
animals

Article

Impacts of Strain Variation on Response to Heat
Stress and Boldo Extract Supplementation to
Broiler Chickens

Mahmoud M. Abo Ghanima 1 , May Bin-Jumah 2 , Abdel-Moneim E. Abdel-Moneim 3 ,
Asmaa F. Khafaga 4 , Mohamed E. Abd El-Hack 5,* , Ahmed A. Allam 6 and
Nagwa I. El-Kasrawy 1

1 Animal Husbandry and Animal Wealth Development Department, Faculty of Veterinary Medicine,
Damanhour University, Damanhour 22511, Egypt; mmyvet2@yahoo.com (M.M.A.G.);
nagwa.ibrahim@vetmed.dmuedu.eg (N.I.E.-K.)

2 Biology Department, College of Science, Princess Nourah bint Abdulrahman University, Riyadh 11671,
BO. Box 24428, Saudi Arabia; may_binjumah@outlook.com

3 Biological Application Department, Nuclear Research Center, Atomic Energy Authority, Abu-Zaabal 13759,
Egypt; aeabdelmoneim@gmail.com

4 Department of Pathology, Faculty of Veterinary Medicine, Alexandria University, Edfina 22758, Egypt;
Asmaa.Khafaga@alexu.edu.eg

5 Department of Poultry, Faculty of Agriculture, Zagazig University, Zagazig 44511, Egypt
6 Department of Zoology, Faculty of Science, Beni-suef University, Beni-suef, 65211 Egypt;

allam1081981@yahoo.com
* Correspondence: dr.mohamed.e.abdalhaq@gmail.com

Received: 19 October 2019; Accepted: 18 December 2019; Published: 20 December 2019
����������
�������

Simple Summary: One of the common approaches to alleviating heat-stress in poultry is
nutritional manipulation using herbal extracts or their derivatives to maintain the health, welfare,
and performance of birds. The present study investigated the protective effect of boldo leaf extract
against the harmful effects of cyclic heat stress in two broiler strains (Arbor Acres; AA and Avian-48;
AV). Administration of boldo in drinking water was able to restore growth and health traits to nearly
normal values. Generally, AA chicks were better able to withstand heat stress and were also more
likely to utilize boldo extract than AV chicks. The use of boldo leaf extract in poultry production can
assist in mitigating the effect of heat stress, improving the antioxidant defense system, and increasing
productivity and profitability.

Abstract: There is increasing interest in the use of natural antioxidant supplements in poultry diets as
protection against the adverse effects of heat stress. The potential protective effect of boldo (Peumus
boldus molina) leaf extract, which have antioxidant activity, were investigated against the harmful
effects of heat stress in two broiler strains. Arbor Acres (AA) and Avian-48 (AV) chicks were divided
into thermoneutral (TN) and heat stress (HS) groups and treated with 1 g boldo leaf extract/4 L
drinking water during the heat stress period. HS reduced growth performance in both strains. The
phagocytic index, phagocytic activity, and eosinophil and lymphocytes counts were significantly
elevated in TN and HS AV birds but not altered in AA birds. Boldo extract treatment partially
eliminated the previous negative impacts of heat stress. AA chicks were better able to withstand HS
than AV chicks. Serum concentrations of total lipids and cholesterol were reduced in HS birds of both
strains. Malondialdehyde, superoxide dismutase, and glutathione peroxidase levels were elevated
but restored with the administration of boldo leaf extract in HS birds of both strains. Economic
parameters were negatively affected by HS but restored to values close to those of the control group
in boldo-treated HS birds. In conclusion, the administration of boldo leaf extract in drinking water
was effective in neutralizing the harmful effects of heat stress on growth performance, blood indices,
and economic parameters and improved the antioxidant defense system in heat-stressed birds.
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1. Introduction

Global warming and climate change adversely affect livestock and poultry production sectors under
tropical and subtropical conditions. Chickens are particularly vulnerable to high ambient temperature
because of their higher inner body temperature and the lack of sweat glands. Therefore, several
physiological disturbances, such as hyperpnea, electrolyte imbalance, rapid pulse, vascular dilatation,
endocrine disorders, systemic immune dysregulation, muscle tremors, weakness, and collapse,
occur in heat-stressed birds [1,2] that impair their welfare and productivity. Furthermore, high
ambient temperature leads to elevated body temperature and, consequently, results in serious tissue
damage induced by excessive reactive oxygen species (ROS) [3]. Increased production of ROS is
potentially detrimental to the maintenance of homeostasis [4,5]. Moreover, variations in the response
of broiler strains and their ability to withstand heat stress have been documented. In general,
the heat stress resistance of broiler chickens is low owing to breeding programs constantly selecting
for higher growth performance; however, some broiler strains exhibit higher performance and/or
higher resistance to climatic changes than others [6–9]. Therefore, it is essential to implement
mitigation strategies that can promote the physiological antioxidant system of these broiler strains to
neutralize the excess amounts of generated ROS. Environmental strategies, for example, establishing an
intermittent light schedule, increasing ventilation, lowering stocking density, and implementing early
feed restriction [10], and nutritional manipulations, for example, use of probiotics [11,12], vitamins [3,13],
trace elements [10,13–15], and herbal extracts and products [16–18], have been considered as common
approaches in poultry production. It has been established that the inclusion of herbs and their extracts
in poultry diets is generally effective in maintaining their health, welfare, and performance as well as
the oxidative stability of their eggs and meat products [16,19–22].

Boldo (Peumus boldus molina) is an abundant native Chilean tree that has been widely used as a
medicinal herb to improve hepatic and digestive complaints [23]. Boldo has been used in numerous
pharmacopeias as a herbal remedy owing to its high content of polyphenols (flavonoids), alkaloids
(boldine), and essential oils [24–27]. Polyphenols account for as much as approximately 12%–36% of the
total solids in the aqueous extract of boldo leaves [23]. Free radical scavenging and lipid peroxidation
inhibition activities of the water extract of boldo leaves have been demonstrated [27]. These established
characteristics of boldo suggest it as one of the promising herbal plants that could be used to counteract
various stressors affecting broiler chicks, especially heat stress. Therefore, the aim of the present study
was to investigate the effect of administration of boldo leaf extract in drinking water to mitigate the
adverse impacts of heat stress in two broiler strains.

2. Materials and Methods

Bird management followed the regulations prescribed by the Animal Care and Ethics Committee
(DMU/VetMed-2019-/0040) at the Animal Husbandry and Animal Wealth Development Department,
Faculty of Veterinary Medicine, Damanhour University, Damanhour, Egypt.

2.1. Experimental Birds, Design, and Management

A total of 120 broiler chicks at 14 days of age from two different strains (sixty Arbor Acres (AA) and
sixty Avian-48 (AV)) with nearly the same starting body weight (343.3 ± 2.2 g) were used in this study.
Each strain was subdivided equally into two experimental groups; one was considered as the control
(thermoneutral group, TN), and the other was subjected to high temperature to induce heat stress (HS).
Heat-stressed birds were subjected to a temperature of 34 ± 2 ◦C for 12 h (from 9:00 to 18:00 and then
25 ± 2 ◦C) for three successive days a week, whereas birds of the TN group were maintained at the
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common housing temperature (25 ± 2 ◦C). Relative humidity under both conditions was maintained
at 45% ± 3%. The temperature was elevated and maintained constant using electric heaters. Each
group was further split into two groups, the control group and the boldo extract treatment group
that received 1 g boldo leaf extract/4 L drinking water during the period of heat stress previously
described. Three replicates of five birds each were used for the control and boldo-treated groups.
Birds were caged in stainless steel batteries with dimensions of 100 × 90 × 45 cm; length × width ×
height/pen/replicate; equipped with nipple drinkers and manual feeders. During the period of the
boldo extract administration, nipple lines were turned upward to prevent birds from consuming water
through them and making the birds rely only on manual drinkers that were supplemented with the
extract of boldo leaves. Water intake during a certain period was measured by adding the amount of
water consumed via nipple drinkers to that consumed via manual drinkers during the same period.
Water and feed were offered ad libitum, and all birds were reared under the same managerial and
vaccination programs. Manual thermometers and hygrometers placed at the center of the house were
used to record and ensure the stability of the indoor temperature and relative humidity four times a day
(at 9:00, 12:00, 15:00, and 18:00). The temperature humidity index (THI) was calculated according to the
equation described by Tao [2] (THI = 0.85 tdb + 0.15 twb, where tdb and twb are dry bulb and wet bulb
temperatures, respectively), as depicted in Figure 1. Birds were fed starter and grower diets (Table 1),
which were formulated to meet the requirements of the NRC [28]. Arbor Acres and Avian-48 chicks
were obtained from commercial hatcheries in Egypt. Boldo extract (the extract of leaves of Peumus
boldus from the Monimiaceae family) was obtained from Hongda Shaanxi Company in China (Hongda
Park, Xizhang Village, Dacheng Town, Sanyuan County, Xianyang City, Shaanxi Province, China).
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Table 1. Ingredients and calculated chemical composition of the basal diets.

