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Simple Summary

Heat stress is detrimental to poultry production, welfare, and health. Several strategies
have been employed to mitigate these consequences. The current study assessed the role
of dietary addition of Spirulina platensis (SP) and humic acid (HA) in alleviating the effects
of acute cyclic heat stress. The study’s outcomes showed that the single addition of either
HA or SP effectively attenuated the detrimental effects of acute cyclic heat stress on growth,
meat quality, metabolism, and immunity. The single additions of SP or HA were more
effective than their combination, with HA producing the greatest improvement in growth
performance and intestinal morphology.

Abstract

Elevated ambient temperature is the primary abiotic element that possibly diminishes pro‑
duction and economic profitability in the chicken industry. The current study evaluated
the role of dietary addition of Spirulina platensis (SP) and humic acid (HA) in mitigating
the effects of acute cyclic heat stress on growth performance, meat quality, immune sta‑
tus, and intestinal morphology in broiler chickens. Five hundred three‑day‑old male Ross
308 broiler chicks (average body weight 101.42 ± 3.22 g) were assigned to five experimen‑
tal groups, each with 10 replicates (10 birds per replicate). The chicks in the first group
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received a basal diet and were maintained in thermoneutral conditions (NEG CON). The
remaining four groups received either a basal diet only (POS CON) or a basal diet added
with SP (2 g/kg of feed; SP group), HA (5 g/kg of feed; HA group), or a mix of SP and
HA by the same doses (SP+HA group). The four groups were exposed to acute cyclic heat
stress (36 ◦C ± 2 ◦C) from the 22nd to the 25th day of age for 6 h/day. The HA group
showed increased body weight and body weight gain, and improved feed conversion ra‑
tio compared with other groups (p < 0.001). The addition of SP and HA improved sensory
characteristics and reduced the dripping losses of the breast muscles. The phagocytic %
and phagocytic index were higher in the SP group compared with the NEG and POS CON.
The serum levels of triiodothyronine and thyroxine were higher in the HA and SP+HA
groups compared with the control groups. The serum concentrations of interleukin‑10,
complement 3, and lysozymes, as well as the liver concentrations of HSP90A and HSP90B,
were higher in the SP, HA, and SP+HA groups compared with the NEG and POS CON. The
duodenal villous height and width were significantly greater in the HA group compared
to the other groups. Spleen histomorphology in the SP and HA groups was better than that
of the POS CON. The HA group showed up‑regulation in the immune expression of clus‑
ters of differentiation 3 (CD3) and 20 (CD20) proteins in the spleen tissues. In conclusion,
both HA and SP, individually but not in combination, mitigated the detrimental effects of
acute cyclic heat stress on growth and immunity. Humic acid addition provided the most
pronounced improvements in performance and intestinal morphology. Further studies
are warranted to clarify the biochemical interactions between SP and HA under different
stress intensities.

Keywords: poultry; dietary addition; stress; growth; immunity; meat quality

1. Introduction
Elevated ambient temperature is the primary abiotic element that possibly diminishes

production and economic profitability in the chicken industry. Seasonal fluctuations in
temperature and relative humidity (RH) can lead to extreme conditions. Variations in envi‑
ronmental temperature, both below and above the thermal comfort zone, adversely affect
broiler performance, resulting in diminished growth rates, immunological suppression,
vaccine failures, and irreparable organ damage [1–3]. In addition to influencing protein
synthesis and absorption [4], exposure to heat stress (HS) enhances water uptake while
reducing feed intake in broilers [5,6]. Heat stress impairs gastrointestinal integrity, com‑
promising nutrient digestion and absorption. It also adversely affects immunology, micro‑
biology, and physiology, leading to compromised and aberrant gastrointestinal function
in birds [7].

Acute heat stress (HS) occurs when birds are exposed to high temperatures that ex‑
ceed the thermal requirements of chickens for a brief period (a few hours to a few days) [8].
In contrast, chronic HS occurs when temperatures are continuously high for an extended
period (days to months) [9]. Despite having a relatively low severity, chronic HS is more
common and persists for extended periods, often recurring more frequently in tropical
regions [10]. Climate‑resilient poultry farming, which primarily relies on effective man‑
agement techniques, is crucial for achieving maximum productivity in tropical nations.
The optimal temperatures at which the bird can function most effectively are determined
by its age, body weight, housing system, feeding level, relative humidity, air velocity, and
overall health [11].
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Evaporative heat dissipation is a crucial mechanism significantly affected by the sur‑
rounding environment’s relative humidity. Increased humidity diminishes evaporative
heat loss, which escalates with temperature. The impact of humidity on the thermal reg‑
ulation response of broiler chickens is influenced by age and air temperature [12]. The
effect of humidity on the performance of broiler chicks and turkeys exposed to tempera‑
tures as high as 28 ◦C and 30 ◦C, respectively, is substantial [13]. Humidity affected the
thermoregulation of 1‑week‑old broiler hens by redistributing heat throughout the body at
high temperatures, causing the peripheral temperature to rise and the rectal temperature
to fall [12].

