]. Nevertheless, despite being endothermic, chickens may employ
adaptive mechanisms to mitigate cold stress and restore thermal homeostasis [44]. Our
present study revealed that cold conditioning of broilers at an earlier age in conjunction
with sufficient dietary inclusion of GIn led to enhanced growth performance. Earlier re-
search reported that cold stress adversely impacted chickens’ growth performance with an
elevated FCR, suggesting the redistribution of nutrients from growth toward thermoreg-
ulatory responses [5,45]. To our knowledge, there is a paucity of prior research on the
mutually beneficial effects of cold conditioning and supplemental dietary Gln in broilers as
a strategy to mitigate cold stress. Nonetheless, previous studies indicated that the growth
performance of broilers subjected to low ambient temperatures was enhanced through Gln
supplementation [46]. In our current investigation, dietary GIn supplementation seemed to
ameliorate the disrupted energy balance of broilers exposed to cold, facilitating thermoreg-
ulatory adaptations established by early cold conditioning, thereby defending the broilers
from subsequent stressors later in life. The premise is corroborated by the results of the
assessed hematological and biochemical blood indices, as we detected an increase in the
majority of the evaluated indicators. These data suggest an improvement in broilers” health
due to the combined effects of cold conditioning and supplemental dietary Gln, which has
demonstrated improved growth performance.

The current study attempted to gain a better understanding of the physiological and
metabolic processes associated with the enhancement of performance and overall health
in birds in response to the combined effects of early cold conditioning and supplemental
dietary GIn. The emergence of thermoregulation in bird species is a complicated matter
involving both neurological and hormonal processes. In this setting, blood biochemical
indicators are often used to assess these responses and evaluate the heat tolerance of broiler
chicks. Our present investigation demonstrated improvements in Hb, blood biochemical
markers (albumin, TP), and thyroid hormones (T3 and T4). Cold exposure has been
demonstrated to stimulate the hypothalamus, resulting in elevated synthesis and release
of thyroid-releasing hormone. This, in turn, stimulates the pituitary gland to produce
thyroid-stimulating hormone, which binds to receptors in thyroid follicular cells, thereby
increasing the synthesis and secretion of thyroid hormones [47,48]. Thyroid hormone levels
are intricately associated with metabolic rate. They increase oxygen consumption and heat
production; moreover, they promote the metabolism of proteins, carbohydrates, and lipids,
consequently promoting the growth and development of the animal [47]. Prior research
indicated that feeding Gln resulted in elevated T3, T4, and blood biochemical parameters
in broilers subjected to low ambient temperatures [46]. Likewise, earlier work by Guo
and colleagues reported that supplementation of Gln can improve thyroid hormone levels,
serum albumin, and globulin levels of 7-day-old chicks under cold stress conditions [49].
These prior findings complement ours and demonstrate the significant role of supplemental
dietary Gln under stress circumstances. Gln is recognized as a crucial precursor for the
synthesis of AA, amino sugars, proteins, and several other biologically essential compounds,
and it has also been shown to serve as a principal metabolic fuel for rapidly proliferating
cells [50,51]. Prior research suggests that dietary Gln may enhance serum albumin and
globulin levels in stressed animals, likely due to the addition of exogenous Gln, which
increases protein synthesis efficiency in the body [50]. This may support our results with
regard to enhanced serum albumin and TP levels. Thus, in the context of our research
methodology, including dietary supplementation of GIn with early-age cold conditioning,
we propose that the chickens in our present study exhibited improved metabolic conditions.
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Our findings demonstrated an improvement in the antioxidant status of cold-
conditioned chickens supplemented with dietary Gln, which were subjected to cold stress
later in their lives. Serum SOD levels in treatments supplemented with dietary Gln, irre-
spective of cold conditioning, were significantly higher than in other treatment groups.
Though, the control diet at standard temperature exhibited reduced levels of TAC and
CAT enzymes compared to all other treatment groups. Previous research indicated that
dietary GIn could alleviate stress situations, perhaps by enhancing the expression of an-
tioxidant genes, such as CAT, SOD, and glutathione peroxidase [52]. Furthermore, Gln (via
glutamate), along with other Aas, has been identified as a precursor to glutathione, which
exists inside the cell in both reduced and oxidized forms [53]. Thus, Gln supplementation
may be used to sustain elevated glutathione levels and prevent oxidative stress-related
damage. Our present results align with those of Lou and colleagues, who indicated that
adding a certain level of Gln into the diet under cold stress might substantially enhance
the activities of glutathione peroxidase and CAT in the blood of broilers [54]. Furthermore,
a previous study by Liu, Yang, Yao, Hu, Liu, Lian, Lv, Xu, and Li [46] found that dietary
supplementation of Gln increased the antioxidant state of broilers during cold stress by
enhancing blood SOD and glutathione peroxidase activity, corresponding with our findings.
In a low-temperature environment, broilers are required to consume considerable energy to
maintain their body temperature, thereby diminishing the energy available for other physi-
ological functions. This reduction impairs the broilers’ capacity to eliminate free radicals,
resulting in an accumulation of excessive free radicals. Therefore, dietary supplementation
of GIn under such stress conditions may defend the body from free radicals, preserve
glutathione levels, stabilize the integrity of cell membranes and proteins, and facilitate
the repair and functional recovery of damaged cells, consequently enhancing the body’s
antioxidant capacity [55,56]. This demonstrates that supplemental dietary GIn enhanced
antioxidant status in cold-conditioned chickens and mitigated the reduction in antioxidant
capacity induced by cold stress.