Ingredients (%) Starter (1–21 days) Grower (22–42 days)

Yellow corn 54.03 58.98
Soybean meal (44%) 34.50 29.50

Corn germ (62%) 5.50 5.50
Soybean oil 1.80 2.30
Limestone 1.08 0.95

Di-Calcium Phosphate 2.00 1.75
Premix 1 0.30 0.30

NaCl 0.30 0.30
L-lysine 0.29 0.24

DL-Methionine 0.20 0.18
Calculated composition 2 (%)

Metabolizable energy (ME, kcal kg−1) 3001 3180
Crude protein 23.12 20.99

Calcium 0.99 0.89
Potassium 0.54 0.52

Phosphorus (available) 0.51 0.46
Digestible methio + Cys 0.93 0.89
Digestible methionine 0.59 0.52

Digestible lysine 1.43 1.24
Digestible arginine 1.25 1.07

Digestible tryptophan 0.19 0.17
1 Each kg of diet provides: Vit. A: 12,000 IU, Vit. D3: 5000 IU, Vit. E: 130.0 mg, Vit. K3: 3.61 mg, Vit. B1: 3.0 mg,
Vit. B2: 8.0 mg, Vit. B6: 4.95 mg, Vit. B12: 0.17 mg, Niacin: 60.0 mg, Folic acid: 2.08 mg, D-Biotin: 200.0 mg,
calcium D-Pantothenate: 18.33 mg, Copper: 80.0 mg, Iodine: 2.0 mg, Selenium: 150.0 mg, Iron: 80.0 mg, Manganese:
100.0 mg, Zinc: 80.0 mg, Cobalt: 500.0 mg. 2 Calculated according to NRC [28].

2.2. Growth Performance

Starting from the second week of age, body weight (BW) and feed intake (FI) per replicate were
recorded weekly until the 6th week of age. Body weight gain (BWG) was calculated weekly by
subtracting the initial body weight at a certain week from the final body weight at the next week.
Feed conversion ratio (FCR) was calculated as g feed/g gain per period. Prior to slaughtering, birds
were deprived of feed for 12 h and then weighed. Two birds from each replicate were slaughtered,
scalded, wet-plucked, and eviscerated and inner organs (liver, heart, spleen, and gizzard) were weighed
separately to determine the dressed weight and the dressing percentage. The blood, viscera, lungs,
limbs, head, and neck were termed as the offal and discarded. The abdominal fats in the pelvic and
abdominal cavity were completely collected from the carcass and then weighed. The carcass was
separated into cuts including the breast (breast muscles with the sternum), thigh (average of two thighs
weight), shoulder (average of two shoulders weight), and left fillet (the de-skinned left breast muscle
on the left side of the sternum), and each was weighed.

2.3. Blood Hematology and Biochemistry

Two blood samples were collected in separate labeled centrifuge tubes from the wing vein at
42 days of age from two birds within each replicate. The first tube contained 3.2% sodium citrate
solution in order to determine hemoglobin and hematocrit values, white blood cells, red blood cells,
and differential leucocytic counts. Phagocytic activity and index were estimated according to the
method described by Kawahara et al. [29]. The other tube was left to clot and then centrifuged at 4500× g
for 15 min. The serum samples were collected and preserved in a deep freezer at (−20 ◦C) until the time
of analysis. Total protein (TP), albumin (ALB), total lipids (TL), triglycerides (TG), and total cholesterol
(TC) were spectrophotometrically determined (Spectronic 1201; Milton Roy, Ivyland, PA, USA) using
commercial kits from Bio-diagnostic Co., Egypt, according to the manufacturer’s instructions.
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Activities of oxidative stress biomarkers, including malondialdehyde (MDA), glutathione
peroxidase (GPx), and superoxide dismutase (SOD), were assessed using the ELISA Kit from Quanti
ChromTM, BioAssay Systems, USA and Cayman Chemical Company, USA.

2.4. Economic Efficiency

Feed cost (US $/kg feed) was calculated by multiplying the total feed intake per bird by the cost
of one kg feed (0.36 US $/kg feed). The average cost of feed/kg body weight (US $/kg gain) was
calculated as feed cost (US $/kg feed) × feed intake per bird (kg)/weight gain per bird (kg). The cost of
the boldo extract supplementation (0.02 US $/bird) was included in the total costs of the treatment
groups. The other expenditure including the cost of day-old chicks, housing, labor, drugs, disinfectant,
vaccines, veterinary supervision, and depreciation cost were common to all groups. Total costs were
calculated by summing all fixed costs and variable costs. The net return was obtained by the difference
between the total return, considering the average value of the bird (1.45 US $/kg live body weight) and
the feeding cost for each group. Benefit/cost ratio (B/C ratio) was calculated as total return/total costs.

2.5. Statistical Analysis

Data were analyzed using the Statistical Analysis System (SAS, 2002), three-way analysis of
variance, and the general linear model procedure. The effect of fixed factors, broiler strain, heat stress,
and administration of boldo extract, and their interaction were estimated. Tukey’s multiple comparison
test was used to identify the presence of significance (p < 0.05) among multiple means. To ensure that
the results from the three replicates used were sufficient and the dispersion of the data around the
means was unique and within the accepted limits, the coefficient of variation (C.V.%) was calculated as

C.V.% =
(
SD/X

)
× 100 (1)

where SD is the standard deviation, and X is the sample mean. C.V.% values are listed in all tables; it
was noted that all C.V.% values were within the acceptable limits.

3. Results

3.1. Growth Performance

The results of live body weight and body weight gain as affected by broiler strain, heat stress,
or treatment with boldo extract are presented in Table 2. Significant differences between final BW
and BWG of AA and AV broiler chicks were observed in response to HS or the treatment with boldo.
Generally, AA birds were superior in their growth in comparison to AV birds. Final BW and BWG were
higher in HS AA birds (2180 and 1610 g, respectively) than those of HS AV birds (2040.5 and 1459.8 g,
respectively) and in TN AA than in TN AV birds (2285.4 and 1698.9 vs. 2156.2 and 1567.7 g, respectively).
Regardless of broiler strain, boldo supplementation significantly or numerically enhanced BW and
BWG values during all experimental periods either under HS or TN conditions, respectively. It is
worth noting that AA birds benefited from boldo treatment more than AV birds. Values of BW and
BWG increased by about 4.8% and 6.3%, respectively, under the TN environment and 5.1% and 7.6%,
respectively, under the HS environment.



Animals 2020, 10, 24 6 of 18

Table 2. Effect of broiler strain, heat stress, and boldo supplementation on body weight and weight
gain of broilers.

Heat
Stress Boldo

Live Body Weight (g) Body Weight Gain (g/bird/week)

2
Weeks

3
Weeks

4
Weeks

5
Weeks

6
Weeks

2–3
Weeks

3–4
Weeks

4–5
Weeks

5–6
Weeks

2–6
Weeks

Avian-48
TN − 344.7 588.5 bc 1133.1 e 1660.7 e 2156.2 e 243.8 544.6 e 527.6 abcd 495.5 ab 1811.5 d

TN + 341.3 592.5 b 1184.5 cd 1704.5 d 2220.4 c 251.2 592.0 cd 520.0 bcd 515.9 a 1879.1 c

HS − 343.7 580.7 d 1141.9 de 1615.8 f 2040.5 g 237.0 561.2 de 473.9 d 424.7 d 1696.8 f

HS + 342.0 592.8 b 1159.5 cde 1672.5 e 2107.0 f 250.8 566.7
cde 513.0 cd 434.5 d 1765 e

Arbor Acres
TN − 341.7 586.5 c 1234.1 b 1799.5 b 2285.4 b 244.8 647.6 b 565.4 abc 485.9 bc 1943.7 b

TN + 345.7 597.8 a 1302.6 a 1860.6 a 2327.9 a 252.1 704.8 a 558.0 abc 467.3 c 1982.2 a

HS − 344.3 570.0 e 1168.8 cde 1751.4 c 2180.0 d 225.7 598.8 cd 582.6 a 428.6 d 1835.7 c

HS + 343.0 585.1 c 1194.0 bc 1769.1 c 2214.2 c 242.1 608.9 bc 575.1 ab 445.1 d 1871.2 c

p Value
Strain (S) 0.666 0.063 >0.001 >0.001 >0.001 0.868 >0.001 >0.001 0.213 >0.001

Heat stress (HS) 0.962 >0.001 >0.001 >0.001 >0.001 0.147 <0.001 0.610 >0.001 >0.001
Boldo (B) 0.737 >0.001 >0.001 0.011 0.014 0.078 0.010 0.753 0.390 >0.001

S × HS 0.962 >0.001 >0.001 >0.001 >0.001 0.125 >0.001 >0.001 >0.001 >0.001
S × B 0.278 >0.001 >0.001 >0.001 >0.001 0.468 >0.001 >0.001 0.390 >0.001

HS × B 0.599 >0.001 >0.001 >0.001 >0.001 0.159 >0.001 0.822 >0.001 >0.001
S × HS × B 0.321 >0.001 >0.001 >0.001 >0.001 0.749 >0.001 >0.001 >0.001 >0.001

SEM 0.774 1.032 7.038 8.935 10.066 0.663 7.394 7.333 4.408 9.767
C.V.% 1.12 1.57 5.76 4.62 4.10 8.21 10.96 12.15 8.52 5.44

TN: thermoneutral temperature; HS: heat stress; SEM: Standard error of mean; C.V.%: coefficient of variation. Data
presented as means and means in the same row with no superscript letters after them or with a common superscript
letter following them are not significantly different (p < 0.05).

In general, AA birds consumed more feed than AV birds during the experimental period (Table 3).
In each strain, neither boldo treatment nor HS significantly affected FI during the initial experimental
periods (2–3, 3–4, and 4–5 weeks of age). AV birds exposed to HS consumed less feed during the
final experimental period (5–6 weeks of age) and the overall duration of the experiment (2–6 weeks
of age) regardless of boldo administration. Furthermore, treatment with boldo reduced FCR in both
strains at 3–4 weeks of age. No significant alterations among the experimental groups were detected
at 4–5 weeks of age (Table 3). However, during the last experimental period (5–6 weeks of age),
boldo-treated AV birds recorded the lowest FCR value in comparison to that of boldo-treated AA birds
under TN and HS conditions. Overall, FCR improved in AA birds treated with boldo and reared
under the TN environment, whereas no significant differences were observed among the remaining
groups. Results presented in Table 3 also revealed no significant alteration in water intake in the broiler
strains regardless of the treatment with boldo or HS during all the experimental periods. However,
an elevation in water intake was observed in heat-stressed AV and AA birds either treated or not
with boldo.
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Table 3. Effect of broiler strain, heat stress, and boldo supplementation on feed intake and feed conversion ratio of broilers.

