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Abstract: The current study aimed to explore the effect of Spirulina platensis (SP) inclusion at various
levels in quail diets, in terms of their production performance, physiological traits, stress measure-
ments, and immunological parameters under heat stress (HS) conditions. Four hundred Japanese
quail (Coturnix japonica) chicks, one day old, were equally distributed into forty wire cages, and the
cages were placed in two chambers with environmentally controlled systems (20 cages in each
chamber). From 21 to 42 d of age, the quails were randomly subjected to a factorial design of two
HS treatments x four SP treatments. To induce HS treatments in the quails, the first chamber was
maintained at a thermoneutral temperature of 24 °C (TN group), while the temperature of the sec-
ond chamber was elevated to 35 °C during the daytime (9:00-17:00 h), followed by a thermoneutral
temperature for the remaining 24 h cycle (HS group). The birds in each chamber were further allo-
cated into four SP treatments (5 replicate cages x 10 birds per cage in each treatment), where the
quails were fed on a basal diet that included 0, 5, 10, or 15 g/kg SP (SP0, SP5, SP10, and SP15 groups,
respectively). After exposure to the HS, a significant (p < 0.05) reduction of 5% in body weight and
9% in both weight gain and feed intake was recorded, and the slaughter performance of the quails
was adversely (p < 0.05) affected. In addition, HS significantly (p < 0.05) impaired the physiological
traits (total protein, albumin, globulin, alanine transferase, aspartate transferase, creatinine, uric
acid, cholesterol, and triglycerides) and immunological parameters (total white blood cells, hetero-
phil to lymphocyte ratio, and T- and B-lymphocyte stimulation indexes), but increased the stress
measurements (corticosterone, malondialdehyde, interleukin-1p, and tumor necrosis factor-a). In
contrast, most of these parameters were linearly (p < 0.05) improved by increasing the SP levels in
the diets of the TN quail group. When the SP was included in the diets of the HS quail group, the
deleterious effects of HS on the alanine and aspartate transferase activities, creatinine, uric acid,
triglycerides, corticosterone, interleukin-1f3, and tumor necrosis factor-a levels, heterophil to lym-
phocyte ratio, and T- and B-lymphocyte stimulation indexes were remarkably (p < 0.05) relieved.
These results concluded that SP nutritional application can improve the production performance
and the overall physiological homeostasis of the Japanese quail, especially when suffering from heat
stress.

Keywords: spirulina; heat stress; productive performance; physiological status; stress indicators;
immunological parameters; Japanese quail
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1. Introduction

The Japanese quail (Coturnix japonica) has become increasingly popular as an experi-
mental animal model in scientific research due to its distinctive characteristics compared
to other poultry species [1]. These quail have a small body size, require low feed and rear-
ing space, attain high egg rates, and produce several generations in a short time [2]. Japa-
nese quails have been recently introduced in welfare studies measuring some physiolog-
ical biochemical, behavioral, and productive parameters as indirect indices for the concept
of bird’s welfare [3]. In addition, meat and egg production from Japanese quail provides
a considerable amount of featured animal protein and is preferred as an inexpensive food
for consumers in some countries [4].

Similar to other poultry species, quails express a disturbance in their internal ther-
moregulation and physiological mechanisms when exposed to elevated temperatures, es-
pecially in some tropical countries [5,6]. Heat stress (HS) adversely affected the productive
performance of poultry species, including broilers [7-10], laying hens [11-14], turkeys
[15,16], and quails [17-21]. HS also impairs the carcass weight and composition in quail
[22,23]. In addition, HS-treated birds express elevation in the pro-inflammatory cytokines
[18], inhibition in the antioxidant defense system [17,22], and suppression in immune re-
sponse [20] Furthermore, it was reported that HS increased lipid peroxidation and corti-
costerone hormone levels and decreased triiodothyronine hormone and metabolism in
Japanese quail [20,21].

Blue-green microalgae, Spirulina platensis (SP), have recently gained much interest as
a dietary supplement in poultry feeds due to their high nutritional value [24]. It was doc-
umented that SP is enriched with proteins, lipids, vitamins, and minerals, and contains
considerable amounts of essential amino acids, polyunsaturated fatty acids, and phytopig-
ments [25,26]. In Japanese quail, several studies reported beneficial effects of SP supple-
mentation on their growth and egg laying performance [27-29]. It was also found that
diets supplemented with 4% SP had a positive effect on the live body weight, feed intake,
feed efficiency, carcass composition, and meat quality of Japanese quails [30]. In addition,
SP has other biological properties that support work against inflammation [31], immuno-
suppression [32,33], and oxidative stress [34]. These characteristics encourage poultry nu-
tritionists to use SP in poultry diets to relieve the deleterious effects of HS. For instance, it
was reported that SP powder supplemented into the broiler diet at 0.5-2 g/kg enhanced
the growth aspects, physiological status, immune function, and antioxidant activity under
HS conditions [35,36]. Moreover, it was demonstrated that containing layer diets with 9%
SP alleviated the cholesterol formation, oxidative stress, and inflammation induced by
cyclic HS in laying hens [13,37].

In previous research, the harmful effects of HS on Japanese quail were successfully
alleviated by using some antioxidants and natural compounds such as vitamins C and E
[5,23], chromium [17,18], zinc [19], propolis [20,21], and lycopene [22]. In particular, Hajati
et al. [37] found that dietary 0.5% SP supplementation can reduce the elevation of lipid
peroxidation, the heterophil to lymphocyte ratio, and other stress indicators in laying
quail suffering from HS. However, it is hard to find further studies investigating the pro-
tective impact of SP against HS in quail. Thus, the current study aimed to investigate the
impact of SP supplementation at various levels into diets of quail chicks on their produc-
tive performance, physiological traits, stress measurements, and immunological parame-
ters under HS conditions.

2. Materials and Methods
2.1. Spirulina Analysis

The SP algae were attained as a powder compound from a commercial vendor (Re-
juve Biotech Co., Ordos, Inner Mongolia, China) and used freshly by mixing with the ex-

perimental diets on the day of feeding. Three samples of the SP were analyzed for the
basic nutritional composition using the procedures of the “Association of Official Analysis
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Chemists” AOAC [38]. The SP total polyphenolic and flavonoid contents were analyzed
following the methods described in a previous study [39]. The radical scavenging activity
of the SP was also detected as described in previous protocols [40]. The data derived from
SP analysis are shown in Table 1.

Table 1. The chemical analysis, polyphenols, flavonoids, and total antioxidant activity of the Spir-
ulina platensis (SP).

Item Values (% of DM) 1

Dry matter (DM) 944+1.7
Protein 56.4+0.5
Lipids 72+03
Carbohydrate 14.2+ 0.7

Fiber 0.02 +0.004
Total ash 75+0.4

Energy (kcal) 436.2+2.6

Polyphenolic content (GAE) 2 221.3+74
Flavonoid contents (QE) 3 66.8 3.1
Total antioxidant activity (IC50, pg/mL) * 292+1.1

! Data are mean values analyzed on dry matter basis + SD of three determinations. > Polyphenolic
contents were calculated as gallic acid equivalent (GAE).  Flavonoid contents were calculated as quer-
cetin equivalent (QE).  Total antioxidant activity was presented in terms of IC50 (the sample concen-
tration that achieves 50% inhibition of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals).

2.2. Birds and Experimental Design

Four hundred Japanese quail (Coturnix japonica) chicks, one day old, were obtained
from a commercial farm in Saudi Arabia. The chicks were equally distributed into 40 wire
cages measuring 60 cm length x 50 cm width x 50 cm height. The cages were placed in two
chambers with environmentally controlled systems (20 cages in each room). Chicks in
both chambers were maintained during the first 20 days of age under the same hygienic,
environmental and managerial conditions. During this period, the chicks received a
starter basal diet, and from d 21 onwards, the chicks received a grower basal diet. The
chicks had free access to diets and fresh water. The experiment started on the 21st day of
age and continued until the 42nd day. During this period, quails were allotted into a
wholly randomized 2 x 4 factorial design with HS and SP treatments, respectively. To
induce HS treatments in the quails, the first chamber was maintained at a thermoneutral
temperature of 24 °C (TN group), while the temperature of the second chamber was ele-
vated to 35 °C during the daytime (9:00-17:00 h), followed by a thermoneutral tempera-
ture for the remaining 24 h cycle (HS group). The birds in each chamber were further
allocated into four SP treatments (5 replicate cages x 10 birds per cage in each treatment),
where the quails were fed on grower basal diets including 0, 5, 10, or 15 g/kg SP (SP0, SP5,
SP10, and SP15 groups, respectively). The diets were formulated according to the nutri-
tional requirements of Japanese quail recommended by NRC [41], and the chemical anal-
ysis of the diets was determined by the international methods of the AOAC [38]. The in-
gredients and nutritional analysis of the diets were presented in Table 2.

Birds were under constant veterinary supervision and examined daily during the ap-
plication of HS treatment to identify any stress symptoms. If any abnormal indications
appeared in the breath, appetite, or general health of the birds, they were submitted to
euthanasia to prevent suffering induced by the stress. The current protocol was revised
and approved by the research ethical committee of Saudi Arabia’s King Faisal University
(Ref. No. KFU-REC-2023-FEB -ETHICS606).
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Table 2. Ingredients and nutritional analysis of the diets.