In the same context, several heat shock proteins (HSPs) are synthesized in animal
bodies as a defense mechanism against stress. Under normal physiological conditions, HSPs
are sustained at low levels; however, upon exposure to abrupt environmental temperature
fluctuations, a substantial amount of HSPs is synthesized to bolster resistance to stress-
induced damage [57]. HSPs function as protective proteins by binding to and stabilizing
cytoskeletal proteins when subjected to denaturation by reactive oxygen species (ROS) [58].
Heat shock protein 70 (HSP70) is the most widely studied member of the HSP family due to
its potentially protective properties against diverse stressors [59]. Our study demonstrated
that treatment with 0.5% Gln, irrespective of cold conditioning, and cold-conditioned
treatment with 0.3% Gln significantly elevated blood HSP70 levels compared to other
treatment groups. This finding reinforces the hypothesis that a higher level of supplemental
dietary Gln (0.5%) offers protective benefits under cold stress conditions, whereas the 0.3%
dietary inclusion may require additional strategies, such as cold conditioning, to attain the
best protection.

In the current study, dietary supplementation of Gln in cold-conditioned chickens
has shifted cytokine levels during cold stress conditions. Cytokines, a category of soluble
polypeptides that have small molecular weights, are believed to be involved in several
biological processes such as immunomodulation, cellular proliferation, and repair of tis-
sues by acting as intercellular mediators that stabilize certain mRNAs and enhance their
translation [60]. Earlier literature indicates that cytokine production by the organism serves
as a mechanism to respond to various environmental stimuli and has been shown to have
a function in moderating stress-related immunological disorders [61]. Addressing Gln
supplementation for cold-conditioned broilers, it is valuable to emphasize the nonnutritive
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function of Gln in the animal body. Its nutritive role is primarily regarded as a means for
sustaining nitrogen and energy balance; however, apart from that role, it can also serve as a
regulator of immune response and cellular activity [53]. Gln is a potent immune stimulant,
as shown by different in vitro and in vivo investigations [62,63]. The immunomodulatory
effect of GIn has been shown through the study of its metabolism, which serves as a sub-
strate for lymphocytes [64]. It is a recognized precursor in purine and pyrimidine synthesis,
which is required promptly during lymphocyte activation; moreover, the dependency of
lymphocytes on Gln for the production of the cell surface activation marker CD25 (the
alpha subunit of the IL-2 receptor) has been shown [65].

In addition, the adoption of cold conditioning at an earlier age as a strategy to enhance
tolerance to cold stress later in life generates cold acclimation in poultry and provides
added protection via various mechanisms [60]. Cold adaptation can boost immunological
function and increase resilience to cold stress in organisms and reduce the harm inflicted
by detrimental low ambient temperatures. Of these, the alteration in immune function
may serve as an indicator for assessing an animal’s adaptation to cold. Previous research
by Yang and colleagues reported that following two weeks of cold adaptation training,
the cell-mediated immune function and disease resistance in mice were enhanced [66]. In
poultry, Manning and Wyatt [67] found that broiler chickens developed cold adaptation
after 14 days of cold exposure at 10 to 12 °C, resulting in enhanced resistance to Aspergillus
flavus to a certain degree. Moreover, Su et al. [68] indicated that a rapid temperature decline
of 10 °C elevated the expression levels of anti-inflammatory cytokines, IL-6 and IL-4, while
suppressing the release of the proinflammatory IFN-vy. Intriguingly, at present, we have
seen an elevation in blood levels of both proinflammatory and anti-inflammatory cytokines,
suggesting further investigation. Furthermore, in the present study, the cold-conditioned
treatments supplemented with 0.5% GIn showed an elevation in serum troponin-T level.
Troponin-T serves as an effective biochemical marker for early cardiac injury prior to the
onset of clinical and pathological alterations, exhibiting elevated levels in ascitic birds
compared to healthy counterparts under cold stress circumstances [69,70]. While our hy-
pothesis predicted that Gln supplementation for cold-conditioned broilers would serve as
a defense against the detrimental effects of cold stress, the observed increase in troponin-T
levels may suggest a biological reaction that contributes to cardiac contractility dysfunction.
This change could possibly be explained by prior literature suggesting that thyroid hor-
mones, in conjunction with basal metabolism, initially increase the power stroke of myosin
contraction and cardiac output in cardiomyocytes, thereby enhancing blood flow to re-
gions with elevated metabolic activity [71]. Thyroid hormones exert both extranuclear and
nuclear actions in cardiomyocytes. The extranuclear impact pertains to protein synthesis
and the activation of membrane transporters and channels, while its nuclear effect, which
is is mediated by thyroid receptors, governs the transcription of cardiac genes sensitive
to these hormones [72]. The mRNA of these cardiac genes encodes several proteins that
influence myocardial contractility, such as troponin, a protein produced upon myocardial
damage [73]. Thus far, the raised levels of thyroid hormones in the present study may have
contributed to the increased troponin levels; however, further investigation is still required
to verify these alterations.