Heat
Stress Boldo

Water Intake (mL/(Bird·Period)) Feed Intake (g/(Bird·Period)) Feed Conversion Ratio (g Feed/g Gain)

2–3
Weeks

3–4
Weeks

4–5
Weeks

5–6
Weeks

2–6
Weeks

2–3
Weeks

3–4
Weeks

4–5
Weeks

5–6
Weeks

2–6
Weeks

2–3
Weeks

3–4
Weeks

4–5
Weeks

5–6
Weeks

2–6
Weeks

Avian-48
TN − 1113.0 1495.0 1770.7 2188.3 6567.0 333.9 754.0 b 902.5 a 1132.5 a 3122.9 b 1.37 1.39 ab 1.71 ab 2.29 c 1.72 ab

TN + 1113.7 1509.7 1748.3 2219.3 6591.0 327.6 751.0 b 880.0 b 1115.0 a 3073.6 bc 1.30 1.27 c 1.69 ab 2.16 d 1.64 bc

HS − 1285.3 1901.3 2302.3 3034.0 8523.0 319.8 744.0 b 872.5 b 1052.5 b 2988.8 cde 1.35 1.33 bc 1.84 a 2.48 a 1.76 a

HS + 1262.3 1870.7 2272.3 2950.3 8358.7 323.4 749.5 b 882.5 b 1007.5 b 2962.9 e 1.29 1.32 bc 1.72 ab 2.32 c 1.68 ab

Arbor Acres
TN − 1154.0 1589.0 1803.0 2112.3 6658.3 339.3 882.5 a 917.5 a 1095.0 b 3234.3 a 1.39 1.36 ab 1.62 ab 2.25 cd 1.66 bc

TN + 1168.0 1583.0 1776.3 2148.3 6671.6 340.1 871.5 a 917.5 a 1092.5 b 3221.6 a 1.35 1.24 c 1.64 ab 2.34 bc 1.63 c

HS − 1335.0 2006.0 2319.3 3003.3 8663.7 311.9 852.5 a 917.5 a 1080.0 b 3161.9 a 1.38 1.42 a 1.58 b 2.52 a 1.72 ab

HS + 1303.3 1992.0 2273.7 2964.7 8533.7 312.7 847.5 a 905.0 a 1082.5 b 3147.7 ab 1.29 1.39 ab 1.57 b 2.43 ab 1.68 ab

p Value
Strain (S) >0.001 >0.001 0.485 0.388 0.121 0.682 >0.001 >0.001 0.205 >0.001 0.853 0.084 0.041 0.070 0.201

Heat stress (HS) >0.001 >0.001 >0.001 >0.001 >0.001 0.059 0.214 0.010 >0.001 >0.001 0.267 0.067 0.953 >0.001 0.113
Boldo (B) 0.078 0.138 0.274 0.767 0.401 0.347 0.790 0.135 0.065 0.216 0.337 0.072 0.247 0.067 0.229

S × HS 0.868 0.022 0.708 0.488 0.636 0.914 >0.001 >0.001 >0.001 >0.001 0.652 0.014 0.023 >0.001 >0.001
S × B 0.916 0.864 0.858 0.789 0.938 0.723 >0.001 >0.001 0.063 >0.001 0.761 >0.001 0.051 0.013 >0.001

HS × B 0.011 0.034 0.811 0.319 0.282 0.331 0.640 0.082 >0.001 >0.001 0.444 >0.001 0.682 >0.001 >0.001
S × HS × B 0.348 0.125 0.919 0.831 0.882 0.155 >0.001 >0.001 >0.001 >0.001 0.269 >0.001 0.035 >0.001 >0.001

SEM 17.69 42.91 55.29 88.05 201.0 5.258 6.511 2.056 4.125 10.16 0.023 0.012 0.025 0.022 0.014
C.V.% 4.65 5.64 6.51 5.64 7.56 3.56 7.22 2.05 3.40 3.25 4.23 8.73 12.04 7.08 3.21

TN: thermoneutral temperature; HS: heat stress; SEM: standard error of mean; C.V.%: coefficient of variation. Data presented as means and means in the same column with no superscript
letters after them or with a common superscript letter following them are not significantly different (p < 0.05).
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Relative weights of the heart, spleen, thigh, left fillet, and abdominal fat were not affected by
the interaction among broiler strains, ambient temperature, and boldo treatment. However, dressing
percentage and relative weights of the liver, gizzard, breast, and shoulder were affected (Table 4).
Dressing and liver percentages were significantly reduced in HS AV birds compared to those of HS AA
birds. The highest dressing% value was observed in AV chicks treated with boldo and reared under
the TN environment, whereas the lowest value was recorded in HS AV birds not treated with boldo
extract. Moreover, the breast% was significantly reduced in AV birds exposed to heat stress compared
to that in TN birds. The highest values of breast% were observed in TN AV and AA birds treated with
boldo extract.

Table 4. Effect of broiler strain, heat stress, and boldo supplementation on carcass traits as % of slaughter
weight of broilers.

Heat
Stress Boldo Dressing Liver Gizzard Heart Spleen Fat Breast Thigh Shoulder Left

Fillet

Avian-48
TN − 71.34 abc 4.20 ab 2.92 ab 0.87 0.20 1.67 ab 27.18 ab 16.62 4.26 ab 11.24
TN + 72.70 a 4.43 a 3.07 a 0.89 0.20 1.59 b 27.87 a 16.76 4.37 ab 11.31
HS − 68.58 d 3.82 c 2.92 ab 0.85 0.20 2.01 a 24.54 c 15.35 3.75 b 10.15
HS + 70.71 bc 4.18 ab 2.89 ab 0.86 0.20 1.79 ab 27.32 ab 16.10 4.28 ab 11.16

Arbor Acres
TN − 70.05 c 4.02 bc 2.71 b 0.87 0.20 1.72 ab 25.77 bc 16.43 4.03 ab 10.63
TN + 72.03 ab 4.28 ab 3.04 a 0.90 0.20 1.66 ab 27.72 a 16.29 4.42 a 11.50
HS − 70.08 c 4.03 bc 2.74 b 0.87 0.22 1.70 ab 25.71 bc 16.12 4.22 ab 10.58
HS + 71.16 bc 3.98 bc 3.00 a 0.88 0.19 1.90 ab 26.58 ab 15.38 4.57 a 11.29

p Value
Strain (S) 0.983 0.279 0.226 0.565 0.739 0.803 0.459 0.678 0.282 0.907

Heat stress (HS) >0.001 >0.001 0.391 0.353 0.971 0.024 >0.001 0.030 0.634 0.140
Boldo (B) >0.001 0.015 >0.001 0.244 0.686 0.653 >0.001 0.993 0.020 0.016

S × HS 0.011 0.028 0.492 0.541 0.733 0.329 0.043 0.637 0.098 0.344
S × B >0.001 0.046 0.041 0.790 0.552 0.202 >0.001 0.233 0.861 0.633

HS × B >0.001 >0.001 0.021 0.701 0.608 0.731 >0.001 0.989 0.491 0.456
S × HS × B >0.001 >0.001 0.023 0.955 0.287 0.056 0.030 0.411 0.042 0.299

SEM 0.211 0.043 0.035 0.001 0.001 0.047 0.214 0.185 0.074 0.132
C.V.% 2.69 8.84 9.63 8.53 16.94 21.86 7.25 10.14 15.10 10.86

TN: thermoneutral temperature; HS: heat stress; SEM: standard error of mean; C.V.%: coefficient of variation.
Data presented as means and means in the same column with no superscript letters after them or with a common
superscript letter following them are not significantly different (p < 0.05).

3.2. Hematological Parameters

The hematological parameters were greatly affected by broiler strain, heat stress, and boldo
treatment (Table 5). Total counts of erythrocytes and leucocytes and hematocrit and hemoglobin values
were not altered by any of the fixed factors and their interactions. Phagocytic index, phagocytic activity,
and counts of eosinophil and lymphocytes were significantly reduced in TN and HS AV birds that were
not treated with boldo. These parameters were not altered in the corresponding AA birds. Counts of
heterophils, basophils, and monocytes did not differ in HS AA and AV birds, except for the monocytes
count, which was lower in HS AA chickens than in the TN AA birds. Moreover, treatment with
boldo did not affect the aforementioned parameters in AV birds reared under TN or HS. Boldo-treated
AA birds reared under the same conditions showed a significant increase in heterophils count and a
decrease in monocytes count, whereas counts of basophil were not affected.
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Table 5. Effect of broiler strain, heat stress, and boldo supplementation on hematological parameters of broilers.