Ingredients Starter Diet Grower Diets (21-42 d)
(g/kg as Fed) (1-20 d) SPO SP5 SP10 SP15
Spirulina ! 0 0 5 10 15
Yellow Corn (8.5% CP) 558 595 595 595 595
Soybean meal (44% CP) 324 282 282 282 282
Gluten meal (62% CP) 81 73 73 73 73
Premix 2 3 3 3 3 3
Di-calcium phosphate 15.8 18.5 18.5 18.5 18.5
Limestone 13.1 23.1 23.1 23.1 23.1
Sodium chloride 34 35 35 35 35
Methionine 0.5 0.5 0.5 0.5 0.5
Lysin 1.2 1.4 1.4 1.4 1.4
Calculated nutrients (g/kg)
Crude protein, CP 241.7 221.2 223.0 226.8 229.7
Metabolizable energy, kcal 2915 2926 2948 2969 2991
Calcium 8.0 10.2 10.6 11.0 115
Available phosphorus 4.5 52 53 5.4 5.6
Determined nutrients
Crude protein 240.2 220.8 223.6 226.5 230.5
Crude fiber 33.8 324 324 324 324
Ether extract 27.6 29.4 29.4 29.4 29.4
Lysin 13.0 13.5 15.9 17.3 20.2
Therionine 3.1 2.8 5.5 7.3 9.7
Tryptophan 2.1 1.7 2.2 2.8 3.2
Methionine 5.0 6.2 7.7 8.6 9.8

1 Spirulina was supplemented to the quail’s grower diet at 0, 5, 10, and 15 g/kg (SP0, SP5, SP10, and
SP15, respectively) 2 Each 3 Kg of premix contained: Vit. A 10,000,000 I.U., Vit. D32250,000 I.U., Vit.
E10g, Vit. K21 g, Vit. B11 g, Vit. Bs1.5 g, Vit. B1210 mg, Pantothenic acid 10 g, Niacin 20 g, Folic acid
1 g, Biotin 50 mg, Choline chloride 500 g, Iron 30 g, Manganese 40 g, Zinc 45 g, Cupper 3 g, Cobalt
100 mg, Iodin 300 mg, and Selenium 100 mg.

2.3. Productive Performance

The average body weight and feed intake for birds in each cage were recorded every
week. The body weight gain (BWG, g/bird) was calculated from the difference between
the initial body weight (IBW) and the final body weight (FBW), which were recorded dur-
ing the experimental period on the 21st d and 42nd d of age, respectively. The total feed
intake (TFI, g/bird) was also determined during the same period by subtracting the left-
over feed from the quantity originally supplied to the birds in each cage. The feed conver-
sion ratio was then calculated by dividing the TFI by the BWG.

2.4. Slaughter Performance

After experiment completion at 42 d of age, two quails from each cage were weighed
alive then slaughtered. After complete bleeding, the birds were heated in 54 °C water for
2 min, followed by plucking of the feathers and removal of the head, viscera, and shanks.
The clean carcass was then weighed again to determine the carcass yield as a percentage
of live weight (CY%). The weights of the liver, gizzard, heart, intestines, and abdominal
fat were recorded and expressed as a percentage of the live body weight.

2.5. Physiological Traits

Two birds from each cage were randomly selected at the end of the experiment (42 d
of age) to obtain blood samples into heparinized tubes. The samples were centrifuged at
2000x g for 10 min at 4 °C to separate the plasma. The plasma samples were then frozen at
=20 °C until further assay. The total protein (TP), albumin (ALB), globulin (GLB), creati-
nine (CRT), uric acid (UA), cholesterol (CHO), and triglycerides (TG) concentrations, as
well as the alanine transferase (ALT) and aspartate transferase (AST) enzyme activities
were analyzed in the plasma using a scanning spectrophotometer (CE1010, Cecil
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Instruments Limited, Cambridge, UK) and commercial colorimetric kits (Spectrum-Diag-
nostic, Giza, Egypt). More details regarding the protocols of each analysis can be down-
loaded at: https://dx.doi.org/10.17504/protocols.io.s7yehpw, accessed on 29 March 2023.

2.6. Stress Measurements

Plasma samples were separated from 2 birds randomly selected from each cage at the
end of the experimental period (42 d of age) and frozen for further analysis, as mentioned
above. The corticosterone (CORT), malondialdehyde (MDA), interleukin-1p (IL-1 3), and
tumor necrosis factor-a (TNF-a) levels were determined in the plasma as stress indicators
[14]. The chicken-specific ELISA kits protocols (MyBioSource Incorporation, San Diego,
CA, USA) were followed to assay the CORT, IL-1§3, and TNF-a (Catalog no. MBS701668,
MBS761055, and MBS2509660, respectively). The intra and inter CV% assays were <8 and
<10% for CORT, <10 and <12% for IL-1 {3, and <5.57 and <5.89% for TNF-a, respectively.
The sensitivities and detection ranges were <0.5 and 0.5-20 ng/mL, 20 and 30-2000 pg/mL,
and 18.75 and 31.25-2000 pg/mL for CORT, IL-1B, and TNF-a, respectively. The plasma
MDA level was measured using a colorimetric assay kit (MBS9718963, MyBioSource).
Briefly, a mixture of the sample with thiobarbituric acid (TBA) reagent was incubated to
raise a color, where the absorbance could be detected by a microplate reader (ELx808TM
BioTek Instruments, Winooski, VT, USA).

2.7. Immunological Parameters

At the end of the experimental period (42 d of age), blood samples were collected
from 2 birds selected randomly from each cage and placed into heparinized tubes. These
samples were used to measure the total white blood cells (TWBC), heterophil to lympho-
cyte cells ratio (H/L ratio), and the lymphocyte proliferation, as described in a previous
study [14]. In brief, 10 pL of the blood sample was vortexed with 490 L of brilliant cresyl-
blue stain. A drop of this solution was pipetted in a hemocytometer slide (Bright-Line™,
American Optical, Buffalo, NY, USA) and examined under a microscope at 200x magnifi-
cation to detect the TWBC [24]. A slide smear of another 10 pL of the blood sample was
processed with HEMA-3 stains (Fisher Scientific, Pittsburg, PA, USA). The slide was ex-
amined under a microscope at 1000x magnification with an oil immersion lens to differ-
entiate the leukocyte cells into heterophils, eosinophils, basophils, monocytes, and lym-
phocytes. The H/L ratio was then determined in a total of 200 differentiated leukocytes
per sample. The remaining part of the blood sample was overlayed on a similar volume
of separation medium (Histopaque-1077, Sigma Chemical Co., St. Louis, MO, USA) and
centrifuged at 1030x g for 20 min at 4 °C. The peripheral blood mononuclear cells (PBMC),
which were isolated as a layer on the histopaque interface, were carefully aspirated,
washed twice, and then resuspended in 1 mL of RPMI-1640 (Invitrogen Corp., Grand Is-
land, NY, USA). After that, the Trypan Blue Dye was used to detect and re-adjust the viable
lymphocyte concentration in the samples to 1 x 107 cells/mL. To stimulate T- or B-lympho-
cyte proliferation, the viable lymphocytes were placed in triplicates in 96-well plates, and
then 50 uL of either 5% Concanavalin-A mitogen or 1% Lipopolysaccharide was supple-
mented to the wells, respectively. In contrast, control wells were supplemented only with
50 uL RPMI-1640. All wells were incubated with 15 pL of MTT solution (3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-Diphenyltetrazolium Bromide). One hundred pL of sodium dodecyl sul-
fates (10% in HCI 0.04 M) was added to the wells to raise a color, which can be scanned
using an automated ELISA (Bio-Rad Laboratories Inc., Hercules, CA, USA). Finally, stim-
ulating indexes for T- and B-lymphocytes (TSI and BSI, respectively) were identified by
reading the optical density at 570 nm (OD570) and calculating the OD570 ratio for stimu-
lated to unstimulated cells in each sample.
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2.8. Statistical Analysis

The experimental unit was the cage for the data of productive performance (n = 5
replicate cages per treatment group), while the bird represents the experimental unit for
the remaining parameters (1 = 10 replicate birds per treatment group). The data were set
in a 2 x 4 factorial design and subjected to two-way analysis of variance (ANOVA) to clear
the main effects of HS, SP, and HS x SP interaction. A polynomial contrast test was added
to the analysis to explore linear and quadratic trends for the increasing SP levels. Data
were also analyzed as one-way ANOVA to obtain the differences among all 8 groups (2
HS treatments with 4 SP treatments). The significant differences among the treatment
means were separated by Duncan’s post hoc test at a p-value less than 0.05. The statistical
analysis was computed using the multivariate procedure of the IBM-SPSS software pro-
gram (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Productive Performance

The results of quails” productive performance as affected by HS, SP, and HS x SP are
presented in Table 3. There was a significant (p < 0.05) decrease in the FBW, BWG, and TFI
by 5%, 9%, and 9%, respectively, due to the HS treatment. The dietary SP treatment sig-
nificantly (p < 0.05) improved the FBW, BWG, TFI, and FCR of the quails in a linear re-
sponse to the increased SP level in the diet. No interaction effect was obtained for the HS
x SP on the production performance of the quails (p > 0.05).