5. Conclusions

Based on the obtained findings, it could be concluded that 0.3% and 0.5% dietary
GIn supplementation and/or early cold conditioning increased broiler performance under
cold stress, as seen in improved growth, antioxidant status, and immunological responses,
while exerting relatively modest impacts on hematological and biochemical indicators.
The interaction between dietary GIn and cold conditioning notably enhanced multiple
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indicators of growth, antioxidant status, and immunological response, indicating that these
interventions could serve as complementary strategies to enhance broiler resilience to
cold stress.

Author Contributions: Conceptualization: A.G. and S.A.T. Methodology: A.G., S.A.T.,, H.A.-K., and
A.A-N. Resources and data curation A.G. and S.A.T. Writing—original draft preparation: S.A.T.
Supervision and editing: A.G., S.A.T., H.A.-K. and A.A.-N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external fundings.

Institutional Review Board Statement: The present experiment was conducted by the Department
of Animal Production, the National Research Center, and the Department of Nutrition and Clinical
Nutrition, Faculty of Veterinary Medicine, Zagazig University. All methodologies and procedures
used in this research received approval from the Committee of Animal Welfare and Research Ethics
guidelines at Zagazig University (ZU-IACUC).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to thank their respected universities and institutes.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References

1. Bailey, L.D.; Ens, B.J.; Both, C.; Heg, D.; Oosterbeek, K.; van de Pol, M. Habitat Selection Can Reduce Effects of Extreme Climatic
Events in a Long-Lived Shorebird. J. Anim. Ecol. 2019, 88, 1474-1485. [CrossRef]

2. Hansen, B.B.; Gamelon, M.; Albon, S.D.; Lee, A.M.; Stien, A.; Irvine, R.J.; Seether, B.-E.; Loe, L.E.; Ropstad, E.; Veiberg, V. More
Frequent Extreme Climate Events Stabilize Reindeer Population Dynamics. Nat. Commun. 2019, 10, 1616. [CrossRef]

3.  El-Hack, A.; Mohamed, E.; Alagawany, M.; Noreldin, A.E. Managerial and Nutritional Trends to Mitigate Heat Stress Risks in
Poultry Farms. Sustain. Agric. Environ. Egypt Part II Soil-Water-Plant Nexus 2019, 77, 325-338.

4.  Bilal, RM.; Hassan, F.-U.; Farag, M.R.; Nasir, T.A.; Ragni, M.; Mahgoub, H.A.M.; Alagawany, M. Thermal Stress and High
Stocking Densities in Poultry Farms: Potential Effects and Mitigation Strategies. |. Therm. Biol. 2021, 99, 102944. [CrossRef]
[PubMed]

5. Zhou, HJ; Kong, L.L.; Zhu, L.X,; Hu, X.Y,; Busye, ].; Song, Z.G. Effects of Cold Stress on Growth Performance, Serum Biochemistry,
Intestinal Barrier Molecules, and Adenosine Monophosphate-Activated Protein Kinase in Broilers. Animal 2021, 15, 100138.
[CrossRef] [PubMed]

6. Huff, GR,; Huff, WE,; Rath, N.C; de Los Santos, F.S.; Farnell, M.B.; Donoghue, A M. Influence of Hen Age on the Response of
Turkey Poults to Cold Stress, Escherichia Coli Challenge, and Treatment with a Yeast Extract Antibiotic Alternative. Poult. Sci.
2007, 86, 636-642. [CrossRef]

7. Zhao, FQ.; Zhang, Z.-W.; Yao, H.-D.; Wang, L.-L.; Liu, T,; Yu, X.-Y.; Li, S.; Xu, S.-W. Effects of Cold Stress on Mrna Expression of
Immunoglobulin and Cytokine in the Small Intestine of Broilers. Res. Vet. Sci. 2013, 95, 146-155. [CrossRef]

8. Zhang, ZW.; Lv, Z.H.; Li, J.L.; Li, S.; Xu, S.W.; Wang, X.L. Effects of Cold Stress on Nitric Oxide in Duodenum of Chicks. Poult.
Sci. 2011, 90, 1555-1561. [CrossRef]