Finding internal solutions to lessen the negative impacts of HS would be beneficial.
Various dietary techniques were employed to enhance the health of heat‑stressed broilers,
including the use of phytogenic feed additives, polyphenols, essential oils, minerals, vita‑
mins, and beneficial bacteria [14]. Natural feed additives, like algal biomass or extracts that
are high in antioxidants and other bioactive components, may provide two benefits in such
circumstances, like heat stress: first, they may help birds withstand unsuitable or stressful
environmental conditions; second, they may produce broilers with lower levels of choles‑
terol or total lipids and likely better antioxidant status [15]. Microalgae are a cost‑effective
and sustainable source of biofuels, bioactive pharmaceuticals, and feed ingredients [16].
Chlorella species and Spirulina (Arthrospira platensis) are among the most robustly utilized
microalgae for feed and nutrition. The blue‑green algae, known as spirulina (SP), is one
of nature’s most adaptable products, offering numerous benefits for human and animal
health. Spirulina is enhanced with a high protein content, vitamins, xanthophyll colors,
and many vital amino acids. It is also enriched with high quantities of β‑carotene, vitamin
B12, iron, and trace minerals, as well as γ‑linolenic acid [17]. Numerous cyanobacteria
strains are known to generate extracellular and intracellular compounds with antibacte‑
rial [18] and immune‑stimulating [19] properties. Furthermore, there were reports of an‑
tiplatelet [20], anticardiotoxic [21], antinephrotoxic [22], antihepatotoxic [23], and hypoc‑
holesterolemic [24] effects. The in‑feed benefits of SP in boosting immunity and reducing
oxidative stress in broilers exposed to HS at a 2% level were previously studied [15,25]. It
has also been shown that in‑feed SP can improve broiler meat quality [26] and serve as a
substitute for soybean meal [27].

Humic acid, fulvic acid, and trace minerals make up humic substances, also known as
humates, which include reed sedge peat compounds. The improvement in weight gain and
enhanced feed conversion may be attributed to beneficial effects on metabolic processes of
digestion and nutrient utilization; however, humate addition does not enhance growth by
altering feed intake [28]. In other animal species, humates have also been linked to im‑
proved health through physiological alterations and enhanced immune development [29].
Humic compounds are utilized as natural growth boosters due to their antibacterial, detox‑
ifying, antifungal, and antioxidant properties [30]. It could lower several types of stress
and enhance the immune system of birds [31]. In broilers, Gomez‑Rosales and de L Ange‑
les [32] discovered that HA enhanced nutrient retention and ileal digestibility of energy.
Due to the benefits mentioned above, SP and HA were evaluated for their potential to mit‑
igate the effects of acute cyclic heat stress on broiler chicks. Many previous studies have
demonstrated the beneficial effects of individual addition of SP and HA on growth, im‑
munity, and oxidative stress. To our knowledge, no studies have assessed the impact of
combining SP and HA on alleviating acute cyclic heat stress in broiler chickens. We hypoth‑
esize that there would be a synergism between SP and HA that can beneficially mitigate
the effects of acute heat stress.
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2. Materials and Methods
2.1. Feed Additives

Arthrospira platensis (SP) was obtained from the Algal Biotechnology unit, National
Research Centre, Egypt. According to El‑shennawy, et al. [33], total flavonoid content
was 84.5 mg/100 g, the total phenolic content was 750.8 mg/100 g, total carotenoids were
1320 mg/100 g, and phycocyanin was 1780 mg/100 g [33]. Humic acid powder (HA) was
obtained from Humin Tech, Grevenbroich, Germany. The product contains 496 mmol
(eq)/100 functional groups, including 260 carboxyl and 236 phenolic groups with pKa 4.5,
6.5, and 9.5.

2.2. Birds, Experimental Planning, and Diets

The experiment was conducted at the Avian Experimental Centre of Zagazig Univer‑
sity’s Faculty of Veterinary Medicine in Egypt. All experiment procedures were approved
by the ARC‑IACUC committee (Approval No. ARC‑IACUC/AHRI/152/24).

A local hatchery provided 500 one‑day‑old male Ross 308 broiler chicks. They were
reared for a 35‑day feeding trial. On the first 3 days, they were exposed to a pre‑experiment
adaptation period till they reached an average starting weight of 101.42 ± 3.22 g. Dur‑
ing the adaptation period, the chicks received a broad‑spectrum antibiotic (oxytetracy‑
cline, 20% (1 g/L) in drinking water) and were fed the control starter diet. Then, they
were randomly assigned to five experimental groups, each with 10 replicates (10 birds
per replicate). In the first group, the chicks received a basal diet and were maintained
in thermoneutral conditions (NEG CON). The remaining four groups received either a
basal diet only (POS CON) or a basal diet added with SP (2 g/kg of feed; SP group) [34],
HA (5 g/kg of feed; HA group) [35], or a mix of SP and HA by the same doses (SP+HA
group). The four groups were exposed to acute cyclic heat stress. As advised for ROSS
broiler chicks, the standard brooding temperature was initially raised to 34 ◦C and then
gradually lowered to 23 ◦C by the end of the rearing period [36]. The average relative hu‑
midity ranged from 50% to 55% in the CON NEG group. From the 22nd to the 25th day
of the feeding period, the groups that experienced acute cyclic heat stress were main‑
tained at an ambient temperature of 36 ± 2 ◦C for six hours per day (11:00 a.m.–5:00 p.m.).
The relative humidity ranged from 68% to 70%. A temperature‑humidity index (THI)
ranged from 38 to 41% (Table 1); subsequently, the temperature decreased to the level
of the CON NEG group for the remainder of the experiment. A heater‑air condition‑
ing system was used to keep the temperature within this range. The THI was consis‑
tently determined using the formula from the World Meteorological Organization [37]:
THI = Td − [0.55 − (0.55 × RH/100)] × (Td − 58). Where Td is the dry bulb temperature
in degrees Celsius. For the first three days of the experiment, the lighting system in each
experimental pen was maintained at 23:1 h light: dark, and thereafter, it was maintained
at 20:4 h light: dark until the end of the experiment. During the study, birds had unre‑
stricted access to feed and water, and diets were provided as mash. The chicks were raised
in an outside, well‑ventilated housing with suitable litter. The chicks were fed on two ex‑
perimental diets. Diet A for the NEG CON, POS CON, and HA‑added groups. Diet B for
the SP‑added group and HA+SP‑added group (Table 2). According to AVIAGEN’s advice,
immunization schedules, illumination, and dietary formulations were implemented [36].
No mortalities were recorded during the study.
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Table 1.Temperature, relative humidity, and temperature‑humidity index.