Table 3. Heat stress, spirulina, and their interaction effects on the production performance of Japa-
nese quail chicks.

Treatment Groups ! n IBW, g FBW, g BWG, g TFI, g FCR
Heat stress
TN 20 118.9 263.6 2 1446 498.12 3.49
HS 20 119.2 250.7 b 131.5° 452.3°b 3.48
SEM 0.44 0.94 1.12 1.32 0.032
p-value 0.667 <0.001 <0.001 <0.001 0.839
Spirulina
SP0 10 119.1 229.6 d 11064 420.6 d 3.812
SP5 10 119.5 247.7 ¢ 128.2¢ 460.4 < 3.60°
SP10 10 119.2 266.3° 147.1° 490.7 b 3.34c¢
SP15 10 118.5 284.8 2 166.3 a 529.1a 3.184d
SEM 0.62 1.33 1.59 1.86 0.046
p-value 0.731 <0.001 <0.001 <0.001 <0.001
SP—Linear contrast 0.482 <0.001 <0.001 <0.001 <0.001
SP—Quadratic contrast 0.392 0.873 0.638 0.712 0.585
Interaction
TN x SP0O 5 119.8 235.6 115.8 439.8 3.80
TN x SP5 5 119.8 253.6 133.8 485.6 3.65
TN x SP10 5 118.9 274.8 155.9 512.7 3.29
TN x SP15 5 117.2 290.2 173.0 554.3 3.21
HS = SP0 5 118.4 223.6 105.3 401.3 3.81
HS = SP5 5 119.2 241.9 122.7 435.1 3.55
HS x SP10 5 119.4 257.8 138.4 468.7 3.39
HS x SP15 5 119.8 279.5 159.6 503.9 3.16
SEM 0.88 1.88 2.25 2.63 0.065
p-value 0.137 0.344 0.406 0.086 0.497

Means within the main effect in the column with different superscripts (a, b, ¢, and d) significantly
differ at p < 0.05. ! Treatment groups: heat stress—the quail chicks were maintained in a thermo-
neutral chamber at 24 °C (TN) or heat stress chamber at 35 °C (HS); Spirulina—the quail chicks were
fed a soybean—corn diet supplemented with 0, 5, 10, and 15 g Spirulina platensis per kg diet (SPO,
SP5, SP10, and SP15, respectively). n: number of replicates per treatment group. SEM: pooled stand-
ard error of the mean. IBW: initial body weight at 21 d of age. FBW: final body weight at 42 d of age.
BWG body weight gain through 21-42 d of age. TFI: total feed intake per bird through 21-42 d of
age. FCR: feed conversion ratio (TFI/BWG).
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3.2. Slaughter Performance

The slaughter performances of Japanese quail affected by HS, SP, and HS x SP are
presented in Table 4. The HS treatment significantly (p < 0.05) decreased the LBW, CY, and
negatively affected the other slaughter parameters. In contrast, the SP treatment linearly
(p < 0.05) increased the LBW, CY, liver, gizzard, heart, intestines, and ABF as the dietary
SP level increased in quail diets. Moreover, it was observed that SP supplementation at
increasing levels into quail diets significantly (p <0.05) ameliorated the reduction induced
by HS in the heart and ABF percent.

Table 4. Heat stress, spirulina, and their interaction effects on the slaughter performance of Japanese

quail chicks.
LBW, CYy, Liver, Gizzard, Heart, Intestines, ABF,
Treatment Groups ! n
g % % % % % %
Heat stress
TN 40 247.8 a 71.49 a 3.86a 2.29a 0.93a 11.40a 1.04 2
HS 40 2243 b 66.99 b 3.62° 21470 0.79¢® 9.63°b 0.68¢b
SEM 2.66 0.410 0.022 0.030 0.010 0.170 0.012
p-value <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001
Spirulina
SPO 20 199.0 4 66.85 ¢ 2,674 1954 0.76 9.78 v 0.76
SP5 20 226.3 ¢ 68.65 P 343« 211« 0.82¢° 10.58 = 0.81¢b
SP10 20 242,00 69.85 b 419¢b 2.32¢b 0.85¢b 10.70 2 0.86°
SP15 20 277.04 71.60 a 4.66 2 2464 0.99 a 11.02a 1.00 2
SEM 3.76 0.580 0.031 0.042 0.014 0.240 0.018
p-value <0.001 <0.001 <0.001 <0.001 <0.001 0.004 <0.001
SP—Linear contrast <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001
SP —Quadratic contrast 0.307 0.966 <0.001 0.803 0.003 0.317 0.013
Interaction
TN = SPO 10 214.7 69.65 2.79 2.04 0.814 10.37 0.970"
TN x SP5 10 234.0 70.25 3.52 2.15 0.88¢® 11.62 1.021¢®
TN x SP10 10 253.6 71.85 4.31 2.38 0.89¢® 11.61 1.037 b
TN x SP15 10 289.0 74.20 4.82 2.58 1.12 12.02 1.110
HS =x SPO 10 183.3 64.05 2.56 1.86 0.72¢ 9.18 0.546 ¢
HS = SP5 10 218.6 67.05 3.35 2.07 0.75¢ 9.54 0.608 de
HS x SP10 10 230.3 67.85 4.07 2.27 0.82 «d 9.78 0.676
HS x SP15 10 265.0 69.00 4.49 2.35 0.87 be 10.02 0.896 «
SEM 5.32 0.820 0.044 0.059 0.020 0.339 0.025
p-value 0.523 0.445 0.260 0.611 <0.001 0.550 <0.001

Means within the main effect in the column with different superscripts (a, b, ¢, d, and e) significantly
differ at p <0.05. ! Treatment groups: heat stress—the quail chicks were maintained in a thermo-neutral
chamber at 24 °C (TN) or heat stress chamber at 35 °C (HS); Spirulina—the quail chicks were fed soybean—
corn diet supplemented with 0, 5, 10, and 15 g Spirulina platensis per kg diet (SPO, SP5, SP10, and SP15,
respectively). n: number of replicates per treatment group. SEM: pooled standard error of the mean. LBW:
live body weight; CY: carcass yield; ABF: abdominal fats. All percentages were calculated based on live
weight.

3.3. Physiological Traits

The effects of HS, SP, and HS x SP on the physiological traits of quail are summarized
in Table 5. The results showed that HS treatment induced a significant (p < 0.05) decrease
in the plasma TP, ALB, and GLB, and a significant increase in the ALT,AST,CRT, UA,
CHO, and TG. On the contrary, dietary SP supplementation at increasing levels into quail
diets induced a linear (p < 0.05) increase in the TP, ALB, and GLB levels, and a linear (p <
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0.05) decrease in the ALT, AST, CRT, UA, CHO, and TG levels in the plasma. Under the
HS condition, it was found that SP treatment significantly (p < 0.05) reduced the elevation
in the ALT, AST, CRT, UA, and TG. In contrast, no interaction effect was found for the HS
x SP on the TP, ALB, GLB, and CHO levels.

Table 5. Heat stress, spirulina, and their interaction effects on the physiological traits of Japanese
quail chicks.

ALB, GLB, ALT, AST, CRT, UA, CH, TG,

TreatmentGroups'  n TPg/dL \y" 4 UmlL UmL mgdlL mg/dl mgdL mg/dL
Heat stress
TN 40 5.41- 2.71a 2712 2041 2692t (0533P 240 150.35b 197.04°
HS 40 4540 2290 225b 25402 34352 (0.682 3.04a 193.202 260.63 2
SEM 0.029 0.054 0.060 0.154 0418 0.005 0.021 1.240 1.001
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Spirulina
SP0 20 4154  239bc  178c 28702 35112 (.81~ 3.65a  194.082 254.61
SP5 20 4.86 ¢ 224 ¢ 2.62b 2380t 34.82a (0.67° 3.03> 180.24% 239.02
SP10 20 5.06 b 2510 255b  2157¢ 26.86> 0.54c¢ 244¢ 165.14¢ 22191c¢
SP15 20 5.832 2.864 297a 17554 2576 (0394 1.774  147.64¢ 199.804
SEM 0.041 0.077 0.085 0.218 0.591 0.007 0.029 1.754 1.416
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Linear contrast <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Quadratic contrast 0.406 0.002 0.016 0.050 0.499 0.447 0.447 0.300 0.024
Interaction
TN x SPO 10 4.54 2.70 1.88 25.50¢ 30.12¢4  (0.72¢ 324¢< 17392 230.89e
TN x SP5 10 5.30 2.34 2.96 20.60¢ 32.65¢ 0574 2594  160.48 210.83f
TN = SP10 10 5.47 2.61 2.86 19.81 22.65¢ 0.49e¢ 220 14443 186.66¢8
TN x SP15 10 6.33 3.18 3.15 15.71s 2225¢ 0355 1.58s 122,57 159.78h
HS =x SPO 10 3.76 2.09 1.67 31.892 40.10a  0.90a 4.05a 21424 27833
HS x SP5 10 442 2.13 2.29 27.01b 3698 (0.77°P 347% 199.99 267.20°b
HS = SP10 10 4.64 2.40 2.24 23.334  31.07«¢ (0.594 2,674  185.86 257.17¢
HS = SP15 10 5.33 2.53 2.79 19.38f 29274  (0.44f 1.97f 17272 239.824d
SEM 0.058 0.109 0.121 0.309 0.836 0.009 0.042 2.480 2.002
p-value 0.259 0.070 0.184 <0.001 0.009 <0.001 <0.001 0.126 <0.001

Means within the main effect in the column with different superscripts (a, b, ¢, d, e, f, and g) signif-
icantly differ at p < 0.05. ! Treatment groups: heat stress—the quail chicks were maintained in a
thermo-neutral chamber at 24 °C (TN) or heat stress chamber at 35 °C (HS); Spirulina—the quail
chicks were fed soybean—corn diet supplemented with 0, 5, 10, and 15 g Spirulina platensis per kg
diet (SPO, SP5, SP10, and SP15, respectively). n: number of replicates per treatment group. SEM:
pooled standard error of the mean. TP: total protein; ALB: albumin; GLB: globulin; ALT: alanine
aminotransferase; AST: aspartate aminotransferase; CRT: creatinine; UA: uric acid; CH: cholesterol;
TG: triglycerides.