9.  Bernabucci, U.; Lacetera, N.; Baumgard, L.H.; Rhoads, R.P.; Ronchi, B.; Nardone, A. Metabolic and Hormonal Acclimation to
Heat Stress in Domesticated Ruminants. Animal 2010, 4, 1167-1183. [CrossRef]

10. Nichelmann, M.; Tzschentke, B.; Ténhardt, H. Perinatal Development of Control Systems in Birds. Comp. Biochem. Physiol. Part A
2002, 131, 697-699. [CrossRef]

11. Tzschentke, B.; Basta, D. Early Development of Neuronal Hypothalamic Thermosensitivity in Birds: Influence of Epigenetic
Temperature Adaptation. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2002, 131, 825-832. [CrossRef] [PubMed]

12.  Yahav, S.; Shamai, A.; Haberfeld, A.; Horev, G.; Hurwitz, S.; Einat, M. Induction of Thermotolerance in Chickens by Temperature
Conditioning: Heat Shock Protein Expression. Ann. NY Acad. Sci. 1997, 813, 628-636. [CrossRef]

13.  Emmans, G.C.; Kyriazakis, I. Issues Arising from Genetic Selection for Growth and Body Composition Characteristics in Poultry

and Pigs. BSAP Occas. Publ. 2000, 27, 39-53. [CrossRef]


https://doi.org/10.1111/1365-2656.13041
https://doi.org/10.1038/s41467-019-09332-5
https://doi.org/10.1016/j.jtherbio.2021.102944
https://www.ncbi.nlm.nih.gov/pubmed/34420608
https://doi.org/10.1016/j.animal.2020.100138
https://www.ncbi.nlm.nih.gov/pubmed/33573943
https://doi.org/10.1093/ps/86.4.636
https://doi.org/10.1016/j.rvsc.2013.01.021
https://doi.org/10.3382/ps.2010-01333
https://doi.org/10.1017/S175173111000090X
https://doi.org/10.1016/S1095-6433(02)00007-7
https://doi.org/10.1016/S1095-6433(02)00020-X
https://www.ncbi.nlm.nih.gov/pubmed/11897193
https://doi.org/10.1111/j.1749-6632.1997.tb51757.x
https://doi.org/10.1017/S1463981500040528

Animals 2025, 15, 1386 14 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

Decuypere, E.; Tona, K.; Bruggeman, V.; Bamelis, F. The Day-Old Chick: A Crucial Hinge between Breeders and Broilers. World’s
Poult. Sci. ]. 2001, 57, 127-138. [CrossRef]

Aulie, A. The Effect of Intermittent Cold Exposure on the Thermoregulatory Capacity of Bantam Chicks, Gallus domesticus.
Comp. Biochem. Physiol. Part A: Physiol. 1977, 56, 545-549. [CrossRef]

Shinder, D.; Luger, D.; Rusal, M.; Rzepakovsky, V.; Bresler, V.; Yahav, S. Early Age Cold Conditioning in Broiler Chickens (Gallus
Domesticus): Thermotolerance and Growth Responses. J. Therm. Biol. 2002, 27, 517-523. [CrossRef]

Wallace, J.L.; Track, N.S.; Cohen, M.M. Chronic Mild Restraint Protects the Rat Gastric Mucosa from Injury by Ethanol or Cold
Restraint. Gastroenterology 1983, 85, 370-375. [CrossRef]

Morabito, M.; Iannuccilli, M.; Crisci, A.; Capecchi, V.; Baldasseroni, A.; Orlandini, S.; Gensini, G.F. Air Temperature Exposure and
Outdoor Occupational Injuries: A Significant Cold Effect in Central Italy. Occup. Environ. Med. 2014, 71, 713-716. [CrossRef]
Oh, M.-H.; Sun, I.-H.; Zhao, L.; Leone, R.D.; Sun, L.-M.; Xu, W.; Collins, S.L.; Tam, A.J.; Blosser, R.L.; Patel, C.H. Targeting
Glutamine Metabolism Enhances Tumor-Specific Inmunity by Modulating Suppressive Myeloid Cells. . Clin. Investig. 2020, 130,
3865-3884. [CrossRef]

Coqueiro, A.Y.; Rogero, M.M,; Tirapegui, ]. Glutamine as an Anti-Fatigue Amino Acid in Sports Nutrition. Nutrients 2019, 11, 864.
[CrossRef]

Carr, E.L.,; Kelman, A.; Wu, G.S.; Gopaul, R.; Senkevitch, E.; Aghvanyan, A.; Turay, A.M.; Frauwirth, K.A. Glutamine Uptake
and Metabolism Are Coordinately Regulated by Erk/Mapk During T Lymphocyte Activation. J. Immunol. 2010, 185, 1037-1044.
[CrossRef] [PubMed]