Days Minimum
Temperature (◦C)

Maximum
Temperature (◦C)

Relative
Humidity (%) Minimum THI Maximum THI

1st 35.3 37.5 69 39.2 41.0
2nd 35.5 37.3 71 39.1 40.6
3rd 36.2 37.5 68 40.0 41.1
4th 35.0 36.5 70 38.8 40.0

THI: temperature‑humidity index.

Table 2. Proximate chemical composition of the diets (%).

Items Diet A 1 Diet B 2

Starter Grower Finisher Starter Grower Finisher

Ingredients (%)
Yellow corn 55.725 59.25 62.2 55.725 59.25 62.1

Soybean meal, 48% 33.53 28 23.6 33.33 28 23.5
Corn gluten, 60% 4 5.325 6 4 5.125 6
Spirulina, 63% ‑ ‑ ‑ 0.2 0.2 0.2
Soybean oil 2.2 3.1 4.095 2.2 3.1 4.095

Calcium carbonate 1.2 1.2 1.1 1.2 1.2 1.1
Dicalcium phosphate 18% 1.5 1.4 1.3 1.5 1.4 1.3

Common salt 0.15 0.15 0.15 0.15 0.15 0.15
Premix 3 0.3 0.3 0.3 0.3 0.3 0.3

DL‑Methionine, 98% 0.4 0.3 0.33 0.4 0.3 0.33
Lysine, HCl 78% 0.47 0.45 0.4 0.47 0.45 0.4

Choline 0.07 0.07 0.07 0.07 0.07 0.07
Threonine 0.1 0.1 0.1 0.1 0.1 0.1
Phytase 4 0.005 0.005 0.005 0.005 0.005 0.005

Sodium bicarbonate 0.25 0.25 0.25 0.25 0.25 0.25
Antimycotoxin 0.1 0.1 0.1 0.1 0.1 0.1

Chemical composition (%)
DM 90.25 90.4 90.5 90.3 90.45 90.6

ME (kcal/kg) 3003 3107 3208 3003 3105 3207
CP 23.12 21.50 20.02 23.15 21.51 20.09

Lysine 1.47 1.31 1.16 1.47 1.32 1.16
Methionine 0.72 0.61 0.63 0.72 0.61 0.63

Calcium 0.94 0.90 0.83 0.94 0.90 0.83
Av. P 0.48 0.45 0.42 0.48 0.45 0.42

1 Diet A for the NEG CON, POS CON, and HA‑supplemented groups. 2 Diet B for the SP‑added group and
HA+SP‑added group. DM: dry matter. CP: crude protein. ME: Metabolizable energy. Av. P: available phospho‑
rus. 3 Vitamin and mineral premix per kg of diet: vitamin K3; 3.2 mg, vitamin E; 80 IU, vitamin A; 12,000 IU,
vitamin D3; 5000 IU, thiamine; 3.2 mg, pantothenic acid; 20 mg, riboflavin; 8.6 mg, pyridoxine; 4.3 mg, folic acid;
2.2 mg, vitamin B12; 0.017 mg, niacin; 65 mg, biotin; 0.22 mg, Fe; 20 mg, Cu; 16 mg, choline; 1650 mg, Mn; 120 mg,
Zn; 110 mg, Se; 0.30 mg, I; 1.25 mg. 4 Phytase, RONOZYME®, DSM‑Firmenich, Kaiseraugst, Switzerland.

2.3. Growth Indices

The feeding period was divided into three periods: starter (4th–10th day), grower
(11th–23rd day), and finisher (24th–35th day). On the fourth day of their lives, the chicks
were weighed. The average weight at various feeding stages was then estimated by record‑
ing body weights at 10, 23, and 35 days.

Body weight gain (BWG) = W2 − W1. W1 is the weight at the beginning of the sched‑
uled time, and W2 is the weight at the end of that period.

The weight of the feed supplied was deducted from the leftovers for each replicate,
and the result was divided by the number of birds in that replicate to determine the average
feed intake (FI) per bird.
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Feed conversion ratio (FCR) was calculated as FI (g) divided by BWG (g).

2.4. Sampling

Ten birds were randomly chosen for tissue and blood collection from each group. On
day 35 of the trial, they were euthanized by cervical dislocation following an 8 h fast [38].
Two portions of blood samples were collected; the first was collected into heparinized
tubes to determine the hematological parameters and phagocytic activity. The latter was
collected into 3 mL vacutainer tubes, centrifuged for 10 min at 1006× g, and the result‑
ing serum was stored at −20 ◦C until used in biochemical testing. Breast muscle samples
(n = 10) were removed and chilled for 5–6 h at 4 ◦C to evaluate the meat quality measures.
Another set of meat samples (n = 10) was vacuum‑packed and stored at −20 ◦C to deter‑
mine the proximate chemical and fatty acid composition. After that, samples (n = 10) were
taken from the small intestine (duodenum, jejunum, and ileum) and spleen for histological
examination. Additional splenic samples (n = 10) were extracted for immunohistochemical
examination. Liver samples (n= 10) were taken to analyze heat shock protein 90 (HSP90A
and HSP90B).