3.4. Stress Measurements

The effects of HS, SP, and HS x SP on the stress measurements of quail are presented
in Table 6. HS significantly (p < 0.05) increased all stress indicators in the quails, including
the plasma CORT, MDA, IL-p1, and TNF-a concentrations. On the contrary, these param-
eters linearly (p < 0.05) decreased as the dietary SP supplementation into the quail diet
increased. Further, there was a significant (p < 0.05) interaction effect for HS x SP treat-
ments on the CORT, MDA, and IL-31, while no interaction effect on the TNF-a concentra-
tion was observed.
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Table 6. Heat stress, spirulina, and their interaction effects on the stress measurements of Japanese
quail chicks.

CORT, MDA, IL-B1, TNF-a,

1
Treatment Groups n ng/mL nmol/mL pe/mL pg/mL

Heat stress

TN 40 2.63 0 1.79°b 251.27 % 89.53 b
HS 40 5.99 a 4284 776.98 2 140.80 =
SEM 0.063 0.058 14.162 2.198
p-value <0.001 <0.001 <0.001 <0.001
Spirulina
SP0 20 4.88a 3242 613.12 2 123.90 =
SP5 20 441° 3.14 544.00 b 119.60 2
SP10 20 4.12¢ 3.022 488.87 v 109.55 b
SP15 20 3.854 2.74% 410.53 ¢ 107.60 b
SEM 0.089 0.082 20.028 3.108
p-value <0.001 <0.001 <0.001 0.001
SP—Linear contrast <0.001 <0.001 <0.001 <0.001
SP—Quadratic contrast 0.255 0.297 0.819 0.707
Interaction
TN x SPO 10 2.74¢ 191¢ 261.85¢ 95.40
TN x SP5 10 2.60 ¢ 1.85¢ 261.21 ¢ 92.20
TN x SP10 10 2.62¢ 1.70 ¢ 243.77 ¢ 84.80
TN x SP15 10 2.57¢ 1.71¢ 238.27 e 85.70
HS x SPO 10 7.01a 458 a 964.38 2 152.40
HS = SP5 10 6.21° 444- 826.78 b 147.00
HS x SP10 10 5.61¢ 4342 733.98 ¢ 134.30
HS =< SP15 10 5.134 3.77° 582.79 d 129.50
SEM 0.126 0.116 28.324 4.396
p-value <0.001 0.031 <0.001 0.446

Means within the main effect in the column with different superscripts (a, b, ¢, d, and e) significantly
differ atp <0.05. ! Treatment groups: heat stress—the quail chicks were maintained in a thermo-neutral
chamber at 24 °C (TN) or heat stress chamber at 35 °C (HS); Spirulina—the quail chicks were fed soy-
bean-corn diet supplemented with 0, 5, 10, and 15 g Spirulina platensis per kg diet (SP0, SP5, SP10, and
SP15, respectively). n: number of replicates per treatment group. SEM: pooled standard error of the
mean. CORT: corticosterone; MDA: malondialdehyde; IL-p1: interleukin-beta 1; TNF-a: tumor necro-
sis factor-alpha.

3.5. Immunological Parameters

The effects of HS, SP, and HS x SP on the immunological parameters of quail are
shown in Table 7. The results showed that HS treatment induced a significant (p < 0.05)
decrease in the TWBC, TSI, and BSL. In contrast, HS treatment significantly increased the
H/L ratio. As the dietary SP supplementation level increased, the TWBC, TSI, and BSI lin-
early and quadratically increased (p < 0.05), while the H/L ratio significantly decreased (p
< 0.05). In HS-birds, the H/L ratio elevation and the TSI and BSI reduction were signifi-
cantly (p < 0.05) ameliorated by the SP treatment. In contrast, no interaction effect was
observed in the TWBC.
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Table 7. Heat stress, spirulina, and their interaction effects on the immunological parameters of
Japanese quail chicks.

Treatment Groups ! n I(‘)I;I';CL' H/L Ratio TSI BSI

Heat stress

TN 40 106.15 2 0.37° 5142 3.27a

HS 40 85.38 b 0.73a 2.21¢b 1.37¢b

SEM 0.962 0.004 0.037 0.036

p-value <0.001 <0.001 <0.001 <0.001

Spirulina

SPO 20 65.60 d 0.66 2 2.69 4 1.434

SP5 20 76.40 ¢ 0.59 b 298¢ 1.67 ¢

SP10 20 111.90° 054 ¢ 4140 2.86"

SP15 20 129.15a 0424 491 3.32a

SEM 1.360 0.005 0.053 0.051

p-value <0.001 <0.001 <0.001 <0.001

SP—Linear contrast <0.001 <0.001 <0.001 <0.001

SP —Quadratic contrast 0.020 <0.001 <0.001 0.031
Interaction

TN = SPO 10 75.80 0.46¢ 3.944 2.184

TN x SP5 10 87.00 0.39f 450 ¢ 2.58 ¢

TN x SP10 10 122.00 0.38¢ 5.57¢b 3.820

TN = SP15 10 139.80 0278 6.56 2 448

HS =x SPO 10 55.40 0.87a 1438 0.67f

HS = SP5 10 65.80 0.79 b 1.468 0.75¢

HS x SP10 10 101.80 0.69 ¢ 2.70 ¢ 1.89¢

HS x SP15 10 118.50 0.56 4 3.26¢ 2164

SEM 1.923 0.007 0.074 0.072

p-value 0.989 <0.001 <0.001 <0.001

Means within the main effect in the column with different superscripts (a, b, ¢, d, e, f, and g) signif-
icantly differ at p < 0.05. ! Treatment groups: heat stress—the quail chicks were maintained in a
thermo-neutral chamber at 24 °C (TN) or heat stress chamber at 35 °C (HS); Spirulina—the quail
chicks were fed soybean—corn diet supplemented with 0, 5, 10, and 15 g Spirulina platensis per kg
diet (SP0, SP5, SP10, and SP15, respectively). N: number of replicates per treatment group. SEM:
pooled standard error of the mean. TWBC: total white blood cells; H/L ratio: heterophil/lymphocyte
ratio; TSI: T-lymphocyte stimulation index; BSI: B-lymphocytes stimulation index.

4. Discussion

Heat stress induces a substantial drop in poultry products, which comprise an essen-
tial source of animal protein for millions of people [42]. It was documented that exposure
to HS severely deteriorates the well-being and the productive performance of poultry spe-
cies [43]. Our results displayed that the FI and growth aspects (FBW and BWG) of the
quails exposed to HS were significantly reduced. Such HS deleterious impacts on the pro-
duction aspects of quail birds were also evidenced in other previous studies
[20,21,23,37,44,45]. The disruption of feed consumption by HS mainly impairs growth and
body composition due to the subsequent reduction in intestinal function, energy produc-
tion, digestibility, and metabolism [46]. In addition, a low slaughter performance was rec-
orded for quails exposed to HS, as also reported in a previous study [22]. The same drop
has also been induced by heat stress to broiler production [8,47,48]. Therefore, HS is one
of the significant factors that cause a considerable economic loss for the meat production
sector in the poultry industry [49].
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Recently, SP has been potentially included in poultry diets to enhance their perfor-
mance under HS conditions [13,35,50,51]. The results showed a linear increase in all pro-
duction and slaughter performance traits of quail due to the SP inclusion at increasing
levels from 5 to 15 g/kg of the diet. It was reported that adding 5 g/kg Spirulina to quail
diets could be applied as a probiotic to maximize the production of quail at thermoneutral
[29] or HS [37] conditions. The effective production of quail in the SP treatment group
seems to be associated with the high nutritional value of SP-supplemented diets [52]. As
presented in Table 2, the diets supplemented with 15 g/kg SP caused an elevation in the
protein and metabolizable energy by 4% and 2%, respectively, in addition to an increase
of the amino acids by 3.5-fold threonine, 1.9-fold tryptophan, 1.6-fold methionine, and 1.5-
fold lysine, in comparison with diets lacking SP supplementation. Moreover, SP may im-
prove the quails’ growth and feed efficiency by enhancing the intestinal acidosis and pop-
ulation of beneficial bacteria [53,54], as well as increasing the intestinal weight, villi length,
and goblet cells [36,55].