Zuhl, M.; Dokladny, K.; Mermier, C.; Schneider, S.; Salgado, R.; Moseley, P. The Effects of Acute Oral Glutamine Supplementation
on Exercise-Induced Gastrointestinal Permeability and Heat Shock Protein Expression in Peripheral Blood Mononuclear Cells.
Cell Stress Chaperones 2015, 20, 85-93. [CrossRef] [PubMed]

Hou, Y,; Wu, G. Nutritionally Nonessential Amino Acids: A Misnomer in Nutritional Sciences. Adv. Nutr. 2017, 8, 137-139.
[CrossRef]

Kidd, M.T. Nutritional Modulation of Immune Function in Broilers. Poult. Sci. 2004, 83, 650-657. [CrossRef]

Klain, G.; Johnson, B.C. Metabolism of Labeled Aminoethanol, Glycine, and Arginine in the Chick. J. Biol. Chem. 1962, 237,
123-126. [CrossRef] [PubMed]

Furukawa, K.; He, W.L.; Leyva-Jimenez, H.; Bailey, C.A.; Bazer, EW.; Toyomizu, M.; Wu, G. Developmental Changes in the
Activities of Enzymes for Polyamine Synthesis in Chickens. Poult. Sci. 2018, 97, 3-4.

He, W.; Wu, G. Metabolism of Amino Acids in the Brain and Their Roles in Regulating Food Intake. Amino Acids Nutr. Health.
Adv. Exp. Med. Biol. 2020, 1265, 167-185. [CrossRef]

Maslami, V.; Nur, Y.S.; Marlida, Y. Effect of Glutamate Supplementation as a Feed Additive on Performance of Broiler Chickens. J.
World’s Poult. Res. 2019, 9, 154-159. [CrossRef]

Olubodun, J.O.; Zulkiflj, I.; Farjam, A.S.; Hair-Bejo, M.; Kasim, A. Glutamine and Glutamic Acid Supplementation Enhances
Performance of Broiler Chickens under the Hot and Humid Tropical Condition. Ital. |. Anim. Sci. 2015, 14, 3263. [CrossRef]
Fathi, M.; Heidari, M.; Ahmadisefat, A.A.; Habibian, M.; Moeini, M.M. Influence of Dietary Glutamine Supplementation on
Performance, Biochemical Indices and Enzyme Activities in Broilers with Cold-Induced Ascites. Anim. Prod. Sci. 2015, 56,
2047-2053. [CrossRef]

Vantress, C. Cobb500 Broiler Performance and Nutrition Supplement. 2018. Available online: https://www.cobbgenetics.com/
assets /Cobb-Files /2022-Cobb500-Broiler- Performance-Nutrition-Supplement.pdf (accessed on 7 May 2025).

Council, National Research, and Subcommittee on Poultry Nutrition. Nutrient Requirements of Poultry: 1994; National Academies
Press: Washington, DC, USA, 1994.

Wagner, D.D.; Furrow, R.D.; Bradley, B.D. Subchronic Toxicity of Monensin in Broiler Chickens. Vet. Pathol. 1983, 20, 353-359.
[CrossRef] [PubMed]

Jain, N.C. Scanning Electron Micrograph of Blood Cells. Schalm’s Vet. Haematol. 1983, 4, 63-70.

Weichselbaum, C.T.E. An Accurate and Rapid Method for the Determination of Proteins in Small Amounts of Blood Serum and
Plasma. Am. J. Clin. Pathol. 1946, 16, 40-49. [CrossRef]

Rifai, N.; Horvath, A.R.; Wittwer, C.T.; Park, J. Principles and Applications of Molecular Diagnostics; Elsevier: Amsterdam, The
Netherlands, 2018.

Bartholomew, R.].; Delaney, A. Spectrophotometric Studies and Analytical Application of the Protein Error of Some Ph Indicators.
Proc. Aust. Assoc. Clin. Biochem. 1964, 1, 64—67.

Doumas, B.T,; Biggs, H.O.E.G.; Arends, R.L.; Pinto, P.V. Determination of Serum Albumin. In Standard Methods of Clinical
Chemistry; Elsevier: Amsterdam, The Netherlands, 1972; pp. 175-188.