2.5. Meat Quality, Fatty Acid, and Chemical Composition of the Breast Muscle

The sensory characteristics (color, consistency, and odor) of the muscles under ex‑
amination were assessed by a trained ten‑person descriptor panel, which then assigned
a score on a scale of 1 to 5, where 5 denotes normal, 4 denotes slight deviation, 3 denotes
moderate deviation, 2 denotes major deviation, and 1 denotes severe deviation. The breast
muscles were sampled from the carcasses to assess pH, thawing losses, and cooking (sam‑
ples were taken for 10 min to attain 75 ◦C in a preheated water bath) according to Petracci
and Baéza [39]. Water‑holding capacity (WHC) was measured by centrifuging 4× g of
breast muscle for 4 min at 1500× g in a filter paper (Hettich Laborgeräte GmbH & Co. KG,
EBA 200, Tuttlingen, Germany). After that, the samples were dried for 24 h at 70 ◦C in an
oven. The following formula was used to determine WHC [40]:

WHC = [Weight after centrifugation (g) − weight after drying (g)]/Initial weight (g) × 100

At the trial’s conclusion, ten breast muscle samples were taken from each group.
The oils from the breast muscle were extracted using a solvent of chloroform/methanol
(2:1, v/v) [41]. The chemical analysis of the breast muscle (dry matter, fat, crude protein,
and ash content percent) and the fatty acids in the extracted oil were determined [42].

2.6. Hematological Parameters

Total erythrocytes (RBCs), white blood cells (WBCs), and differential leucocytic
counts were measured using a Hemascreen 18 Automatic Cell Counter (Hospitex Diag‑
nostics, Sesto Fiorentino, Italy) in accordance with the manufacturer’s instructions [43]. A
colorimetric kit (BioDiagnostic, Giza, Egypt) was used to measure the hemoglobin (Hb)
concentration using the cyanmethemoglobin approach, as previously reported [44]. Fol‑
lowing centrifugation of blood samples in Wintrobe hematocrit tubes (2000× g, 20 min,
and 4 ◦C), hematocrit (HT) ratios were calculated by measuring the packed cell vol‑
ume on a graduated scale. The following formulas were then used to estimate the
mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and MCH
concentration (MCHC):

MCV (fL) = HT (%)/RBC (106/µL) × 10

MCH (pg) = HB (g/dL)/RBC (106/µL) × 10
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MCHC (%) = HB (g/dL)/HT (%) × 100

2.7. Phagocytic Activity

White blood cells (WBCs)were isolated from peripheral bloodusing Ficoll‑Histopaque
density gradient centrifugation to determine phagocytic activity [45]. The phagocytic in‑
dex was determined as described by Omar, et al. [46].

2.8. Thyroid Hormones, Immune Status Indices, and Heat Shock Proteins

Thyroxine (T4) and triiodothyronine (T3) were measured using chicken ELISA kits
from My Biosource Co., San Diego, CA, USA, with CAT. NO., MBS265796 and MBS269454,
respectively, per the instructions in the pamphlets.

The chicken‑specific ELISA kits (My BioSource Co., CAT.NO. MBS701683 and Life
Span Biosciences, Inc., Seattle, WA, USA, CAT. NO. LS‑F9287) were used to evaluate the
serum levels of interleukin‑10 (IL‑10) and complement‑3 (C3). The method of Lie, et al. [47]
was used to measure the serum’s lysozyme activity.

To measure heat shock protein 90 (HSP90A and HSP90B), liver samples (10 samples
per group) were collected and stored at −20 ◦C. The HSP90 concentration in liver tissues
was detected using an enzyme‑linked immunoassay [48].

2.9. Histological Examination

Two‑centimeter samples from the spleen, duodenum, jejunum, and ileum were sep‑
arated, which were then preserved in 10% neutral buffered formaldehyde (NBF) for 72 h
before being dehydrated, cleaned, and placed in wax. The histological examination was
carried out on 5‑µm dense oblique sections (cut with a microtome). The sections were
placed on slides and stained with hematoxylin and eosin (H&E) [49]. A computer‑assisted
digital‑image pro plus (IPP) analysis program (Image‑Pro Plus 4.5, Media Cybernetics, Sil‑
ver Spring, MD, USA) and an OLYMPUS TH4‑200 camera were used to assess the intestinal
morphometry (villous height (VH), villous width (VW), crypt depth (CD), and muscular
coat thickness (MCT)).

2.10. Immunohistochemical Procedures

The avidin‑biotin‑peroxidase complex (ABC) method was used for immunohisto‑
chemical labeling of CD3 and CD20 [50]. To put it briefly, intestinal sections encased
in paraffin were deparaffinized using xylene and then rehydrated in ethyl alcohol. Tis‑
sue slices were treated with endogenous peroxidase blocking reagent (DAKO peroxi‑
dase blocking reagent, Cat. No. S 2001), a mixture of hydrogen peroxide and sodium
azide. Two drops of the supersensitive mouse anti‑Chicken CD3, clone CT‑3 (Bio‑Rad
Lab., Dubai, UAE), and CD20 (ThermoFisher Scientific, Waltham, MA, USA) were ap‑
plied to the sections. The sections were counterstained with hematoxylin, and the slides
were examined under a microscope. According to Rizzardi, et al. [51], ImageJ software
(IJ 1.46r, 2012, National institutes of health NIH, WA, USA) was used to determine the
percentages of immunostaining‑positive regions in five sections from each group at high
magnification (×200).