Indeed, other physiological events were noted in the HS quail in the present study,
and these physiological mechanisms may contribute to the low performance under HS
conditions [49]. The plasma TP, ALB, and GLB were remarkedly reduced under HS con-
ditions, while they increased linearly as a result of dietary SP supplementation (Table 5).
It was previously reported that SP increased the plasma proteins in chickens [24], which
was attributed to the abundant amount of protein with essential amino acids in the SP
[56]. However, no interaction effect for HS x SP on the plasma proteins was observed in
the present study. The elevated levels of ALT, AST, CRT, and UA in the blood usually
denote a deterioration incidence in the liver, kidney, and muscle tissues which may be
caused by excessive stress [57]. The linear decrease in these parameters as a response to
the increased SP level supplementation could assume a protective effect for SP on the he-
patic and muscle cells [58], as well as the renal function [59], especially in the HS quail
birds. The hepatoprotective impacts of SP may allow the release of albumin from the liver
to blood circulation [41], as previously evidenced in our results. Furthermore, HS in-
creased the CHO and TG levels in the quail. It was reported that HS provokes the biosyn-
thetic pathway of cholesterol formation [60] and raises the levels of CHO and TG in the
liver and bloodstream [61,62]. In contrast, SP supplementation to quail diets linearly de-
creased the CHO and TG levels. Moreover, adding SP at the same time as HS lowered the
TG levels in the quails. These results agree with the hypocholesterolemic effect of SP
demonstrated in broiler [36,63] and layer [13] chickens exposed to HS. Deng and Chow
[64] attributed the SP hypolipidemic activity to the existence of y-linoleic acid, which par-
ticipates in CH catabolism and TG breakdown [65].

Under heat stress conditions, some physiological events are closely correlated with
stress, such as oxidative stress and inflammation, which mainly occur in poultry species
[6,66]. In the current study, the plasma CORT, MDA, IL-$1, and TNF-a levels were meas-
ured as stress indicators in the quail. The elevation in the CORT concentration is a frontal
result of the hypothalamic—pituitary—adrenal (HPA) axis activation by HS in birds [10].
MDA is a measurement product of lipid peroxidation in the tissues, and its levels in cir-
culation increase due to the destructive effect of reactive oxygen species (ROS) produced
under HS conditions [67]. Consistent with the results of previous research [17,20,21], ex-
posure of Japanese quail to HS induced a serious elevation in the CORT and MDA levels
in the present study. CORT may also activate the inflammation pathways in birds [68];
this may be why the IL-f31 and TNF-a elevation occurred in the HS quail. In contrast, the
increasing levels of SP supplementation in the current study displayed a linear reduction
in the stress measurements in the quail, and presented an interaction effect on the CORT,
MDA, and IL-B1 levels in the HS quails. In agreement with our results, Hajati et al. [37]
reported that SP supplementation at the level of 5 g/kg reduced the MDA levels in HS-
laying quails. The positive impact of SP and its capacity to counteract the oxidative stress
in the HS quail could be explained by the antioxidant activity of polyphenolic and flavo-
noid compounds, which occurred in high quantities within the analyzed SP (Table 1). It
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was reported that SP contains some vitamins such as a-tocopherol and ascorbic acid, min-
erals such as selenium, and phytopigments such as [3-carotene, which antagonize the met-
abolic reaction of ROS and free radicals [69,70]. Furthermore, the ameliorative action of
SP for raising IL-f1 and TNF-a in the HS quail, evidenced in the current study, was pre-
viously indicated in another study on HS-laying hens [13]. Baxter et al. [71] reported that
SP algae include considerable amounts of zinc, manganese, iron, magnesium, potassium,
and calcium, which are pivotal minerals when it comes to reducing the stress and the
release of pro-inflammatory cytokines in the blood. In a recent study, it was reported that
environmental welfare enrichment of Japanese quail displayed a significant reduction in
certain physiological stress indicators such as low CORT, AST, and ALT levels, as well as
low H/L ratio [3]. Such indices could explain the positive effects of SP on the HS quails in
the present study.

In line with previous studies [20,21], our results indicate that HS deteriorated some
immunological parameters of Japanese quail. As shown in Table 7, HS reduced 20% in the
TWBC and >50% in the lymphocyte stimulation indexes and, in contrast, doubled the H/L
ratio. This could occur as a response to the increased CORT level in the HS-birds [72]. The
reduction in TWBC resulting from heat stress may be due to the decrease in lymphocytes
and monocytes contents in the blood [73]. It may also be explained by the complete de-
struction of leukocyte cells in heat-stressed birds and the absorption of such broken cells
by the bone marrow [74]. The reduction in T- and B-lymphocyte proliferation in HS quails
could be attributed to the insufficient macro-energy sources and/or micro-nutrients con-
sumed by the lymphoid tissues under the HS condition. Another reason for the deteriora-
tion of such immunological parameters was explained previously by Kamel et al. [8], who
reported a critical depression of the leukocyte protein synthesis pathway in birds exposed
to HS. On the contrary, SP is well characterized by immune function activation [75-77].
When the quails were fed on diets complemented with increased levels of SP, the immu-
nological parameters were linearly improved in both TN and HS birds. In a particular
study by Hajati et al. [37], it was found that 5 g/kg SP supplementation in the diets of
laying quails significantly decreased the levels of heterophils, increased the levels of lym-
phocytes, and consequently reduced the H/L ratio under HS conditions. This could be
ascribed to the high quantity and quality of protein in the SP [78]. As indicated in Table 2,
increasing SP levels in quail diets enriched the diet’s contents of essential amino acids,
maintaining the integrity and function of immune cells [79,80].

5. Conclusions

Exposure of Japanese quail to cyclic HS impaired the live body weight, feed effi-
ciency, slaughter performance, physiological status, immunological parameters, and
stress indicators. In contrast, SP supplementation at increasing levels within 5-15 g/kg in
quail diets resulted in a linear improvement in their productive performance, slaughter
yield, physiological status, and immunological parameters. Furthermore, the positive im-
pact of SP was explored in the HS quails, and the deleterious effects of HS were remarka-
bly alleviated when SP was included in their diets. These results concluded that SP could
be used as a potential supplement in quail diets to improve their production aspects and
overall physiological homeostasis, especially in birds suffering from heat stress.

Author Contributions: Conceptualization, F.S.N., AL A.A,, D.A.A.E.-S,, N.N.K. and A.O.A ; method-
ology, F.S.N., A.A A, and A.O.A;; validation, F.S.N., A/ A A. and A.O.A,; formal analysis, F.S.N.,
AAA, DAAE.-S, NNK. and A.O.A;; investigation, F.S.N., A AA.,, D.AAE.-S, N.N.K. and
A.O.A; resources, F.S.N., AL A A. and A.O.A ; data curation, F.S.N., A.A.A. and A.O.A.; writing—
original draft, D.A.A.E.-5.,, N.N.K. and A.O.A,; writing—review and editing, F.S.N.,, A A.A,,
D.A.AE.-S, N.N.K. and A.O.A; visualization, F.5.N., A.A.A. and A.O.A.; supervision, F.S.N.,
A.AA. and A.O.A,; project administration, F.5.N. and A.O.A,; funding acquisition, F.S.N., A.A.A.
and A.O.A. All authors have read and agreed to the published version of the manuscript.



Agriculture 2023, 13, 789 13 of 16

Funding: This work was supported by funds obtained from the Deanship of Scientific Research and
Vice Presidency for Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia
(GRANT2179).

Institutional Review Board Statement: The current animal study protocol was authorized by the
research ethical committee of Saudi Arabia’s King Faisal University (Ref. No. KFU-REC-2023-FEB-
ETHICS606).

Data Availability Statement: All data are available in this study. Additional data may be presented
on request from the corresponding author.

Acknowledgments: The authors would like to thank the Deanship of Scientific Research and Vice
Presidency for Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia, for
the financial support provided to conduct and publish the discussed research.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script; or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

Baer, ].; Lansford, R.; Cheng, K. Japanese Quail as a Laboratory Animal Model. In Laboratory Animal Medicine: Third Edition; Fox,
J.G., Anderson, L.C., Otto, G.M., Pritchett-Corning, K.R., Whary, M.T., Eds.; Academic Press: Cambridge, MA, USA, 2015; pp.
1087-1108, ISBN 9780124095274.

Huss, D.; Poynter, G.; Lansford, R. Japanese Quail (Coturnix japonica) as a Laboratory Animal Model. Lab. Anim. 2008, 37, 513—
519. https://doi.org/10.1038/laban1108-513.

Ramankevich, A.; Wengerska, K.; Rokicka, K.; Drabik, K.; Kasperek, K.; Ziemianska, A.; Batkowska, J. Environmental Enrich-
ment as Part of the Improvement of the Welfare of Japanese Quails. Animals 2022, 12, 1963.
https://doi.org/10.3390/ANI12151963/S1.

Genchev, A.; Mihaylova, G.; Ribarski, S.; Pavlov, A.; Kabakchiev, M. Meat Quality and Composition in Japanese Quails. Trakia
J. Sci. 2008, 66, 72-82.