Sanchez-Carbayo, M.; Mauri, M.; Alfayate, R.; Miralles, C.; Soria, F. Analytical and Clinical Evaluation of Tsh and Thyroid
Hormones by Electrochemiluminescent Immunoassays. Clin. Biochem. 1999, 32, 395-403. [CrossRef]


https://doi.org/10.1079/WPS20010010
https://doi.org/10.1016/0300-9629(77)90283-3
https://doi.org/10.1016/S0306-4565(02)00025-6
https://doi.org/10.1016/0016-5085(83)90326-8
https://doi.org/10.1136/oemed-2014-102204
https://doi.org/10.1172/JCI131859
https://doi.org/10.3390/nu11040863
https://doi.org/10.4049/jimmunol.0903586
https://www.ncbi.nlm.nih.gov/pubmed/20554958
https://doi.org/10.1007/s12192-014-0528-1
https://www.ncbi.nlm.nih.gov/pubmed/25062931
https://doi.org/10.3945/an.116.012971
https://doi.org/10.1093/ps/83.4.650
https://doi.org/10.1016/S0021-9258(18)81373-4
https://www.ncbi.nlm.nih.gov/pubmed/14456627
https://doi.org/10.1007/978-3-030-45328-2_10
https://doi.org/10.36380/jwpr.2019.19
https://doi.org/10.4081/ijas.2015.3263
https://doi.org/10.1071/AN15300
https://www.cobbgenetics.com/assets/Cobb-Files/2022-Cobb500-Broiler-Performance-Nutrition-Supplement.pdf
https://www.cobbgenetics.com/assets/Cobb-Files/2022-Cobb500-Broiler-Performance-Nutrition-Supplement.pdf
https://doi.org/10.1177/030098588302000311
https://www.ncbi.nlm.nih.gov/pubmed/6879957
https://doi.org/10.1093/ajcp/16.3_ts.40
https://doi.org/10.1016/S0009-9120(99)00032-6

Animals 2025, 15, 1386 15 of 16

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

Janaszewska, A.; Bartosz, G. Assay of Total Antioxidant Capacity: Comparison of Four Methods as Applied to Human Blood
Plasma. Scand. |. Clin. Lab. Investig. 2002, 62, 231-236. [CrossRef]

Kraljevi¢, P; éimpraga, M.; Miljanié¢, S.; Vili¢, M. Changes in Serum Enzyme Activity as an Indicator of Injuries in Irradiated
Chickens. Period. Biol. 2008, 110, 69-72.

Qin, J. Electrochemiluminescence Immunoassay Method. Google Patents US10024861B2, 17 July 2018.

Chen, X.Y; Li, R.; Wang, M.; Geng, Z.Y. Identification of Differentially Expressed Genes in Hypothalamus of Chicken During
Cold Stress. Mol. Biol. Rep. 2014, 41, 2243-2248. [CrossRef]

Borsoi, A.; Quinteiro-Filho, W.M.; Calefi, A.S.; Ferreira, A.J.P,; Astolfi-Ferreira, C.S.; Florio, J.C.; Palermo-Neto, ]J. Effects of
Cold Stress and Salmonella Heidelberg Infection on Bacterial Load and Immunity of Chickens. Avian Pathol. 2015, 44, 490-497.
[CrossRef]

Zhang, S.-S.; Su, H.-G,; Ying, Z.; Li, X.-M.; Feng, ] .-H.; Zhang, M.-H. Effects of Sustained Cold and Heat Stress on Energy Intake,
Growth and Mitochondrial Function of Broiler Chickens. J. Integr. Agric. 2016, 15, 2336-2342. [CrossRef]

Liu, Y; Yang, Y;; Yao, R.; Hu, Y,; Liu, P; Lian, S.; Lv, H.; Xu, B.; Li, S. Dietary Supplementary Glutamine and L-Carnitine Enhanced
the Anti-Cold Stress of Arbor Acres Broilers. Arch. Anim. Breed. 2021, 64, 231-243. [CrossRef]

Hayashi, K.; Kuroki, H.; Kamizono, T.; Ohtsuka, A. Comparison of the Effects of Thyroxine and Triiodothyronine on Heat
Production and Skeletal Muscle Protein Breakdown in Chicken. J. Poult. Sci. 2009, 46, 212-216. [CrossRef]

Debonne, M.; Baarendse, P.J.; Van Den Brand, H.; Kemp, B.; Bruggeman, V.; Decuypere, E. Involvement of the Hypothalamic-
Pituitary-Thyroid Axis and Its Interaction with the Hypothalamic-Pituitary-Adrenal Axis in the Ontogeny of Avian Thermoregu-
lation: A Review. World’s Poult. Sci. ]. 2008, 64, 309-321. [CrossRef]

Guo, H;; Xiao, S.; Lou, W.; Khan, R.U.; Wy, J.; Huang, B.; Dai, S.; Li, G. Dietary Supplementation of Glutamine Improves Metabolic
Functions in 1-14 Days Old Broilers under Cold Stress. Pak. J. Zool. 2024, 56. [CrossRef]

Zhang, B.; Yu, C; Lin, M.; Fu, Y.; Zhang, L.; Meng, M.; Xing, S.; Li, J.; Sun, H.; Gao, F. Regulation of Skeletal Muscle Protein
Synthetic and Degradative Signaling by Alanyl-Glutamine in Piglets Challenged with Escherichia Coli Lipopolysaccharide.
Nutrition 2015, 31, 749-756. [CrossRef] [PubMed]