2.11. Statistical Analysis

Data were analyzed with a one‑way analysis of variance (ANOVA) using the GLM
procedure in SPSS (Version 16 for Windows, SPSS Inc., Chicago, IL, USA) after the Shapiro–
Wilk test was used to verify the normality, and Levene’s test was used to verify homo‑
geneity of variance components among experimental treatments. The pen served as the
experimental unit for growth performance measures, while individual birds were the ex‑
perimental units for other parameters. Tukey’s test compared the differences between the
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means at a 5% probability level. Data variance was expressed as pooled SEM, and the
significance level was set at p < 0.05.

3. Results
3.1. Growth Performance

During the starter and grower period, the HA group showed higher BW and BWG
and improved FCR compared with other groups (p < 0.001). The SP group and SP+HA
group showed improved growth performance compared with the POS CON group. The
FI was lower in the SP group during the starter period and in the SP and SP+HA groups in
the grower period compared with the NEG CON (p < 0.001). During the finisher period, the
BW was higher in the HA group compared to other experimental groups (p < 0.001), while
the BWG was similar to the NEG CON (p < 0.001). The SP, HA, and SP+HA groups showed
improved growth performance compared to the POS CON. The NEG CON showed higher
FI than all other groups (p < 0.001). The overall performance was improved in the ex‑
perimental groups in this order: HA > NEG CON > SP > SP+HA > POS CON (p < 0.001)
(Table 3). During the acute cyclic heat stress period, the addition of HA resulted in the high‑
est growth performance among all experimental groups. The SP and the SP+HA groups
also showed better performance than the POS CON group.

Table 3. Effect of Spirulina platensis and humic acid addition on the growth performance of heat‑
stressed broiler chickens.

Items NEG CON POS CON SP HA SP+HA SEM p‑Value

Initial BW (g) 103 101 100 101 101 0.439 0.252
Starter period (4–10 d)
BW (g) 301 b 297 b 301 b 313 a 288 c 1.220 <0.001

BWG (g) 197 b 196 b 201 b 211 a 187 c 1.240 <0.001
FI (g) 337 a 332 ab 330 b 332 ab 332 ab 0.740 <0.001
FCR 1.71 ab 1.69 bc 1.64 cd 1.57 d 1.77 a 0.011 <0.001

Grower period (11–23 d)
BW (g) 1322 b 1064 e 1250 c 1412 a 1159 d 17.10 <0.001

BWG (g) 1021 b 767 e 949 c 1100 a 871 d 16.20 <0.001
FI (g) 1395 a 1395 a 1375 b 1380 ab 1373 b 2.280 <0.001
FCR 1.37 d 1.82 a 1.45 c 1.26 e 1.58 b 0.027 <0.001

Finisher period (24–35 d)
BW (g) 2392 b 1951 e 2243 c 2483 a 2079 d 28.00 <0.001

BWG (g) 1070 a 887 c 993 ab 1071 a 920 bc 12.80 <0.001
FI (g) 1710 a 1592 ab 1521 b 1541 b 1518 b 16.10 <0.001
FCR 1.60 bc 1.80 a 1.54 bc 1.44 c 1.65 ab 0.024 <0.001

Overall performance <0.001
BW (g) 2392 b 1951 e 2243 c 2483 a 2079 d 28.00 <0.001

BWG (g) 2289 b 1850 e 2143 c 2382 a 1978 d 27.90 <0.001
FI (g) 3442 a 3318 ab 3226 b 3253 b 3223 b 17.20 <0.001
FCR 1.51 c 1.79 a 1.51 c 1.37 d 1.63 b 0.021 <0.001

Variation in the data was expressed as pooled SEM (n = 100). a,b,c,d,e Means within the same row carrying dif‑
ferent superscripts significantly differ at (p < 0.05). BW: body weight, BWG: body weight gain, FI: feed intake,
FCR: feed conversion ratio. NEG CON: negative control group, the chicks received a basal diet and were main‑
tained in thermoneutral conditions. POS CON: positive control group, the chicks received a basal diet and were
exposed to acute cyclic heat stress. SP: chicks received a basal diet added with SP and were exposed to acute
cyclic heat stress. HA: chicks received a basal diet added with HA and were exposed to acute cyclic heat stress.
SP+HA: chicks received a basal diet added with SP and HA and were exposed to acute cyclic heat stress.

3.2. Meat Quality

As shown in Table 4, the pH of breast meat did not differ among the experimental
groups (p > 0.05). The sensory characteristics of the breast muscles (color, odor, and consis‑
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tency) were improved in the SP, HA, and SP+HA compared with the POS CON (p < 0.001),
but they did not differ from the NEG CON. The cooking and thawing losses were lower in
the SP, HA, and SP+HA groups compared with the NEG CON and POS CON (p < 0.001).
The WHC was higher in the SP group and HA compared with other groups (p < 0.001).

Table 4.Effect of Spirulina platensis and humic acid addition on the quality of the breast muscles (on
35 days).