Heat
Stress Boldo Leucocytes,

103/mm3
Erythrocytes,

106/mm3
Hematocrit,

%
Hemoglobin,

%
Phagocytic

Index
Phagocytic
Activity

Eosinophils,
%

Lymphocyte,
%

Heterophils,
%

Basophils,
%

Monocyte,
%

Avian-48
TN - 23.87 3.18 29.14 14.06 1.42 b 15.14 b 8.10 c 34.96 b 23.34 bc 1.06 bc 5.36 bc

TN + 23.86 3.21 29.26 14.09 1.72 a 16.40 a 8.54 a 36.20 a 23.22 c 1.07 abc 5.37 bc

HS - 23.79 3.16 29.22 14.10 1.42 b 14.80 b 8.16 c 34.38 b 23.38 abc 1.03 c 5.16 c

HS + 23.79 3.23 29.17 14.32 1.72 a 17.00 a 8.38 ab 36.36 a 23.72 a 1.10 ab 5.44 b

Arbor Acres
TN - 23.86 3.26 29.14 14.08 1.72 a 17.10 a 8.56 a 36.68 a 23.26 c 1.08 abc 5.68 a

TN + 23.79 3.21 29.16 14.02 1.70 a 16.30 a 8.50 a 36.12 a 23.66 ab 1.11 a 5.34 bc

HS - 23.82 3.19 29.14 14.22 1.60 a 16.20 a 8.28 bc 36.02 a 23.22 c 1.08 abc 5.42 b

HS + 24.08 3.22 29.08 14.18 1.62 a 16.40 a 8.46 ab 36.00 a 23.54 ab 1.10 ab 5.48 ab

p Value
Strain (S) 0.435 0.155 0.475 0.379 0.012 >0.001 >0.001 >0.001 0.950 0.133 0.011

Heat stress (HS) 0.704 0.428 0.827 0.024 0.015 0.498 0.043 0.132 0.264 0.920 0.223
Boldo (B) 0.539 0.170 0.930 0.220 >0.001 >0.001 >0.001 >0.001 0.016 >0.001 0.934

S × HS 0.164 0.464 0.840 0.494 0.154 0.184 0.030 0.051 0.041 0.847 0.938
S × B 0.487 0.081 0.779 0.020 >0.001 >0.001 0.011 >0.001 0.042 >0.001 0.010

HS × B 0.220 0.079 0.513 0.615 0.013 0.010 0.016 0.054 0.043 0.012 >0.001
S × HS × B 0.276 0.586 0.825 0.709 >0.001 >0.001 0.019 >0.001 0.020 0.014 >0.001

SEM 0.032 0.010 0.042 0.031 0.025 0.153 0.034 0.143 0.016 0.013 0.035
C.V.% 0.92 1.77 0.96 1.20 9.77 5.90 2.49 2.57 1.28 3.47 3.78

TN: thermoneutral temperature; HS: heat stress; SEM: standard error of mean; C.V.%: coefficient of variation. Data presented as means and means in the same column with no superscript
letters after them or with a common superscript letter following them are not significantly different (p < 0.05).
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3.3. Serum Biochemical Parameters

Serum levels of TP, ALB, A/G ratio, and TG were not affected by the interaction among experimental
factors (Table 6). The ALB level tended to increase in both strains treated with boldo either under TN or
HS conditions. The GLO level was significantly reduced in HS AV birds and elevated in HS AA chicks
compared to TN birds of both strains not treated with boldo. Moreover, exposing AV birds to heat stress
decreased serum concentrations of TL and TC compared to that in TN birds, whereas they increased
in HS AA birds compared to that in TN birds. Treatment with boldo extract in HS or TN AV birds
did not significantly alter these parameters but reduced their levels only in HS AA birds compared
to that in the untreated HS birds. Levels of oxidative stress biomarkers (MDA, GPx, and SOD) were
increased in AV and AA birds exposed to heat stress compared to those reared under the TN condition
(Table 7). All the previous parameters were significantly reduced in both strains exposed to heat stress
and treated with boldo extract compared to that in TN birds. Moreover, treatment with boldo extract
decreased serum MDA content and GPx activity in TN AA birds and the value of GPx only in TN
AV birds.

Table 6. Effect of broiler strain, heat stress, and boldo supplementation on blood metabolites of broilers.

Heat
Stress Boldo Albumin

(g/dL)
Globulin

(g/dL)
AG

Ratio
Total Protein

(g/dL)
Total Lipid

(mg/dL)
Triglycerides

(mg/dL)
Cholesterol

(mg/dL)

Avian-48
TN - 1.75 1.76 a 0.99 3.51 677.04 a 157.13 181.38 a

TN + 1.88 1.67 ab 1.12 3.55 607.18 ab 146.18 161.63 a

HS - 1.66 1.49 b 1.11 3.15 461.54 c 127.79 137.90 b

HS + 1.84 1.61 ab 1.17 3.45 455.37 c 128.90 133.53 b

Arbor Acres
TN − 1.80 1.62 ab 1.12 3.42 427.33 c 123.16 131.36 b

TN + 1.90 1.68 ab 1.14 3.59 582.52 b 142.87 161.14 a

HS − 1.75 1.76 a 0.99 3.51 677.04 a 157.13 181.38 a

HS + 1.84 1.61 ab 1.17 3.45 455.37 c 128.90 133.53 b

p Value
Strain (S) 0.331 0.493 0.913 0.241 0.455 0.797 0.738

Heat stress (HS) 0.175 0.227 0.754 0.065 >0.001 0.386 0.025
Boldo (B) 0.013 0.780 0.068 0.099 0.071 0.540 0.056

S × HS 0.982 0.061 0.180 0.136 >0.001 0.161 >0.001
S × B 0.522 0.583 0.957 0.383 0.908 0.963 0.778

HS × B 0.817 0.995 0.709 0.887 >0.001 0.240 >0.001
S × HS × B 0.730 0.053 0.230 0.078 >0.001 0.165 >0.001

SEM 0.023 0.033 0.025 0.046 15.03 3.921 4.978
C.V.% 8.05 10.58 13.94 6.56 14.97 12.16 16.44

TN: thermoneutral temperature; HS: heat stress; SEM: standard error of mean; C.V.%: coefficient of variation.
Data presented as means and means in the same column with no superscript letters after them or with a common
superscript letter following them are not significantly different (p < 0.05).

Table 7. Effect of broiler strain, heat stress, and boldo supplementation on blood oxidative status
of broilers.

Heat Stress Boldo MDA (nmoles/mL) GPx (U/gHb) SOD (U/gHb)

Avian-48
TN − 1.64 cd 17.60 ef 48.80 d

TN + 1.56 cd 15.60 h 47.40 d

HS − 2.70 a 25.80 b 89.60 a

HS + 2.34 b 21.40 d 73.20 c
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Table 7. Cont.

Heat Stress Boldo MDA (nmoles/mL) GPx (U/gHb) SOD (U/gHb)

Arbor acres
TN − 1.68 c 18.00 e 49.40 d

TN + 1.52 d 16.40 gh 47.00 d

HS − 2.64 a 27.60 a 90.60 a

HS + 2.40 b 23.00 c 78.80 b

p Value
Strain (S) 0.991 0.034 0.071

Heat stress (HS) >0.001 >0.001 >0.001
Boldo (B) >0.001 >0.001 >0.001

S × HS >0.001 >0.001 0.050
S × B >0.001 >0.001 >0.001

HS × B 0.013 >0.001 >0.001
S × HS × B 0.030 >0.001 >0.001

SEM 0.078 0.693 1.946
C.V.% 13.77 11.13 15.41

MDA: malondialdehyde; GPx: glutathione peroxidase; SOD: superoxide dismutase; TN: thermoneutral temperature;
HS: heat stress; SEM: standard error of mean; C.V.%: coefficient of variation. Data presented as means and means in
the same column with no superscript letters after them or with a common superscript letter following them are not
significantly different (p < 0.05).

3.4. Economic Efficiency

As presented in Table 8, feed cost, feed cost/gain, and total costs were not altered among the
experimental factors and their interactions. Birds of both strains exposed to HS and not treated with
boldo extract showed significant deterioration in total return, net return, and B/C ratio (for AV birds
only) compared to the control birds. However, these parameters were significantly improved in HS AV
and AA birds treated with boldo leaf extract. TN birds of AA treated with boldo recorded the highest
values of the aforementioned parameters followed by AV birds reared under the same conditions.

Table 8. Effect of broiler strain, heat stress, and boldo supplementation on the economic parameters.

Heat
Stress Boldo Feed Cost (US

$/Bird)
Feed Cost/kg

Gain (US $/kg)
Total Cost

(US $/Bird)
Total Return
(US $/Bird)

Net Return
(US $/Bird)

B/C Ratio
(%)

Avian-48
TN - 1.00 0.64 1.78 3.13 c 2.12 e 175.84 c

TN + 0.98 0.60 1.79 3.22 b 2.23 c 179.88 b

HS - 0.96 0.66 1.74 2.96 e 2.00 f 170.11 d

HS + 0.95 0.62 1.76 3.05 d 2.10 e 173.29 c

Arbor Acres
TN - 1.04 0.61 1.82 3.31 a 2.27 b 181.86 a

TN + 1.03 0.60 1.84 3.37 a 2.34 a 183.15 a

HS - 1.02 0.63 1.80 3.16 c 2.13 e 175.55 c

HS + 1.02 0.62 1.83 3.21 b 2.19 d 175.40 c

p Value
Strain (S) 0.450 0.093 0.233 >0.001 >0.001 0.042

Heat stress (HS) 0.471 0.115 0.697 >0.001 0.031 >0.001
Boldo (B) 0.215 0.214 0.082 0.015 0.050 0.021

S × HS 0.576 0.147 0.240 0.034 0.014 0.040
S × B 0.391 0.258 0.331 0.012 >0.001 >0.001

HS × B 0.267 0.480 0.265 0.050 >0.001 0.051
S × HS × B 0.160 0.921 0.163 >0.001 0.043 >0.001

SEM 0.013 0.001 0.001 0.001 0.028 0.047
C.V.% 3.25 3.21 1.84 4.10 7.31 2.53

TN: thermoneutral temperature; HS: heat stress; B/C: benefit/cost; SEM: standard error of mean; C.V.%: coefficient of
variation. Data presented as means and means in the same column with no superscript letters after them or with a
common superscript letter following them are not significantly different (p < 0.05).
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4. Discussion