Wellen, K.E.; Lu, C.; Mancuso, A.; Lemons, ].M.S.; Ryczko, M.; Dennis, ]. W.; Rabinowitz, ].D.; Coller, H.A.; Thompson, C.B. The
Hexosamine Biosynthetic Pathway Couples Growth Factor-Induced Glutamine Uptake to Glucose Metabolism. Genes Dev. 2010,
24,2784-2799. [CrossRef] [PubMed]

Shaker1, M.; Zulkifly, I.; Oskouelan, E.; Shaker1, M.; Oskouelan, A.; Ebrahumi, M. Response to Dietary Supplementation of
Glutamine in Broiler Chickens Subjected to Transportation Stress. Istanbul Universitesi Vet. Fakiiltesi Derg. 2016, 42, 122-131.
[CrossRef]

Roth, E. Nonnutritive Effects of Glutamine. . Nutr. 2008, 138, 20255-2031S. [CrossRef]

Lou, W.; Wu, W.; Guo, H.; Xiao, S.; Khan, R.U.; Zhang, X; Li, G.; Dai, S. Ameliorative Effect of Dietary Glutamine on Antioxidant
Capacity of Broiler Chicks During Starter Phase under Cold Stress. Pak. J. Zool. 2024, 56, 2735. [CrossRef]

Wang, J.; Yang, G.; Zhang, K.; Ding, X.; Bai, S.; Zeng, Q. Effects of Dietary Supplementation of DI-2-Hydroxy-4 (Methylthio)
Butanoic Acid on Antioxidant Capacity and Its Related Gene Expression in Lung and Liver of Broilers Exposed to Low
Temperature. Poult. Sci. 2019, 98, 341-349. [CrossRef]

Yang, X.; Luo, Y.H.; Zeng, Q.F; Zhang, K.Y.; Ding, X.M.; Bai, S.P.; Wang, ].P. Effects of Low Ambient Temperatures and Dietary
Vitamin C Supplement on Growth Performance, Blood Parameters, and Antioxidant Capacity of 21-Day-Old Broilers. Poult. Sci.
2014, 93, 898-905. [CrossRef]

Flees, J.; Rajaei-Sharifabadi, H.; Greene, E.; Beer, L.; Hargis, B.M.; Ellestad, L.; Porter, T.; Donoghue, A.; Bottje, W.G.; Dridj, S.
Effect of Morinda Citrifolia (Noni)-Enriched Diet on Hepatic Heat Shock Protein and Lipid Metabolism-Related Genes in Heat
Stressed Broiler Chickens. Front. Physiol. 2017, 8, 919. [CrossRef] [PubMed]

Duchateau, A.; de Thonel, A.; El Fatimy, R.; Dubreuil, V.; Mezger, V. The “Hsf Connection”: Pleiotropic Regulation and Activities
of Heat Shock Factors Shape Pathophysiological Brain Development. Neurosci. Lett. 2020, 725, 134895. [CrossRef]

Gabriel, ].E.; da Mota, A.E; Boleli, I.C.; Macari, M.; Coutinho, L.L. Effect of Moderate and Severe Heat Stress on Avian Embryonic
Hsp70 Gene Expression. Growth Dev. Aging GDA 2002, 66, 27-33. [PubMed]

Liu, Y;; Xue, G; Li, S.; Fu, Y,; Yin, ].; Zhang, R.; Li, J. Effect of Intermittent and Mild Cold Stimulation on the Immune Function of
Bursa in Broilers. Animals 2020, 10, 1275. [CrossRef] [PubMed]

Nguyen, P; Greene, E.; Ishola, P.; Huff, G.; Donoghue, A.; Bottje, W.; Dridi, S. Chronic Mild Cold Conditioning Modulates the
Expression of Hypothalamic Neuropeptide and Intermediary Metabolic-Related Genes and Improves Growth Performances in
Young Chicks. PLoS ONE 2015, 10, €0142319. [CrossRef]

Roth, E. Immune and Cell Modulation by Amino Acids. Clin. Nutr. 2007, 26, 535-544. [CrossRef]

Oehler, R.; Roth, E. Regulative Capacity of Glutamine. Curr. Opin. Clin. Nutr. Metab. Care 2003, 6, 277-282. [CrossRef]
Newsholme, P.; Curi, R.; Gordon, S.; Newsholme, E.A. Metabolism of Glucose, Glutamine, Long-Chain Fatty Acids and Ketone
Bodies by Murine Macrophages. Biochem. ]. 1986, 239, 121-125. [CrossRef]