Sahin, N.; Tuzcu, M.; Orhan, C.; Onderci, M.; Eroksuz, Y.; Sahin, K. The Effects of Vitamin C and E Supplementation on Heat
Shock Protein 70 Response of Ovary and Brain in Heat-Stressed Quail. Br. Poult. Sci. 2009, 50, 259-265.
https://doi.org/10.1080/00071660902758981.

Lara, L.J;, Rostagno, M.H. Impact of Heat Stress on Poultry Production. Animals 2013, 3, 356-369.
https://doi.org/10.3390/ani3020356.

Alzarah, M.I; Althobiati, F.; Abbas, A.O.; Mehaisen, G.M.K,; Kamel, N.N. Citrullus Colocynthis Seeds: A Potential Natural
Immune Modulator Source for Broiler Reared under Chronic Heat Stress. Animals 2021, 11, 1951.
https://doi.org/10.3390/ani11071951.

Kamel, N.N.; Ahmed, A.M.H.; Mehaisen, G.M.K.; Mashaly, M.M.; Abass, A.O. Depression of Leukocyte Protein Synthesis, Im-
mune Function and Growth Performance Induced by High Environmental Temperature in Broiler Chickens. Int. J. Biometeorol.
2017, 61, 1637-1645. https://doi.org/10.1007/s00484-017-1342-0.

Shi, D.; Bai, L.; Qu, Q.; Zhou, S.; Yang, M.; Guo, S.; Li, Q.; Liu, C. Impact of Gut Microbiota Structure in Heat-Stressed Broilers.
Poult. Sci. 2019, 98, 2405-2413. https://doi.org/10.3382/PS/PEZ026.

Quinteiro-Filho, W.M.; Rodrigues, M.V; Ribeiro, A.; Ferraz-de-Paula, V.; Pinheiro, M.L.; S4, L.R.M.; Ferreira, A.].P.; Palermo-
Neto, J. Acute Heat Stress Impairs Performance Parameters and Induces Mild Intestinal Enteritis in Broiler Chickens: Role of
Acute Hypothalamic-Pituitary-Adrenal Axis Activation. J. Anim. Sci. 2012, 90, 1986-1994. https://doi.org/10.2527/JAS.2011-3949.
Deng, W.; Dong, X.F.; Tong, ].M.; Zhang, Q. The Probiotic Bacillus Licheniformis Ameliorates Heat Stress-Induced Impairment
of Egg Production, Gut Morphology, and Intestinal Mucosal Immunity in Laying Hens. Poult. Sci. 2012, 91, 575-582.
https://doi.org/10.3382/ps.2010-01293.

Attia, Y.A,; El, A[E-H.E.A,; Abedalla, A.A.; Berika, M.A.; Al-Harthi, M.A.; Kucuk, O.; Sahin, K.; Abou-Shehema, B.M. Laying
Performance, Digestibility and Plasma Hormones in Laying Hens Exposed to Chronic Heat Stress as Affected by Betaine, Vita-
min C, and/or Vitamin E Supplementation. Springerplus 2016, 5, 1619.

Al-Otaibi, M.LM.; Abdellatif, H.A.M.; Al-Huwail, A.K.A.; Abbas, A.O.; Mehaisen, G.M.K.; Moustafa, E.S. Hypocholesterolemic,
Antioxidative, and Anti-Inflammatory Effects of Dietary Spirulina platensisis Supplementation on Laying Hens Exposed to Cy-
clic Heat Stress. Animals 2022, 12, 2759. https://doi.org/10.3390/ani12202759.

Abbas, A.O.; Alaqil, A.A.; Mehaisen, G.M.K; El Sabry, M.I. Effect of Organic Selenium-Enriched Yeast on Relieving the Deteri-
oration of Layer Performance, Immune Function, and Physiological Indicators Induced by Heat Stress. Front. Vet. Sci. 2022, 9,
880790. https://doi.org/10.3389/fvets.2022.880790.

Gonzalez-Zapata, F.A.; Sanginés-Garcia, J.R.; Pifiero-Vazquez, T.; Velazquez-Madrazo, P.A.; Itza-Ortiz, M.F.; Bello-Pérez, E.V.;
Chay-Canul, A.J.; Aguilar-Urquizo, E. Performance of Turkeys in Enrichment Environment with Perches and Outdoor Access
under Tropical Conditions. Braz. J. Poult. Sci. 2022, 24, 1-8. https://doi.org/10.1590/1806-9061-2021-1553.



Agriculture 2023, 13, 789 14 of 16

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Farghly, M.F.A.; Alagawany, M.; Abd El-Hack, M.E. Feeding Time Can Alleviate Negative Effects of Heat Stress on Performance,
Meat Quality and Health Status of Turkey. Br. Poult. Sci. 2017, 59, 205-210. https://doi.org/10.1080/00071668.2017.1413233.
Akdemir, F.; Sahin, N.; Orhan, C.; Tuzcu, M.; Sahin, K.; Hayirli, A. Chromium-Histidinate Ameliorates Productivity in Heat-
Stressed Japanese Quails through Reducing Oxidative Stress and Inhibiting Heat-Shock Protein Expression. Br. Poult. Sci. 2015,
56, 247-254. https://doi.org/10.1080/00071668.2015.1008992.

Sahin, N.; Akdemir, F.; Tuzcu, M.; Hayirli, A.; Smith, M.O.; Sahin, K. Effects of Supplemental Chromium Sources and Levels
on Performance, Lipid Peroxidation and Proinflammatory Markers in Heat-Stressed Quails. Anim. Feed. Sci. Technol. 2010, 159,
143-149. https://doi.org/10.1016/j.anifeedsci.2010.06.004.

Caurez, C.L.; Olo, C.F. Laying Performance of Japanese Quail (Coturnix coturnix japonica) Supplemented with Zinc, Vitamin C
and E Subjected to Long Term Heat Stress. In Proceedings of the International Conference on Agriculture and Biotechnology,
Stockholm, Sweden, 15-16 July 2013; Volume 12, pp. 58-63.

Mehaisen, G.M.K; Ibrahim, R.M.; Desoky, A.A.; Safaa, H.M.; El-Sayed, O.A.; Abass, A.O. The Importance of Propolis in Alle-
viating the Negative Physiological Effects of Heat Stress in Quail Chicks. PLoS ONE 2017, 12, e0186907.
https://doi.org/10.1371/journal.pone.0186907.

Mehaisen, G.M.K.; Desoky, A.A.; Sakr, O.G.; Sallam, W.; Abass, A.O. Propolis Alleviates the Negative Effects of Heat Stress on
Egg Production, Egg Quality, Physiological and Immunological Aspects of Laying Japanese Quail. PLoS ONE 2019, 14, e0214839.
https://doi.org/10.1371/journal.pone.0214839.

Sahin, K.; Onderci, M.; Sahin, N.; Gursu, M.F.; Khachik, F.; Kucuk, O. Effects of Lycopene Supplementation on Antioxidant
Status, Oxidative Stress, Performance and Carcass Characteristics in Heat-Stressed Japanese Quail. J. Therm. Biol. 2006, 31, 307—
312. https://doi.org/10.1016/j.jtherbio.2005.12.006.

Imik, H.; Aydemir Atasever, M.; Koc, M.; Atasever, M.; Ozturan, K. Effect of Dietary Supplementation of Some Antioxidants
on Growth Performance, Carcass Composition and Breast Meat Characteristics in Quails Reared under Heat Stress. Czech .
Anim. Sci. 2010, 55, 209-220.

Abbas, A.O,; Alaqil, A.A.; Mehaisen, G.M.K.; Kamel, N.N. Effect of Dietary Blue-Green Microalgae Inclusion as a Replacement
to Soybean Meal on Laying Hens” Performance, Egg Quality, Plasma Metabolites, and Hematology. Animals 2022, 12, 2816.
https://doi.org/10.3390/ANI12202816/S1.

Anvar, A.A; Nowruzi, B. Bioactive Properties of Spirulina: A Review. Microb. Bioact. 2021, 4, 134-142.
https://doi.org/10.25163/MICROBBIOACTS.412117B0719110521.

Mohan, A.; Misra, N.; Srivastav, D.; Umapathy, D.; Kumar, S. Spirulina-The Nature’s Wonder: A Review. Sch. |. Appl. Med. Sci.
(SJAMS) 2014, 2, 1334-1339.

Sherif, K.; Dorra, T.; EI-Wardany, I.; Mahmoud, A. Effect Of Dietary Azolla And Spirulina On Performance Of Japanese Quails.
J. Anim. Poult. Prod. 2022, 13, 51-57. https://doi.org/10.21608/jappmu.2022.129136.1033.

Boiago, M.M.; Dilkin, ].D.; Kolm, M. A.; Barreta, M.; Souza, C.F.; Baldissera, M.D.; dos Santos, I.D.; Wagner, R; Tavernari, F.d.C.;
da Silva, M.L.B.; et al. Spirulina platensis in Japanese Quail Feeding Alters Fatty Acid Profiles and Improves Egg Quality: Benefits
to Consumers. J. Food Biochem. 2019, 43, €12860. https://doi.org/10.1111/jfbc.12860.

Hajati, H.; Zaghari, M. Effects of Spirulina platensis on Growth Performance, Carcass Characteristics, Egg Traits and Immunity
Response of Japanese Quails. Iran. |. Appl. Anim. Sci. 2019, 9, 347-357.