Results of the present investigation revealed that the administration of boldo extract in drinking
water was effective in promoting growth of birds reared under the TN condition and partially enhanced
the ability to recover weight loss in HS birds. Growth of AA birds was less affected than that of
AV birds by HS. Furthermore, the exposure to HS significantly reduced FI of birds regardless of the
treatment with boldo extract; whereas FCR was not significantly affected. Broiler strain affected FI; AV
birds consumed less feed than AA birds in general. Water intake was not significantly altered by the
interaction among broiler strain × heat stress × boldo treatments with an increase in water consumption
by heat-stressed birds of both strains. Our results are consistent with those of previous studies [30–32].
The adverse effect of HS on broiler growth performance can be attributed to the mucosal epithelial
damage caused by HS that impairs nutrients absorption. In addition, heat-stressed birds expend
more energy to adapt to HS conditions, leading to the reduction in their growth performance as less
energy is used for growth [31]. Another possible explanation for the reduction in growth and FI is that
under the HS condition, poor appetite and lower FI were observed; these are considered as a defense
mechanism to reduce the increment in body heat of broilers [31]. Furthermore, the impaired growth
rate in heat-stressed birds might also be attributed to changes in the blood circulation pattern [33].
Under high ambient temperature, blood supply to the peripheral organs increases to promote the
dissipation of inner heat to the environment. Consequently, blood flow to the gut is reduced, leading
to a leaky gut, greatly deprived in nutrients and oxygen. Under such circumstances, disturbance
in the intestinal ecosystem and reduction in bacterial substances production occurred [33], which in
turn reduced the growth of birds. Moreover, the decreased amount of bacterial substances such as
lipopolysaccharides stimulates the production of pro-inflammatory cytokines, for example, TNF-Y,
IL-1α, IL-1β, and IL-6, which activates T and B lymphocytes in order to eliminate the damaged tissue.
The increase in water consumption of heat-stressed birds can be attributed to the important role of water
in maintaining thermoregulatory balance, as birds under heat stress conditions lose a high amount of
water through evaporative cooling via the respiratory tract as a means of achieving effective thermal
regulation. Supplementation of phytogenic additives (FA), such as boldo extract, is able to reverse the
deleterious impacts of heat stress through promoting the growth of healthier microbes [34], reducing
the creation of growth-depressing microbial substances, such as biogenic amines and ammonia [35,36],
and increasing the availability of nutrients to the host [37]. Furthermore, it has been reported that
essential oils of FA might be efficient in controlling the intestinal mucosa inflammation evidenced
by the reduction in the number of intra-epithelial leucocytes of the intestinal mucosa of pigs [38].
The control of intestinal inflammation should spare nutrients for absorption [39,40]. Additionally, FA
can enhance the production of digestive enzymes and manipulate the intestinal microflora [41,42].
These previously demonstrated cumulative effects of boldo may explain the improvement in the
growth performance of heat-stressed birds treated with boldo leaf extract. Moreover, AA chicks were
better able to withstand heat stress as these birds showed higher BW, BWG, and FI than AV chickens.
Heat-stressed boldo-treated AA chicks exhibited a higher growth rate than even heat-stressed AV birds
treated or not with boldo extract. Our results are consistent with those reported by Hascik et al. [6] and
Abdo et al. [9].

Heat stress decreased dressing percentage and relative weights of the liver and breast in AV birds
compared to those of AA birds. Boldo treatment restored values of these parameters near to the values
in TN birds and increased their values in the TN birds. Consistent with our results, Shim et al. [43]
and Plavnik and Yahav [44] reported that the relative liver weight was lower in heat-stressed chicks as
a result of decreased metabolic needs. Song et al. [31] reported that the proportion of breast muscle
as a percentage of BW was reduced by cyclic heat stress. Relative weight of the pectoralis major of
birds reared under 32 ◦C was lower than that of those reared under 22 ◦C [45]. The authors attributed
this reduction in muscle weight to the elevation of protein synthesis susceptibility than to proteolysis
at 32 ◦C, which thereby lowered the deposition of muscle protein. The amelioration effects of FA on
carcass traits of heat-stressed birds have been reported [32,46–48]. Possible explanations for the heat



Animals 2020, 10, 24 13 of 18

stress mitigation effect of FA may be their ability to boost the antioxidant defense system, immune
response, digestive enzyme secretion as well as stimulate the appetite and feed intake [32,49]. Moreover,
the effects of heat exposure on abdominal fat have been controversial among researchers for a long time.
Consistent with our results, Smith and Teeter [50] and Fisher [51] reported a significant reduction in fat
content in heat-stressed birds, whereas an elevation in fat deposition was observed by Baziz et al. [52]
and Geraert et al. [53]. The reduced fat pad size observed in boldo-treated birds compared to that
in heat-stressed birds suggested the reduction in fat deposition through increasing lipolysis and/or
inhibition of the lipogenesis process [54].

Regarding hematological observations, our results indicated no interaction effect among heat
stress, boldo treatment, and chicken strain on values of blood erythrocytes, leucocytes, hemoglobin,
and hematocrit. These results are in agreement with those of Tamzil et al. [55], who observed that these
parameters were not altered in normal kampong, Arabic, and commercial chickens compared to that in
birds exposed to acute heat stress. However, heat stress significantly affected the phagocytic index and
activity and proportional count of leucocytes. It has been reported that heat stress led to increased
counts of basophils, heterophils, and lymphocytes but did not affect the eosinophil count [55,56].
These disturbances in leucocytes counts may be because of the adverse effect of heat burden on lipid
peroxidation, inflammatory response, and tissue damage that trigger the production of phagocytic
leucocytes to engulf damaged cells and foreign pathogens [57]. Moreover, the increased heterophil
percentage and depressed lymphocyte count may be attributed to the elevation in glucocorticoid and
corticosterone secretion under high ambient temperature conditions [55]. Administration of boldo
extract in drinking water was able to balance the heat burden and restore the leucocytes count close to
the values of TN birds because of the ability of its bioactive substances to control intestinal mucosa
inflammation and inhibit enteric pathogens, which subsequently down-regulated leukocyte synthesis.

Serum TP, A/G ratio, and TG levels were not affected by the fixed factors or their interactions.
However, the ALB level increased in both strains treated with boldo either under TN or HS conditions
but was not affected by the other fixed factors or their interactions. Our results agree with the previous
investigations, which used menthol, anethol, and eugenol sources of FA [58–60]. In contrast to our
findings, Reis et al. [61] reported a significant reduction in serum concentration of TP and GLO in
broilers fed FA containing diets. The authors linked this reduction in serum protein levels to the
lower immune response evidenced by lower lymphocyte count. Moreover, serum concentrations of TL
and TC were significantly lower in chicks exposed to heat stress than in TN birds. These results are
consistent with those of Shim et al. [43] and Takahashi and Jensen [62]. However, the serum level of
cholesterol tended to increase, especially in AA-stressed birds. Increase in the cholesterol level may
be caused by the lipolysis of body lipids in order to compensate for the energy required resulting
from the decrease in feed intake [63]. However, administration of boldo extract in drinking water
induced a reversal of these factors to levels of the control, thereby implying that boldo extract increased
lipogenesis in the liver of heat-stressed chickens.

It is well-documented that heat stress augments the generation of free radicals, which increases
lipid peroxidation [1,5,8,12]. As an indicator of lipid peroxidation, MDA concentration increased in the
blood of heat-stressed birds concomitantly with an elevation in the activities of antioxidant enzymes
(SOD and GPx). These increases in antioxidant enzyme activities during the period of non-damaging
exercise have been considered as a physiological response to protect living cells from oxidative
stress [64–66]. In the present study, both broiler strains exposed to high ambient temperature showed
higher serum levels of MDA, GPx, and SOD. However, the treatment with boldo reduced the values of
these parameters. The similar response of the antioxidant defense system of both strains to heat stress
may be attributed to the large differences in gene expression of these enzymes. Abdo et al. [9] reported
that gene expressions of SOD and catalase in the liver of heat-stressed Ross and Cobb chickens were not
significantly altered. Furthermore, the strong free radical scavenging and antioxidant activity of boldo
leaves could be attributed to their high content of boldine and catechin [67]. Boldine has been reported
as the principal antioxidant alkaloid fraction [68], whereas, the total antioxidant activity of catechin,
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the main flavonoid compound, is estimated to be 60.9% [23,69]. These active compounds compensate
in scavenging and neutralizing the excess of free radicals that subsequently boosts the antioxidant
system of heat-stressed birds and reduces the levels of the studied oxidative stress biomarkers to the
normal level [70–74].

The enhancement of economic efficiency in boldo-treated groups may be attributed to the ability
of the boldo leaf extract to increase broiler growth performance, improve feed efficiency, and reduce
bird mortality by stimulating their immune system. Moreover, AA chicks were more responsive to the
utilization of boldo extract and exhibited higher profitability after treatment than AV birds. Previous
investigations attributed the alterations in profitability in broiler production to the variations in growth
rate and the cost of one-day-old chicks, drugs, labor, feed, veterinary services, and the sale price of
birds [75,76]. Our results are consistent with those reported in earlier studies [32,77,78].

5. Conclusions

Administration of boldo leaf extract as a natural antioxidant supplement in broiler drinking water
at the investigated level was able to partially protect the birds from the adverse effects of heat stress.
Treatment with boldo extract alleviated the marked reduction in growth performance, antioxidative
status, and economic return of heat-stressed birds. The AA chicks were less affected by heat stress
and more likely to utilize the boldo extract than AV chicks. Limited research has been performed to
study the effect of boldo leaves on poultry performance; therefore, further investigations are required
to determine the optimal dose and best route of administration.