Item NEG CON POS CON SP HA SP+HA SEM p‑Value

pH 5.85 6.01 5.87 6.00 5.92 0.030 0.350
Odor 4.16 a 3.15 b 4.13 a 4.06 a 4.05 a 0.106 <0.001
Color 4.16 ab 3.12 c 4.15 a 4.06 ab 4.00 b 0.107 <0.001

Consistency 4.00 ab 3.30 c 4.16 a 3.86 b 4.05 ab 0.086 <0.001
Cooking loss 18.5 b 18.8 a 15.0 d 15.7 c 15.3 d 0.440 <0.001
Thawing loss 5.32 b 6.03 a 4.73 c 4.4 d 4.53 d 0.161 <0.001

WHC (%) 73.1 c 71.2 d 78.0 a 78.0 a 77.0 b 4.750 <0.001
Variation in the data was expressed as pooled SEM (n = 10). a,b,c,d Means within the same row carrying different
superscripts significantly differ at (p < 0.05). WHC: water holding capacity. NEG CON: negative control group,
the chicks received a basal diet and were maintained in thermoneutral conditions. POS CON: positive control
group, the chicks received a basal diet and were exposed to acute cyclic heat stress. SP: chicks received a basal
diet added with SP and were exposed to acute cyclic heat stress. HA: chicks received a basal diet added with HA
and were exposed to acute cyclic heat stress. SP+HA: chicks received a basal diet added with SP and HA and
were exposed to acute cyclic heat stress.

3.3. Proximate Chemical Composition and Fatty Acid Composition of Breast Muscles

The moisture content of the breast meat was higher in the HA and SP+HA groups com‑
pared with the NEG CON (p = 0.007). The crude protein content was higher in the SP group
and lower in the SP+HA group compared with the NEG CON (p < 0.001). The ash content
was higher in the HA group compared with other experimental groups (p < 0.001). The fat
content was not significantly different among the experimental groups (p > 0.05) (Table 5).
The fatty acid composition of the breast muscles did not differ significantly among the
experimental groups (p > 0.05) (Table 6).

Table 5.Effect of Spirulina platensis and humic acid addition on the proximate chemical composition
of breast muscles of heat‑stressed broiler chickens (on 35 days).

Item NEG CON POS CON SP HA SP+HA SEM p‑Value

Moisture % 70.5 b 71.6 ab 72.1 ab 73.2 a 73.3 a 0.381 0.007
CP % 19.5 b 20.5 ab 21.3 a 19.3 b 17.3 c 0.449 <0.001
Fat % 3.18 2.83 3.05 3.03 3.05 0.047 0.222
Ash% 0.665 c 0.980 b 0.640 c 1.360 a 0.855 bc 0.087 <0.001

Variation in the data was expressed as pooled SEM (n = 10). a,b,c Means within the same row carrying different
superscripts significantly differ at (p < 0.05). CP: crude protein. NEG CON: negative control group, the chicks
received a basal diet and were maintained in thermoneutral conditions. POS CON: positive control group, the
chicks received a basal diet and were exposed to acute cyclic heat stress. SP: chicks received a basal diet added
with SP and were exposed to acute cyclic heat stress. HA: chicks received a basal diet added with HA and were
exposed to acute cyclic heat stress. SP+HA: chicks received a basal diet added with SP and HA and were exposed
to acute cyclic heat stress.

Table 6. Effect of Spirulina platensis and humic acid addition on fatty acid composition of the breast
muscles of heat‑stressed broiler chickens (on 35 days).

Items NEG CON POS CON SP HA SP+HA SEM p‑Value

C14:0 0.023 0.022 0.019 0.019 0.020 0.0006 0.089
C16:0 0.857 0.808 0.881 0.834 0.854 0.0102 0.212
C18:0 0.293 0.294 0.291 0.284 0.295 0.0016 0.227
C16:1 0.197 0.195 0.196 0.196 0.196 0.0011 0.889
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Table 6.Cont.

Items NEG CON POS CON SP HA SP+HA SEM p‑Value

C18:1 1.641 1.643 1.650 1.645 1.663 0.0038 0.544
C20:1 0.065 0.064 0.064 0.064 0.065 0.0013 0.969
C18:2 0.982 0.979 0.986 0.985 0.984 0.0016 0.400
C18:3 0.068 0.067 0.067 0.067 0.068 0.0012 0.919

Variation in the data was expressed as pooled SEM (n = 10). Fatty acid composition, expressed as a percentage
of total fatty acids. NEG CON: negative control group, the chicks received a basal diet and were maintained
in thermoneutral conditions. POS CON: positive control group, the chicks received a basal diet and were ex‑
posed to acute cyclic heat stress. SP: chicks received a basal diet added with SP and were exposed to acute
cyclic heat stress. HA: chicks received a basal diet added with HA and were exposed to acute cyclic heat stress.
SP+HA: chicks received a basal diet added with SP and HA and were exposed to acute cyclic heat stress.

3.4. Hematology and Phagocytosis

The RBC count and Hb level were lower in the POS CON compared with other groups
(p < 0.05). The PCV%, MCV, MCH, and MCHC% were not significantly changed among the
experimental groups (p > 0.05). The platelet count was lower in the HA group compared
with other groups (p = 0.011). The WBCs, eosinophil, and basophil counts were not signifi‑
cantly changed among the experimental groups (p > 0.05). The lymphocyte and monocyte
count were lower, while the neutrophil count was higher in the POS CON compared with
the NEG CON (p < 0.05). The phagocytic % and phagocytic index were higher in the SP
group than in the NEG and POS CON. They were higher in the HA and SP+HA groups
than the POS CON (p < 0.01) (Table 7).

Table 7. Effect of Spirulina platensis and humic acid addition on the erythrogram, leukogram, and
phagocytosis in broiler chickens (on 35 days).