Cheong, D.S.W.; Kasim, A.; Sazili, A.Q.; Omar, H.; Teoh, ].Y. Effect of Supplementing Spirulina on Live Performance, Carcass
Composition and Meat Quality of Japanese Quail. Walailak ]. Sci. Technol. (W]ST) 2015, 13, 77-84.

Coskun, Z.K,; Kerem, M.; Gurbuz, N.; Omerogluy, S.; Pasaoglu, H.; Demirtas, C.; Lortlar, N.; Salman, B.; Pasaoglu, O.T.; Turgut,
H.B. The Study of Biochemical and Histopathological Effects of Spirulina in Rats with TNBS-Induced Colitis. Bratisl. Lek. Listy
2011, 112, 235-243.

Shokri, H.; Khosravi, A.; Taghavi, M. Efficacy of Spirulina platensis on Immune Functions in Cancer Mice with Systemic Can-
didiasis. J. Mycol. Res. 2014, 1, 7-13.

Sahan, A. Determination of Some Haematological and Non-Specific Im-Mune Parameters in Nile Tilapia (Oreochromis niloticus,
L., 1758) Fed with Spirulina (Spirulina platensis) Added Diets. |. Agquac. Eng. Fish. Res. 2015, 1, 133-139.
https://doi.org/10.3153/jaefr15014.

Gad, A.S.; Khadrawy, Y.A.; El-Nekeety, A.A.; Mohamed, S.R.; Hassan, N.S.; Abdel-Wahhab, M.A. Antioxidant Activity and
Hepatoprotective  Effects of Whey Protein and Spirulina in Rats. Nutrition 2011, 27, 582-589.
https://doi.org/10.1016/J.NUT.2010.04.002.

Elbaz, A.M.; Ahmed, AM.H.; Abdel-Magsoud, A.; Badran, A.M.M.; Abdel-Moneim, A.M.E. Potential Ameliorative Role of
Spirulina platensis in Powdered or Extract Forms against Cyclic Heat Stress in Broiler Chickens. Environ. Sci. Pollut. Res. 2022, 29,
45578-45588. https://doi.org/10.1007/511356-022-19115-Z.

Moustafa, E.S.; Alsanie, W.F.; Gaber, A.; Kamel, N.N.; Alaqil, A.A.; Abbas, A.O. Blue-Green Algae (Spirulina platensis) Alleviates
the Negative Impact of Heat Stress on Broiler Production Performance and Redox Status. Animals 2021, 11, 1243.
https://doi.org/10.3390/ANI11051243.

Hajati, H.; Zaghari, M.; Oliveira, H.C. Arthrospira (Spirulina) Platensis Can Be Considered as a Probiotic Alternative to Reduce
Heat Stress in Laying Japanese Quails. Braz. J. Poult. Sci. 2020, 22, 1-8. https://doi.org/10.1590/1806-9061-2018-0977.

AOAC Association of Official Analysis Chemists International. Official Methods of Analysis of AOAC International, 18th ed.;
AOAC: Washington, DC, USA, 2005; ISBN 0935584544



Agriculture 2023, 13, 789 15 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Seghiri, R.; Kharbach, M.; Essamri, A. Functional Composition, Nutritional Properties, and Biological Activities of Moroccan
Spirulina Microalga. J. Food Qual. 2019, 2019, 3707219. https://doi.org/10.1155/2019/3707219.

Moukette Moukette, B.; Constant Anatole, P.; Nya Biapa, C.P.; Njimou, ].R.; Ngogang, ].Y. Free Radicals Quenching Potential,
Protective Properties against Oxidative Mediated Ion Toxicity and HPLC Phenolic Profile of a Cameroonian Spice: Piper Guin-
eensis. Toxicol. Rep. 2015, 2, 792-805. https://doi.org/10.1016/]. TOXREP.2015.02.007.

NRC. Nutrient Requirements of Poultry, 19th ed.; The National Academies Press: Washington, DC, USA, 1994; ISBN 978-0-309-
04892-7.

Havlik, P.; Valin, H.; Herrero, M.; Obersteiner, M.; Schmid, E.; Rufino, M.C.; Mosnier, A.; Thornton, P.K.; Béttcher, H.; Conant,
R.T.; et al. Climate Change Mitigation through Livestock System Transitions. Proc. Natl. Acad. Sci. USA 2014, 111, 3709-3714.
https://doi.org/10.1073/pnas.1308044111.

Nawab, A.; Ibtisham, F.; Li, G.; Kieser, B.; Wu, J.; Liu, W.; Zhao, Y.; Nawab, Y.; Li, K.; Xiao, M.; et al. Heat Stress in Poultry
Production: Mitigation Strategies to Overcome the Future Challenges Facing the Global Poultry Industry. J. Therm. Biol. 2018,
78, 131-139. https://doi.org/10.1016/].JTHERBIO.2018.08.010.

Vercese, F.; Garcia, E.; Sartori, J.; Pontes, S.A.d.P.; Faitarone, A.; Berto, D.; Molino, A.d.B.; Pelicia, K. Performance and Egg
Quality of Japanese Quails Submitted to Cyclic Heat Stress. Braz. |. Poult. Sci. 2012, 14, 37-41. https://doi.org/10.1590/S1516-
635X2012000100007.

Huff, G.R.; Huff, W.E.; Wesley, L.V.; Anthony, N.B.; Satterlee, D.G. Response of Restraint Stress-Selected Lines of Japanese Quail
to Heat Stress and Escherichia Coli Challenge. Poult. Sci. 2013, 92, 603-611. https://doi.org/10.3382/ps.2012-02518.

Lu, Q.; Wen, J.; Zhang, H. Effect of Chronic Heat Exposure on Fat Deposition and Meat Quality in Two Genetic Types of Chicken.
Poult. Sci. 2007, 86, 1059-1064. https://doi.org/10.1093/PS/86.6.1059.

Liu, L.; Ren, M,; Ren, K; Jin, Y.; Yan, M. Heat Stress Impacts on Broiler Performance: A Systematic Review and Meta-Analysis.
Poult. Sci. 2020, 99, 6205-6211. https://doi.org/10.1016/].’S].2020.08.019.

He, S,; Yin, Q.; Xiong, Y.; Li, J.; Liu, D. Characterization of Heat Stress Affecting the Growth Performance, Blood Biochemical
Profile, and Redox Status in Male and Female Broilers at Market Age. Trop. Anim. Health Prod. 2020, 52, 3833-3841.
https://doi.org/10.1007/511250-020-02422-3/TABLES/7.

Wasti, S.; Sah, N.; Mishra, B. Impact of Heat Stress on Poultry Health and Performances, and Potential Mitigation Strategies.
Animals 2020, 10, 1266. https://doi.org/10.3390/ANI10081266.

Abdel-Moneim, A.M.E.; Shehata, A.M.; Mohamed, N.G.; Elbaz, A.M.; Ibrahim, N.S. Synergistic Effect of Spirulina platensis and
Selenium Nanoparticles on Growth Performance, Serum Metabolites, Inmune Responses, and Antioxidant Capacity of Heat-
Stressed Broiler Chickens. Biol. Trace Elem. Res. 2022, 200, 768-779. https://doi.org/10.1007/512011-021-02662-W.

Kolluri, G.; Marappan, G.; Yadav, A.S.; Kumar, A.; Mariappan, A.K,; Tyagi, ].S.; Rokade, ].J.; Govinthasamy, P. Effects of Spir-
ulina (Arthrospira platensis) as a Drinking Water Supplement during Cyclical Chronic Heat Stress on Broiler Chickens: Assessing
Algal Composition, Production, Stress, Health and Immune-Biochemical Indices. |. Therm. Biol. 2022, 103, 103100.
https://doi.org/10.1016/J.JTHERBIO.2021.103100.

Tavernari, F.D.C.; Roza, L.F.; Surek, D.; Sordi, C.; Silva, M.L.B.D.; Albino, L.F.T.; Migliorini, M.J.; Paiano, D.; Boiago, M.M.
Apparent Metabolisable Energy and Amino Acid Digestibility of Microalgae Spirulina platensis as an Ingredient in Broiler
Chicken Diets. Br. Poult. Sci. 2018, 59, 562-567. https://doi.org/10.1080/00071668.2018.1496401.

Alwaleed, E.A ; El-Sheekh, M.; Abdel-Daim, M.M.; Saber, H. Effects of Spirulina platensis and Amphora Coffeaeformis as Dietary
Supplements on Blood Biochemical Parameters, Intestinal Microbial Population, and Productive Performance in Broiler Chick-
ens. Environ. Sci. Pollut. Res. 2021, 28, 1801-1811. https://doi.org/10.1007/S11356-020-10597-3/FIGURES/2.

Alagqil, A.A.; Abbas, A.O. The Effects of Dietary Spirulina platensisis on Physiological Responses of Broiler Chickens Exposed to
Endotoxin Stress. Animals 2023, 13, 363. https://doi.org/10.3390/ani13030363.