Author Contributions: M.M.A.G. and M.B.-J. contributed equally to the manuscript. M.M.A.G. and N.I.E.-K.
designed the study plan, collected literature, and drafted the manuscript; A.-M.E.A.-M., A.F.K., and M.E.A.E.-H.
helped in conducting the research work and data analysis and helped in writing the manuscript. M.B.-J. and
A.A.A. provided technical help in writing the manuscript. All authors have read and agreed to the published
version of the manuscript.

Acknowledgments: This research was funded by the Deanship of Scientific Research at the Princess Nourah bint
Abdulrahman University through the Fast-track Research Funding Program.

Conflicts of Interest: No conflict of interest, financial, or otherwise, is declared by the authors.

References

1. Bogin, E.; Peh, H.C.; Avidar, Y.; Israeli, B.A.; Kahaner, A. The effects of long term high environmental
temperature on cellular enzyme activities from different organs. Clin. Chem. Lab. Med. 1996, 34, 625–630.
[CrossRef]

2. Tao, X.; Xin, H. Acute synergistic effects of air temperature, humidity, and velocity on homeostasis of
market–size broilers. Trans. ASAE 2003, 46, 491.

3. Khan, R.; Naz, S.; Nikousefat, Z.; Selvaggi, M.; Laudadio, V.; Tufarelli, V. Effect of ascorbic acid in heat-stressed
poultry. World’s Poult. Sci. J. 2012, 68, 477–490. [CrossRef]

4. Surai, P.F. Natural antioxidants in poultry nutrition: New developments. In Proceedings of the 16th European
Symposium on Poultry Nutrition, Strasbourg, France, 26–30 August 2007; World Poultry Science Association:
Apeldoorn, The Netherlands, 2007.

5. Surai, P.F. Natural Antioxidants in Avian Nutrition and Reproduction; Nottingham University Press: Nottingham,
UK, 2002.

6. Hascik, P.; Kacaniova, M.; Mihok, M.; Pochop, J.; Benczova, E.; Hlinku, T.A. Performance of various broiler
chicken hybrids fed with commercially produced feed mixtures. Int. J. Poult. Sci. 2010, 9, 1076–1082.
[CrossRef]

7. Berrong, S.L.; Washburn, K.W. Effects of genetic variation on total plasma protein, body weight gains, and
body temperature responses to heat stress. Poult. Sci. 1998, 77, 379–385. [CrossRef] [PubMed]

8. Lara, L.; Rostagno, M. Impact of heat stress on poultry production. Animals 2013, 3, 356–369. [CrossRef]
9. Abdo, S.E.; El-Kassas, S.; El-Nahas, A.F.; Mahmoud, S. Modulatory effect of monochromatic blue light on

heat stress response in commercial broilers. Oxid. Med. Cell. Long. 2017, 2017, 1–13. [CrossRef]

http://dx.doi.org/10.1515/cclm.1996.34.8.625
http://dx.doi.org/10.1017/S004393391200058X
http://dx.doi.org/10.3923/ijps.2010.1076.1082
http://dx.doi.org/10.1093/ps/77.3.379
http://www.ncbi.nlm.nih.gov/pubmed/9521447
http://dx.doi.org/10.3390/ani3020356
http://dx.doi.org/10.1155/2017/1351945


Animals 2020, 10, 24 15 of 18

10. Sahin, K.; Sahin, N.; Kucuk, O.; Hayirli, A.; Prasad, A. Role of dietary zinc in heat-stressed poultry: A review.
Poult. Sci. 2009, 88, 2176–2183. [CrossRef]

11. Ebeid, T.; Fathi, M.; Al-Homidan, I.; Ibrahim, Z.; Al-Sagan, A. Effect of dietary probiotics and stocking
density on carcass traits, meat quality, microbial populations and ileal histomorphology in broilers under
hot-climate conditions. Anim. Prod. Sci. 2019, in press. [CrossRef]

12. Abdel-Moneim, A.E.; Selim, D.A.; Basuony, H.A.; Sabic, E.M.; Saleh, A.A.; Ebeid, T.A. Effect of dietary
supplementation of Bacillus subtilis spores on growth performance, oxidative status and digestive enzyme
activities in Japanese quail birds. Trop. Anim. Health Prod. 2019, in press. [CrossRef]

13. Harsini, S.G.; Habibiyan, M.; Moeini, M.M.; Abdolmohammadi, A.R. Effects of dietary selenium, vitamin E,
and their combination on growth, serum metabolites, and antioxidant defense system in skeletal muscle of
broilers under heat stress. Biol. Trace Elem. Res. 2012, 148, 322–330. [CrossRef] [PubMed]

14. Surai, P. Selenium in poultry nutrition 1. Antioxidant properties, deficiency and toxicity. World’s Poult. Sci. J.
2002, 58, 333–347. [CrossRef]

15. Saleh, A.A.; Eltantawy, M.S.; Gawish, E.M.; Younis, H.H.; Amber, K.A.; El, A.E.-M.E.A.; Ebeid, T.A. Impact
of dietary organic mineral supplementation on reproductive performance, egg quality characteristics,
lipid oxidation, ovarian follicular development, and immune response in laying hens under high ambient
temperature. Biol. Trace Elem. Res. 2019, 1–9. [CrossRef] [PubMed]

16. Luna, A.; Lema-Alba, R.; Dambolena, J.S.; Zygadlo, J.A.; Lábaque, M.C.; Marin, R.H. Thymol as natural
antioxidant additive for poultry feed: Oxidative stability improvement. Poult. Sci. 2017, 96, 3214–3220.
[CrossRef] [PubMed]

17. Alagawany, M.M.; Farag, M.R.; Dhama, K.; Abd El-Hack, M.E.; Tiwari, R.; Alam, G.M. Mechanisms
and beneficial applications of resveratrol as feed additive in animal and poultry nutrition: A review.
Int. J. Pharmacol. 2015, 11, 213–221. [CrossRef]

18. Brenes, A.; Roura, E. Essential oils in poultry nutrition: Main effects and modes of action. Anim. Feed
Sci. Technol. 2010, 158, 1–14. [CrossRef]

19. Abd El-Moneim, A.E.; Sabic, E.M.; Abu-Taleb, A.M. Influence of dietary supplementation of irradiated or
non-irradiated olive pulp on biochemical profile, antioxidant status and immune response of Japanese quails.
Biol. Rhythm Res. 2019, 1–16. [CrossRef]

20. Abd El-Moneim, A.E.; Sabic, E.M. Beneficial effect of feeding olive pulp and Aspergillus awamori on productive
performance, egg quality, serum/yolk cholesterol and oxidative status in laying Japanese quails. J. Anim.
Feed Sci. 2019, 28, 52–61. [CrossRef]

21. Ashour, E.; Alagawany, M.; Reda, F.; Abd El-Hack, M. Effect of supplementation of Yucca schidigera extract to
growing rabbit diets on growth performance, carcass characteristics, serum biochemistry and liver oxidative
status. Asian J. Anim. Vet. Adv. 2014, 9, 732–742.

22. Alagawany, M.; Abd El-Hack, M. The effect of rosemary herb as a dietary supplement on performance,
egg quality, serum biochemical parameters, and oxidative status in laying hens. J. Anim. Feed Sci. 2015, 24,
341–347. [CrossRef]

23. Schmeda-Hirschmann, G.; Rodriguez, J.; Theoduloz, C.; Astudillo, S.; Feresin, G.; Tapia, A. Free-radical
scavengers and antioxidants from Peumus boldus Mol.(“Boldo”). Free Rad. Res. 2003, 37, 447–452. [CrossRef]
[PubMed]

24. Del Valle, J.; Godoy, C.; Asencio, M.; Aguilera, J. Recovery of antioxidants from boldo (Peumus boldus M.) by
conventional and supercritical CO2 extraction. Food Res. Int. 2004, 37, 695–702. [CrossRef]

25. Silva, E.; Jopia, M.; Edwards, A.; Lemp, E.; De la Fuente, J.; Lissi, E. Protective effect of boldo and tea infusions
on the visible light–mediated pro-oxidant effects of vitamin B2, riboflavin. Photochem. Photobiol. 2002, 75,
585–590. [PubMed]

26. Speisky, H.; Cassels, B.K. Boldo and boldine: An emerging case of natural drug development. Pharmacol. Res.
1994, 29, 1–12. [CrossRef]

27. Speisky, H.; Cassels, B.K.; Lissi, E.A.; Videla, L.A. Antioxidant properties of the alkaloid boldine in systems
undergoing lipid peroxidation and enzyme inactivation. Biochem. Pharmacol. 1991, 41, 1575–1581. [CrossRef]

28. NRC. Nutrition Requirements of Poultry; National Academy Press: Washington, DC, USA, 1994.
29. Kawahara, E.; Ueda, T.; Nomura, S. In vitro phagocytic activity of white-spotted char blood cells after

injection with Aeromonas salmonicida extracellular products. Fish Pathol. 1991, 26, 213–214. [CrossRef]

http://dx.doi.org/10.3382/ps.2008-00560
http://dx.doi.org/10.1071/AN18353
http://dx.doi.org/10.1007/s11250-019-02055-1
http://dx.doi.org/10.1007/s12011-012-9374-0
http://www.ncbi.nlm.nih.gov/pubmed/22426748
http://dx.doi.org/10.1079/WPS20020026
http://dx.doi.org/10.1007/s12011-019-01861-w
http://www.ncbi.nlm.nih.gov/pubmed/31418151
http://dx.doi.org/10.3382/ps/pex158
http://www.ncbi.nlm.nih.gov/pubmed/28633498
http://dx.doi.org/10.3923/ijp.2015.213.221
http://dx.doi.org/10.1016/j.anifeedsci.2010.03.007
http://dx.doi.org/10.1080/09291016.2019.1630919
http://dx.doi.org/10.22358/jafs/105537/2019
http://dx.doi.org/10.22358/jafs/65617/2015
http://dx.doi.org/10.1080/1071576031000090000
http://www.ncbi.nlm.nih.gov/pubmed/12747739
http://dx.doi.org/10.1016/j.foodres.2003.03.001
http://www.ncbi.nlm.nih.gov/pubmed/12081319
http://dx.doi.org/10.1016/1043-6618(94)80093-6
http://dx.doi.org/10.1016/0006-2952(91)90156-Y
http://dx.doi.org/10.3147/jsfp.26.213