Items NEG CON POS CON SP HA SP+HA SEM p‑Value

Erythrogram
RBCs (106/cmm) 4.13 ab 2.83 b 3.65 ab 3.87 ab 4.32 a 0.194 0.045

Hb (g/dL) 11.9 a 9.04 b 10.5 ab 11.5 ab 12.4 a 0.423 0.024
PCV (%) 34.8 26.9 31.7 34.0 35.8 1.190 0.052
MCV (fl) 84.4 95.2 87.4 87.8 83.3 1.770 0.238
MCH (pg) 28.8 31.9 29.1 29.9 28.7 0.563 0.363
MCHC (%) 34.1 33.6 33.3 34.0 34.5 0.200 0.464

Platelets (103/cmm) 155 b 155 b 166 b 213 a 191 ab 8.040 0.011
Leukogram

WBCs (103/cmm) 19.8 17.1 18.7 18.6 19.0 0.339 0.104
Lymphocytes (103/cmm) 14.5 a 10.2 b 13.3 a 13.3 a 13.4 a 0.513 0.009
Neutrophils (103/cmm) 3.55 b 5.65 a 3.86 b 3.75 b 3.91 b 0.259 0.002
Monocytes (103/cmm) 0.970 a 0.690 b 0.825 ab 0.860 ab 0.945 ab 0.036 0.039
Eosinophils (103/µ L) 0.475 0.450 0.435 0.500 0.475 0.021 0.934
Basophils (103/cmm) 0.292 0.175 0.265 0.255 0.245 0.027 0.834

Phagocytosis
Phagocytic % 56.5 bc 49.0 c 74.0 a 61.0 bc 66.0 ab 2.910 0.003

Phagocytic index 2.33 b 0.96 c 3.25 a 2.82 ab 2.92 ab 0.272 0.001
Variation in the data was expressed as pooled SEM (n = 10). a,b,c The estimated values in a single row with various
superscripts differ considerably (p < 0.05). RBCs： red blood cells, Hb: hemoglobin, PCV: Packed cell volume,
MCV: mean corpuscular volume, MCH: mean corpuscular hemoglobin, MCHC: mean corpuscular hemoglobin
concentration, WBCs: white blood cells. NEG CON: negative control group, the chicks received a basal diet and
were maintained in thermoneutral conditions. POS CON: positive control group, the chicks received a basal diet
and were exposed to acute cyclic heat stress. SP: chicks received a basal diet added with SP and were exposed to
acute cyclic heat stress. HA: chicks received a basal diet added with HA and were exposed to acute cyclic heat
stress. SP+HA: chicks received a basal diet added with SP and HA and were exposed to acute cyclic heat stress.
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3.5. Thyroid Hormones, Immune Status, and Heat Shock Proteins

The serum levels of T3 and T4 were higher in the HA and SP+HA groups compared
with the NEG CON and POS CON groups (p < 0.01). The serum concentrations of IL‑10,
C3, and lysozymes were higher in the SP, HA, and SP+HA groups compared with the
NEG and POS CON, and the highest concentrations were recorded in the SP+HA group
(p < 0.001). The liver concentrations of HSP90A and HSP90B were higher in the SP, HA,
and SP+HA groups compared with the NEG and POS CON, and the highest concentrations
were recorded in the SP+HA group (p < 0.001) (Table 8).

Table 8.Effect of Spirulina platensis and humic acid addition on the thyroid hormones, immune status,
and heat shock protein levels of heat‑stressed broiler chickens (on 35 days).

Items NEG CON POS CON SP HA SP+HA SEM p‑Value

T3 (ng/mL) 2.41 b 2.65 b 3.27 ab 3.66 a 3.88 a 0.168 <0.01
T4 (ng/mL) 18.7 b 18.8 b 20.6 b 23.7 a 25.7 a 0.764 <0.001

IL10 (pg/mL) 1.33 d 1.47 cd 2.20 bc 2.93 ab 3.33 a 0.219 <0.001
C3 (mg/dL) 1.07 c 1.09 c 1.19 b 1.26 a 1.31 a 0.025 <0.001

Lysozymes (µg/mL) 128 c 130 c 136 bc 141 b 150 a 2.210 <0.001
HSP90A (ng/mg tissue) 1.17 d 1.50 cd 1.63 c 2.20 b 2.83 a 0.164 <0.001
HSP90B (ng/mg tissue) 0.40 b 0.72 b 1.37 a 1.37 a 1.53 a 0.128 <0.001

Variation in the data was expressed as pooled SEM (n = 10). a,b,c,d Means within the same row carrying dif‑
ferent superscripts significantly differ at (p < 0.05). T3: Triiodothyronine, T4: thyroxine, C3: complement 3,
IL‑10: interleukin‑10. NEG CON: negative control group, the chicks received a basal diet and were maintained
in thermoneutral conditions. POS CON: positive control group, the chicks received a basal diet and were ex‑
posed to acute cyclic heat stress. SP: chicks received a basal diet added with SP and were exposed to acute
cyclic heat stress. HA: chicks received a basal diet added with HA and were exposed to acute cyclic heat stress.
SP+HA: chicks received a basal diet added with SP and HA and were exposed to acute cyclic heat stress.

3.6. Spleen Histomorphology

The spleen tissues of the NEG CON group showed normal histology of white pulp
lymphoid follicles around eccentric arterioles and normal red pulp. The latter had si‑
nusoids filled with erythrocytes, lymphocytes, reticular fibers, and many macrophages.
Meanwhile, the spleen tissues of the POS CON revealed depletion of most lymphoid popu‑
lations of white pulp and preserved red pulp. The spleen tissues of the SP and HA groups
revealed apparent normal histological structures of white pulp and red pulp with a few
necrotic or apoptotic lymphoid elements. The spleen tissue of the SP+HA displayed in‑
tense depletion of white pulps beside dilated red pulps (Figure 1).