https://doi.org/10.1080/003655102317475498
https://doi.org/10.1007/s11033-014-3075-z
https://doi.org/10.1080/03079457.2015.1086976
https://doi.org/10.1016/S2095-3119(15)61314-4
https://doi.org/10.5194/aab-64-231-2021
https://doi.org/10.2141/jpsa.46.212
https://doi.org/10.1017/S0043933908000056
https://doi.org/10.17582/journal.pjz/20180827080848
https://doi.org/10.1016/j.nut.2014.11.010
https://www.ncbi.nlm.nih.gov/pubmed/25837223
https://doi.org/10.1101/gad.1985910
https://www.ncbi.nlm.nih.gov/pubmed/21106670
https://doi.org/10.16988/iuvfd.2016.76561
https://doi.org/10.1093/jn/138.10.2025S
https://doi.org/10.17582/journal.pjz/20221013091007
https://doi.org/10.3382/ps/pey371
https://doi.org/10.3382/ps.2013-03438
https://doi.org/10.3389/fphys.2017.00919
https://www.ncbi.nlm.nih.gov/pubmed/29230177
https://doi.org/10.1016/j.neulet.2020.134895
https://www.ncbi.nlm.nih.gov/pubmed/12212628
https://doi.org/10.3390/ani10081275
https://www.ncbi.nlm.nih.gov/pubmed/32722590
https://doi.org/10.1371/journal.pone.0142319
https://doi.org/10.1016/j.clnu.2007.05.007
https://doi.org/10.1097/01.mco.0000068962.34812.ac
https://doi.org/10.1042/bj2390121

Animals 2025, 15, 1386 16 of 16

65.

66.

67.

68.

69.

70.

71.

72.
73.

Horig, H.; Spagnoli, G.C.; Filgueira, L.; Babst, R.; Gallati, H.; Harder, F; Juretic, A.; Heberer, M. Exogenous Glutamine Requirement
Is Confined to Late Events of T Cell Activation. J. Cell. Biochem. 1993, 53, 343-351. [CrossRef]

Yang, X.; Zetian, Y.; Chengzhi, S. Enhancement of Cellular Immune Function During Cold Adaptation of Balbc Inbred Mice.
Cryobiology 1992, 29, 422-427. [CrossRef] [PubMed]

Manning, R.O.; Wyatt, R.D. Effect of Cold Acclimation on the Broiler Chicks’ Resistance to Acute Aflatoxicosis. Poult. Sci. 1990,
69, 388-396. [CrossRef]

Su, Y.; Zhang, X.; Xin, H,; Li, S.; Li, J.; Zhang, R.; Li, X.; Li, J.; Bao, J. Effects of Prior Cold Stimulation on Inflammatory and
Immune Regulation in Ileum of Cold-Stressed Broilers. Poult. Sci. 2018, 97, 4228-4237. [CrossRef]

Maxwell, M.H.; Robertson, G.W.; Moseley, D. Potential Role of Serum Troponin T in Cardiomyocyte Injury in the Broiler Ascites
Syndrome. Br. Poult. Sci. 1994, 35, 663-667. [CrossRef] [PubMed]

Maxwell, M.H.; Robertson, G.W.; Moseley, D. Serum Troponin T Values in 7-Day-Old Hypoxia-and Hyperoxia-Treated, and
10-Day-Old Ascitic and Debilitated, Commercial Broiler Chicks. Avian Pathol. 1995, 24, 333-346. [CrossRef] [PubMed]

Vale, C.; Neves, ].S.; von Hafe, M.; Borges-Canha, M.; Leite-Moreira, A. The Role of Thyroid Hormones in Heart Failure. Cardiovasc.
Drugs Ther. 2019, 33, 179-188. [CrossRef]

Grais, LM.; Sowers, J.R. Thyroid and the Heart. Am. ]. Med. 2014, 127, 691-698. [CrossRef]

Bahadoran, S.; Hassanpour, H.; Arab, S.; Abbasnia, S.; Kiani, A. Changes in the Expression of Cardiac Genes Responsive to
Thyroid Hormones in the Chickens with Cold-Induced Pulmonary Hypertension. Poult. Sci. 2021, 100, 101263. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jcb.240530412
https://doi.org/10.1016/0011-2240(92)90044-3
https://www.ncbi.nlm.nih.gov/pubmed/1499325
https://doi.org/10.3382/ps.0690388
https://doi.org/10.3382/ps/pey308
https://doi.org/10.1080/00071669408417732
https://www.ncbi.nlm.nih.gov/pubmed/7719731
https://doi.org/10.1080/03079459508419073
https://www.ncbi.nlm.nih.gov/pubmed/18645790
https://doi.org/10.1007/s10557-019-06870-4
https://doi.org/10.1016/j.amjmed.2014.03.009
https://doi.org/10.1016/j.psj.2021.101263

	Introduction 
	Materials and Methods 
	Birds, Diets, and Management 
	Growth Performance 
	Sample Collection and Biochemical Analysis 
	Antioxidant Status Assessments 
	Immune Status Assessments 
	Statistical Analysis 

	Results 
	Growth Performance 
	Blood Hematological and Biochemical Parameters 
	Oxidative Stress Response 
	Immune Response 

	Discussion 
	Conclusions 
	References