Animals 2020, 10, 24 16 of 18

30. Zhang, Z.; Jia, G.; Zuo, J.; Zhang, Y.; Lei, J.; Ren, L.; Feng, D. Effects of constant and cyclic heat stress on
muscle metabolism and meat quality of broiler breast fillet and thigh meat. Poult. Sci. 2012, 91, 2931–2937.
[CrossRef]

31. Song, J.; Xiao, K.; Ke, Y.; Jiao, L.; Hu, C.; Diao, Q.; Shi, B.; Zou, X. Effect of a probiotic mixture on intestinal
microflora, morphology, and barrier integrity of broilers subjected to heat stress. Poult. Sci. 2014, 93, 581–588.
[CrossRef]

32. Al-Sultan, S.; Abdel-Raheem, S.; Abd-Allah, S.; Edris, A. Alleviation of chronic heat stress in broilers by
dietary supplementation of novel feed additive combinations. Slov. Vet. Res. 2019, 56, 1–14. [CrossRef]

33. Cronje, P. Heat stress in livestock—The role of the gut in its aetiology and a potential role for betaine in its
alleviation. Recent Adv. Anim. Nutr. Aust. 2005, 15, 107–122.

34. Castillo, M.; Martín-Orúe, S.; Roca, M.; Manzanilla, E.; Badiola, I.; Perez, J.; Gasa, J. The response of
gastrointestinal microbiota to avilamycin, butyrate, and plant extracts in early-weaned pigs. J. Anim. Sci.
2006, 84, 2725–2734. [CrossRef] [PubMed]

35. Jamroz, D.; Orda, J.; Kamel, C.; Wiliczkiewicz, A.; Wertelecki, T.; Skorupinska, J. The influence of phytogenic
extracts on performance, nutrient digestibility, carcass characteristics, and gut microbial status in broiler
chickens. J. Anim. Feed Sci. 2003, 12, 583–596. [CrossRef]

36. Windisch, W.; Schedle, K.; Plitzner, C.; Kroismayr, A. Use of phytogenic products as feed additives for swine
and poultry. J. Anim. Sci. 2008, 86, E140–E148. [CrossRef] [PubMed]

37. Wati, T.; Ghosh, T.K.; Syed, B.; Haldar, S. Comparative efficacy of a phytogenic feed additive and an antibiotic
growth promoter on production performance, caecal microbial population and humoral immune response
of broiler chickens inoculated with enteric pathogens. Anim. Nutr. 2015, 1, 213–219. [CrossRef] [PubMed]

38. Nofrarias, M.; Manzanilla, E.; Pujols, J.; Gibert, X.; Majo, N.; Segalés, J.; Gasa, J. Effects of spray-dried
porcine plasma and plant extracts on intestinal morphology and on leukocyte cell subsets of weaned pigs.
J. Anim. Sci. 2006, 84, 2735–2742. [CrossRef]

39. Huang, Y.; Yoo, J.; Kim, H.; Wang, Y.; Chen, Y.; Cho, J.; Kim, I. Effects of dietary supplementation with
blended essential oils on growth performance, nutrient digestibility, blood profiles and fecal characteristics
in weanling pigs. Asian-Australas. J. Anim. Sci. 2010, 23, 607–613. [CrossRef]

40. Ahmed, S.; Hossain, M.; Kim, G.; Hwang, J.; Ji, H.; Yang, C. Effects of resveratrol and essential oils on growth
performance, immunity, digestibility and fecal microbial shedding in challenged piglets. Asian-Australas. J.
Anim. Sci. 2013, 26, 683. [CrossRef] [PubMed]

41. Stoni, A.; Zitterl-Egelseer, K.; Kroismayr, A.; Wetscherek, W.; Windisch, W. Tissue recovery of essential oils
used as feed additive in piglet feeding and impact on nutrient digestibility. Proc. Soc. Nutr. Physiol. 2006,
15, 60.

42. Mountzouris, K.; Paraskevas, V.; Tsirtsikos, P.; Palamidi, I.; Steiner, T.; Schatzmayr, G.; Fegeros, K. Assessment
of a phytogenic feed additive effect on broiler growth performance, nutrient digestibility and caecal microflora
composition. Anim. Feed Sci. Technol. 2011, 168, 223–231. [CrossRef]

43. Shim, K.; Hwang, K.; Son, M.; Park, G.H. Lipid metabolism and peroxidation in broiler chicks under chronic
heat stress. Asian-Australas. J. Anim. Sci. 2006, 19, 1206–1211. [CrossRef]

44. Plavnik, I.; Yahav, S. Effect of environmental temperature on broiler chickens subjected to growth restriction
at an early age. Poult. Sci. 1998, 77, 870–872. [CrossRef] [PubMed]

45. Temim, S.; Chagneau, A.-M.; Peresson, R.; Tesseraud, S. Chronic heat exposure alters protein turnover of
three different skeletal muscles in finishing broiler chickens fed 20 or 25% protein diets. J. Nutr. 2000, 130,
813–819. [CrossRef] [PubMed]

46. Huang, Y.; Yang, J.; Xiao, F.; Lloyd, K.; Lin, X. Effects of supplemental chromium source and concentration on
growth performance, carcass traits, and meat quality of broilers under heat stress conditions. Biol. Trace Elem.
Res. 2016, 170, 216–223. [CrossRef] [PubMed]

47. Toghyani, M.; Toghyani, M.; Shivazad, M.; Gheisari, A.; Bahadoran, R. Chromium supplementation can
alleviate the negative effects of heat stress on growth performance, carcass traits, and meat lipid oxidation of
broiler chicks without any adverse impacts on blood constituents. Biol. Trace Elem. Res. 2012, 146, 171–180.
[CrossRef] [PubMed]

48. Wang, D.; Huang, H.; Zhou, L.; Li, W.; Zhou, H.; Hou, G.; Liu, J.; Hu, L. Effects of dietary supplementation
with turmeric rhizome extract on growth performance, carcass characteristics, antioxidant capability, and
meat quality of Wenchang broiler chickens. Ital. J. Anim. Sci. 2015, 14, 3870. [CrossRef]

http://dx.doi.org/10.3382/ps.2012-02255
http://dx.doi.org/10.3382/ps.2013-03455
http://dx.doi.org/10.26873/SVR-766-2019
http://dx.doi.org/10.2527/jas.2004-556
http://www.ncbi.nlm.nih.gov/pubmed/16971574
http://dx.doi.org/10.22358/jafs/67752/2003
http://dx.doi.org/10.2527/jas.2007-0459
http://www.ncbi.nlm.nih.gov/pubmed/18073277
http://dx.doi.org/10.1016/j.aninu.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/29767121
http://dx.doi.org/10.2527/jas.2005-414
http://dx.doi.org/10.5713/ajas.2010.80120
http://dx.doi.org/10.5713/ajas.2012.12683
http://www.ncbi.nlm.nih.gov/pubmed/25049839
http://dx.doi.org/10.1016/j.anifeedsci.2011.03.020
http://dx.doi.org/10.5713/ajas.2006.1206
http://dx.doi.org/10.1093/ps/77.6.870
http://www.ncbi.nlm.nih.gov/pubmed/9628536
http://dx.doi.org/10.1093/jn/130.4.813
http://www.ncbi.nlm.nih.gov/pubmed/10736335
http://dx.doi.org/10.1007/s12011-015-0443-z
http://www.ncbi.nlm.nih.gov/pubmed/26184120
http://dx.doi.org/10.1007/s12011-011-9234-3
http://www.ncbi.nlm.nih.gov/pubmed/22006223
http://dx.doi.org/10.4081/ijas.2015.3870


Animals 2020, 10, 24 17 of 18

49. Karami, M.; Alimon, A.; Sazili, A.; Goh, Y.; Ivan, M. Effects of dietary antioxidants on the quality, fatty
acid profile, and lipid oxidation of longissimus muscle in Kacang goat with aging time. Meat Sci. 2011, 88,
102–108. [CrossRef] [PubMed]

50. Smith, M.; Teeter, R. Influence of feed intake and ambient temperature stress on the relative yield of broiler
parts. Nutr. Rep. Int. 1987, 86, E140–E148.