Khan, S.; Mobashar, M.; Mahsood, F.K; Javaid, S.; Abdel-Wareth, A.A.; Ammanullah, H.; Mahmood, A. Spirulina Inclusion
Levels in a Broiler Ration: Evaluation of Growth Performance, Gut Integrity, and Immunity. Trop. Anim. Health Prod. 2020, 52,
3233-3240. https://doi.org/10.1007/511250-020-02349-9/FIGURES/1.

Mitchell, W.K.; Wilkinson, D.J.; Phillips, B.E.; Lund, J.N.; Smith, K.; Atherton, P.]. Human Skeletal Muscle Protein Metabolism
Responses to Amino Acid Nutrition. Adv. Nutr. 2016, 7, 8285-838S. https://doi.org/10.3945/AN.115.011650.

Vahdatpour, T.; Nikpiran, H. Effects of Protexin®, Fermacto® and Combination of Them on Blood Enzymes and Performance of
Japanese Quails (Coturnix japonica). Ann. Biol. Res. 2011, 2, 283-291.

Giannini, E.G.; Testa, R.; Savarino, V. Liver Enzyme Alteration: A Guide for Clinicians. CMA] Can. Med. Assoc. J. 2005, 172, 367.
https://doi.org/10.1503/CMA]J.1040752.

Yadav, D.; Prakash Bhartiya, J.; Kumar Verma, S.; Kumar Nandkeoliar, M. Evaluation of Blood Urea, Creatinine and Uric Acid
as Markers of Kidney Functions in Hypertensive Patients: A Prospective Study. Indian |. Basic Appl. Med. Res. 2014, 3, 682.
Jastrebski, S.F.; Lamont, S.J.; Schmidt, C.J. Chicken Hepatic Response to Chronic Heat Stress Using Integrated Transcriptome
and Metabolome Analysis. PLoS ONE 2017, 12, e0181900. https://doi.org/10.1371/JOURNAL.PONE.0181900.

Emami, N.K;; Jung, U.; Voy, B.; Dridi, S. Radical Response: Effects of Heat Stress-Induced Oxidative Stress on Lipid Metabolism
in the Avian Liver. Antioxidants 2021, 10, 35. https://doi.org/10.3390/ANTIOX10010035.

Lu, Z.; He, X.F.; Ma, B.B.; Zhang, L.; Li, ].L.; Jiang, Y.; Zhou, G.H.; Gao, F. Increased Fat Synthesis and Limited Apolipoprotein
B Cause Lipid Accumulation in the Liver of Broiler Chickens Exposed to Chronic Heat Stress. Poult. Sci. 2019, 98, 3695-3704.
https://doi.org/10.3382/PS/PEZ056.



Agriculture 2023, 13, 789 16 of 16

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Mirzaie, S.; Zirak-Khattab, F.; Hosseini, S.A.; Donyaei-Darian, H. Effects of Dietary Spirulina on Antioxidant Status, Lipid Pro-
file, Immune Response and Performance Characteristics of Broiler Chickens Reared under High Ambient Temperature. Asian-
Australas. ]. Anim. Sci. 2018, 31, 556-563. https://doi.org/10.5713/ajas.17.0483.

Deng, R.; Chow, T.]. Hypolipidemic, Antioxidant and Antiinflammatory Activities of Microalgae Spirulina. Cardiovasc 2010, 28,
e33. https://doi.org/10.1111/].1755-5922.2010.00200.X.

Froyen, E. The Effects of Linoleic Acid Consumption on Lipid Risk Markers for Cardiovascular Disease. In Risk Factors for Car-
diovascular Disease; Chahine, J., Ed.; IntechOpen: London, UK, 2022.

Quinteiro-Filho, W.M.; Gomes, A.V.S.; Pinheiro, M.L.; Ribeiro, A.; Ferraz-de-Paula, V.; Astolfi-Ferreira, C.S.; Ferreira, A.].P.;
Palermo-Neto, J. Heat Stress Impairs Performance and Induces Intestinal Inflammation in Broiler Chickens Infected with Sal-
monella Enteritidis. Avian Pathol. 2012, 41, 421-427. https://doi.org/10.1080/03079457.2012.709315.

Islam, M.R,; Islam, M.R.; Ahmed, I.; Moktadir, A.A.; Nahar, Z.; Islam, M.S.; Shahid, S.F.B.; Islam, S.N.; Islam, M.S.; Hasnat, A.
Elevated Serum Levels of Malondialdehyde and Cortisol Are Associated with Major Depressive Disorder: A Case-Control
Study. SAGE Open Med. 2018, 6, 205031211877395. https://doi.org/10.1177/2050312118773953.

Li, G.-M,; Liu, L.-P.; Yin, B.; Liu, Y.-Y.; Dong, W.-W_; Gong, S.; Zhang, J.; Tan, J.-H. Heat Stress Decreases Egg Production of
Laying Hens by Inducing Apoptosis of Follicular Cells via Activating the FasL/Fas and TNF-a Systems. Poult. Sci. 2020, 99,
6084-6093. https://doi.org/10.1016/].PS].2020.07.024.

Agustini, T.W.; Suzery, M.; Sutrisnanto, D.; Ma'ruf, W.F. Hadiyanto Comparative Study of Bioactive Substances Extracted from
Fresh and Dried Spirulina sp. Procedia Environ. Sci. 2015, 23, 282-289. https://doi.org/10.1016/].PROENV.2015.01.042.

Chu, W.L,; Lim, Y.W,; Radhakrishnan, A K,; Lim, P.E. Protective Effect of Aqueous Extract from Spirulina platensis against Cell
Death Induced by Free Radicals. BMC Complement. Altern. Med. 2010, 10, 53. https://doi.org/10.1186/1472-6882-10-53.

Baxter, M.F.A.; Greene, E.S.; Kidd, M.T.; Tellez-Isaias, G.; Orlowski, S.; Dridi, S. Water Amino Acid-Chelated Trace Mineral
Supplementation Decreases Circulating and Intestinal HSP70 and Proinflammatory Cytokine Gene Expression in Heat-Stressed
Broiler Chickens. ]. Anim. Sci. 2020, 98, skaa049. https://doi.org/10.1093/JAS/SKA A049.

Shini, S.; Huff, G.R.; Shini, A.; Kaiser, P. Understanding Stress-Induced Immunosuppression: Exploration of Cytokine and
Chemokine Gene Profiles in Chicken Peripheral Leukocytes. Poult. Sci. 2010, 89, 841-851. https://doi.org/10.3382/ps.2009-00483.
Xu, Y.; Lai, X;; Li, Z.; Zhang, X.; Luo, Q. Effect of Chronic Heat Stress on Some Physiological and Immunological Parameters in
Different Breed of Broilers. Poult. Sci. 2018, 97, 4073-4082. https://doi.org/10.3382/PS/PEY256.

Zulkifli, I.; Mysahra, S.A.; Jin, L.Z. Dietary Supplementation of Betaine (Betafin®) and Response to High Temperature Stress in
Male Broiler Chickens. Asian-Australas. . Anim. Sci. 2004, 17, 244-249.

Omar, A.E.; Al-Khalaifah, H.S.; Osman, A.; Gouda, A.; Shalaby, S.I.; Roushdy, E.M.; Abdo, S.A; Ali, S.A.; Hassan, A.M.; Amer,
S.A. Modulating the Growth, Antioxidant Activity, and Immunoexpression of Proinflammatory Cytokines and Apoptotic Pro-
teins in Broiler Chickens by Adding Dietary Spirulina platensis Phycocyanin. Antioxidants 2022, 11, 991.
https://doi.org/10.3390/antiox11050991.

Wu, Q.; Liu, L.; Miron, A.; Klimova, B.; Wan, D.; Kuca, K. The Antioxidant, Inmunomodulatory, and Anti-Inflammatory Ac-
tivities of Spirulina: An Overview. Arch. Toxicol. 2016, 90, 1817-1840. https://doi.org/10.1007/500204-016-1744-5.

Finamore, A ; Palmery, M.; Bensehaila, S.; Peluso, I. Antioxidant, Immunomodulating, and Microbial-Modulating Activities of
the Sustainable and Ecofriendly Spirulina. Oxidative Med. Cell. Longev. 2017, 2017, 3247528. https://doi.org/10.1155/2017/3247528.
Elshabrawy, O.; Ahmed, M.; Abdel El Deim, M.; Orabi, S.; Abu-Alya, I.; EIBasuni, H. Enhancement Effect of Spirulina platensis
Extract on Broiler Chicks’ Growth Performance and Immunity. J. Curr. Vet. Res. 2022, 4, 156-167.
https://doi.org/10.21608/JCVR.2022.240919.

Li, P; Yin, Y.L; Li, D,; Kim, W.S;, Wu, G. Amino Acids and Immune Function. Br. ]. Nutr. 2007, 98, 237-252.
https://doi.org/10.1017/S000711450769936X.

Gottardo, E.T.; Burin Junior, AM.; Lemke, B.V.; Silva, A.M.; Busatta Pasa, C.L.; Muller Fernandes, J.I; Gottardo, E.T.; Burin
Junior, A.M.; Lemke, B.V.; Silva, A.M.; et al. Immune Response in Eimeria Sp. and E. Coli Challenged Broilers Supplemented
with Amino Acids. Austral. ]. Vet. Sci. 2017, 49, 175-184. https://doi.org/10.4067/50719-81322017000300175.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(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.