51. Fisher, C. Fat Deposition in Broilers; Wiesman, J., Ed.; Butterworths: London, UK, 1984; pp. 437–470.
52. Baziz, H.A.; Geraert, P.; Padilha, J.; Guillaumin, S. Chronic heat exposure enhances fat deposition and

modifies muscle and fat partition in broiler carcasses. Poult. Sci. 1996, 75, 505–513. [CrossRef]
53. Geraert, P.; Padilha, J.; Guillaumin, S. Metabolic and endocrine changes induced by chronic heatexposure in

broiler chickens: Growth performance, body composition and energy retention. Br. J. Nutr. 1996, 75, 195–204.
[CrossRef]

54. Orlowski, S.; Flees, J.; Greene, E.S.; Ashley, D.; Lee, S.-O.; Yang, F.L.; Owens, C.M.; Kidd, M.; Anthony, N.;
Dridi, S. Effects of phytogenic additives on meat quality traits in broiler chickens. J. Anim. Sci. 2018, 96,
3757–3767. [CrossRef]

55. Tamzil, M.; Noor, R.; Hardjosworo, P.; Manalu, W.; Sumantri, C. Hematological response of chickens with
different heat shock protein 70 genotypes to acute heat stress. Int. J. Poult. Sci. 2014, 13, 14. [CrossRef]

56. Mushawwir, A.; Tanuwiria, U.H.; Kamil, K.A.; Adriani, L.; Wiradimadja, R.; Suwarno, N. Evaluation
of haematological responses and blood biochemical parameters of heat-stressed broilers with dietary
supplementation of javanese ginger powder (Curcuma xanthorrhiza) and garlic extract (Allium sativum). Int. J.
Poult. Sci. 2018, 17, 452–458. [CrossRef]

57. O’brien, M.; Rhoads, R.; Sanders, S.; Duff, G.; Baumgard, L. Metabolic adaptations to heat stress in growing
cattle. Domest. Anim. Endocrinol. 2010, 38, 86–94. [CrossRef] [PubMed]

58. Hosseinzadeh, Z.; Farhoomand, P. The effects of artemisia dracunculus’powders different levels on blood
parameters and internal organs weight broiler chickens. Int. J. Adv. Biol. Biomed. Res. 2014, 2, 661–668.

59. Petrovic, V.; Marcincak, S.; Popelka, P.; Simkova, J.; Martonova, M.; Buleca, J.; Marcincakova, D.; Tuckova, M.;
Molnar, L.; Kovac, G. The effect of supplementation of clove and agrimony or clove and lemon balm on
growth performance, antioxidant status and selected indices of lipid profile of broiler chickens. J. Anim.
Physiol. Anim. Nutr. 2012, 96, 970–977. [CrossRef] [PubMed]

60. Toghyani, M.; Toghyani, M.; Gheisari, A.; Ghalamkari, G.; Mohammadrezaei, M. Growth performance,
serum biochemistry and blood hematology of broiler chicks fed different levels of black seed (Nigella sativa)
and peppermint (Mentha piperita). Livest. Sci. 2010, 129, 173–178. [CrossRef]

61. Reis, J.H.; Gebert, R.R.; Barreta, M.; Baldissera, M.D.; dos Santos, I.D.; Wagner, R.; Campigotto, G.;
Jaguezeski, A.M.; Gris, A.; de Lima, J.L. Effects of phytogenic feed additive based on thymol, carvacrol
and cinnamic aldehyde on body weight, blood parameters and environmental bacteria in broilers chickens.
Microb. Pathogen. 2018, 125, 168–176. [CrossRef]

62. Takahashi, K.; Jensen, L.; Bolden, S. Diet composition, environmental temperature, and exogenous estradiol
effects on hepatic lipid deposition in growing chicks. Poult. Sci. 1984, 63, 524–531. [CrossRef]

63. Rashidi, A.; Ivari, Y.G.; Khatibjoo, A.; Vakili, R. Effects of dietary fat, vitamin E and zinc on immune response
and blood parameters of broiler reared under heat stress. Res. J. Poult. Sci. 2010, 3, 32–38. [CrossRef]

64. Devi, G.S.; Prasad, M.H.; Saraswathi, I.; Raghu, D.; Rao, D.; Reddy, P. Free radicals antioxidant enzymes and
lipid peroxidation in different types of leukemias. Clin. Chim. Acta 2000, 293, 53–62. [CrossRef]

65. McCord, J.M. The evolution of free radicals and oxidative stress. Am. J. Med. 2000, 108, 652–659. [CrossRef]
66. Thomas, M.J. The role of free radicals and antioxidants. Nutrition 2000, 7, 716–718. [CrossRef]
67. Fernández, J.; Lagos, P.; Rivera, P.; Zamorano-Ponce, E. Effect of boldo (Peumus boldus Molina) infusion on

lipoperoxidation induced by cisplatin in mice liver. Phytother. Res. Int. J. Dev. Pharmacol. Toxicol. Eval. Nat.
Prod. Deriv. 2009, 23, 1024–1027.

68. Vogel, H.; Razmilic, I.; Muñoz, M.; Doll, U.; San Martin, J. Studies of genetic variation of essential oil and
alkaloid content in boldo (Peumus boldus). Plant. Med. 1999, 65, 90–91. [CrossRef]

69. Quezada, N.; Asencio, M.; Del Valle, J.; Aguilera, J.; Gómez, B. Antioxidant activity of crude extract, alkaloid
fraction, and flavonoid fraction from Boldo (Peumus boldus Molina) leaves. J. Food Sci. 2004, 69, C371–C376.
[CrossRef]

70. Saeed, M.; Abbas, G.; Alagawany, M.; Kamboh, A.A.; Abd El-Hack, M.E.; Khafaga, A.F.; Chao, S. Heat stress
management in poultry farms: A comprehensive overview. J. Therm. Biol. 2019, 48, 414–425. [CrossRef]

http://dx.doi.org/10.1016/j.meatsci.2010.12.009
http://www.ncbi.nlm.nih.gov/pubmed/21194849
http://dx.doi.org/10.3382/ps.0750505
http://dx.doi.org/10.1017/BJN19960124
http://dx.doi.org/10.1093/jas/sky238
http://dx.doi.org/10.3923/ijps.2014.14.20
http://dx.doi.org/10.3923/ijps.2018.452.458
http://dx.doi.org/10.1016/j.domaniend.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19783118
http://dx.doi.org/10.1111/j.1439-0396.2011.01207.x
http://www.ncbi.nlm.nih.gov/pubmed/21831230
http://dx.doi.org/10.1016/j.livsci.2010.01.021
http://dx.doi.org/10.1016/j.micpath.2018.09.015
http://dx.doi.org/10.3382/ps.0630524
http://dx.doi.org/10.3923/rjpscience.2010.32.38
http://dx.doi.org/10.1016/S0009-8981(99)00222-3
http://dx.doi.org/10.1016/S0002-9343(00)00412-5
http://dx.doi.org/10.1016/S0899-9007(00)00343-9
http://dx.doi.org/10.1055/s-2006-960450
http://dx.doi.org/10.1111/j.1365-2621.2004.tb10700.x
http://dx.doi.org/10.1016/j.jtherbio.2019.07.025


Animals 2020, 10, 24 18 of 18

71. Abdelnour, S.A.; Abd El-Hack, M.E.A.; Khafaga, A.F.; Arif, M.; Taha, A.E.; Noreldin, A.E. Stress biomarkers
and proteomics alteration to thermal stress in ruminants: A review. J. Therm. Biol. 2019, 7, 120–134. [CrossRef]

72. Khafaga, A.F.; Noreldin, A.E.; Taha, A.E. The adaptogenic anti-ageing potential of resveratrol against heat
stress-mediated liver injury in aged rats: Role of HSP70 and NF-kB signalling. J. Therm. Biol. 2019, 83, 8–21.
[CrossRef]

73. Abd El-Hack, M.E.A.; Abdelnour, S.A.; Taha, A.E.; Khafaga, A.F.; Arif, M.; Ayasan, T.; Swelum, A.A.;
Abukhalilh, M.H.; Alkahtani, S.; Aleya, L.; et al. Herbs as thermoregulatory agents in poultry: An overview.
Sci. Total Env. 2019, 134399. [CrossRef]

74. Bin-Jumaha, M.; Abd El-Hack, M.E.; Abdelnour, S.A.; Hendy, Y.A.; Ghanem, H.A.; Alsafy, S.A.; Khafaga, A.F.;
Noreldin, A.E.; Shaheen, H.; Samak, D.; et al. Potential use of chromium to combat thermal stress in animals:
A review. Sci. Total Environ. 2019, 707, 135996. [CrossRef]

75. Khan, S.; Farooq, M.; Durrani, F. Economic analysis of broiler farms in the arid zone [Pakistan]. Sarhad J.
Agric. (Pak.) 2004, 20, 337–341.

76. Adetola, A.; Simeon, O. Economic assessment of raising different broiler strains. Asian J. Poult. Sci. 2013, 7,
75–82. [CrossRef]

77. Chand, N.; Naz, S.; Maris, H.; Khan, R.U.; Khan, S.; Qureshi, M.S. Effect of betaine supplementation on the
performance and immune response of heat stressed broilers. Pak. J. Zool. 2017, 49, 1857–1862. [CrossRef]

78. Hossain, M.; Mostofa, M.; Alam, M.; Sultana, M.; Rahman, M. The ameliorating effects of garlic (Allium sativum)
against lead (Pb) intoxication on body weight, dressing percentages, feed consumption and feed conversion
ratio in lead induced broiler chickens. Bangladesh J. Vet. Med. 2014, 12, 1–7. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jtherbio.2018.12.013
http://dx.doi.org/10.1016/j.jtherbio.2019.04.012
http://dx.doi.org/10.1016/j.scitotenv.2019.134399
http://dx.doi.org/10.1016/j.scitotenv.2019.135996
http://dx.doi.org/10.3923/ajpsaj.2013.75.82
http://dx.doi.org/10.17582/journal.pjz/2017.49.5.1857.1862
http://dx.doi.org/10.3329/bjvm.v12i1.20453
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Birds, Design, and Management 
	Growth Performance 
	Blood Hematology and Biochemistry 
	Economic Efficiency 
	Statistical Analysis 

	Results 
	Growth Performance 
	Hematological Parameters 
	Serum Biochemical Parameters 
	Economic Efficiency 

	Discussion 
	Conclusions 
	References