3.7. Intestinal Histomorphology

As shown in Table 9, the duodenal villous height (VH) and width (VW) were greater
in the HA group compared to the other groups (p < 0.01). The duodenal crypt depth (CD)
was greater in the SP and the HA groups (p = 0.035). The highest VH: CD was in the
HA group and the NEG CON, and the lowest value was in the SP group (p = 0.011). The
muscular coat thickness (MCT) of the duodenum was the highest in the SP and HA groups
(p < 0.001) (Figure 2). The jejunal VH was higher in the SP and HA groups compared with
the POS CON (p < 0.001). The jejunal CD was lower in the POS CON and the SP+HA group
compared with the NEG CON (p = 0.003). The VH: CD was higher in the SP and HA groups
compared with the other groups (p < 0.001). The jejunal VW and MCT values did not differ
among the experimental groups (p > 0.05) (Figure 3). The highest ileal VH and MCT values
were observed in the HA group compared with other groups (p < 0.05). The VH: CD was
higher in the SP and HA groups compared with the POS CON (p < 0.001). The ileal VW
and CD did not differ among the experimental groups (p > 0.05) (Figure 4).
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Figure 1. Photomicrograph of H&E‑stained sections of the spleen. (A) The NEG CON showed nor‑
mal histology of white pulp lymphoid follicles around eccentric arterioles and normal red pulp.
(B) The POS CON showed depletion at most lymphoid populations of white pulp (arrowheads) and
preserved red pulp. (C,D) The SP and HA groups showed apparent normal histological structures
of white pulp & red pulp with a few numbers of necrotic or apoptotic lymphoid elements. (E) The
SP+HA group showed intense white pulp (arrowheads) depletion and dilated red pulps: white pulp
(WP) and red pulp (RP). Scale bar 100 µm.

 

Figure 2. Photomicrograph of H&E‑stained sections of duodenum showing: VH “villous height”
(green arrows), VW “villous width “(red arrow), and CD “crypt depth” (yellow arrows), and MCT
“muscular coat thickness” (black star). (A) NEG CON, (B) POS CON, (C) SP, (D) HA, (E) SP+HA.
Scale bar 200 µm.



Vet. Sci. 2025, 12, 1187 13 of 25

Table 9.Effect of Spirulina platensis and humic acid addition on the morphometric measures (µm) of
the small intestine of heat‑stressed broiler chickens (on 35 days).

Items NEG CON POS CON SP HA SP+HA SEM p‑Value

Duodenum
VH 1253 ab 1079 b 1217 ab 1615 a 964 b 69.0 0.007
VW 77.7 bc 66.3 bc 106 b 159 a 51.3 c 10.7 <0.001
CD 242 ab 225 b 300 a 299 a 208 b 13.0 0.035

VH: CD 5.17 a 4.81 ab 4.13 b 5.37 a 4.63 ab 0.14 0.011
MCT 255 ab 241 b 390 a 361 a 209 b 20.2 <0.001

Jejunum
VH 1383 a 858 b 1595 a 1457 a 832 b 90.2 <0.001
VW 199 81.3 92.7 92 81.3 21.0 0.363
CD 356 a 233 b 284 ab 288 ab 207 b 15.7 0.003

VH:CD 3.92 b 3.70 b 5.59 a 5.07 a 4.03 b 0.21 <0.001
MCT 332 243 288 295 249 11.8 0.072
Ileum
VH 774 ab 713 bc 797 ab 844 a 651 c 20.4 0.003
VW 80.7 78 74 81 72.7 1.92 0.594
CD 175 221 196 192 190 5.47 0.077

VH:CD 4.42 a 3.25 b 4.06 a 4.41 a 3.43 b 0.14 <0.001
MCT 332 ab 257 b 327 ab 351 a 265 ab 12.6 0.021

Variation in the data was expressed as pooled SEM (n = 10). a,b,c Means within the same row carrying different
superscripts significantly differ at (p < 0.05). VH: villous height, VW: villous width, CD: crypt depth, MCT: mus‑
cular coat thickness. NEG CON: negative control group, the chicks received a basal diet and were maintained
in thermoneutral conditions. POS CON: positive control group, the chicks received a basal diet and were ex‑
posed to acute cyclic heat stress. SP: chicks received a basal diet added with SP and were exposed to acute
cyclic heat stress. HA: chicks received a basal diet added with HA and were exposed to acute cyclic heat stress.
SP+HA: chicks received a basal diet added with SP and HA and were exposed to acute cyclic heat stress.

 

Figure 3.Photomicrograph of H&E‑stained sections of jejunum showing: VH “villous height” (green
arrows), VW “villous width “(red arrow), and CD “crypt depth” (yellow arrows), and MCT “mus‑
cular coat thickness” (black star). (A) NEG CON, (B) POS CON, (C) SP, (D) HA, (E) SP+HA. Scale
bar 200 µm.
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Figure 4. Photomicrograph of H&E‑stained sections of ileum showing: VH “villous height” (green
arrows), VW “villous width “(red arrow), and CD “crypt depth” (yellow arrows), and MCT “mus‑
cular coat thickness” (black star). (A) NEG CON, (B) POS CON, (C) SP, (D) HA, (E) SP+HA. Scale
bar 200 µm.

3.8. Immunohistochemistry

Examined sections from chicken’s spleen, immune‑stained by specific monoclonal an‑
tibodies against CD3+ T lymphocytes surface receptor antigen, demonstrate 2.11, 0.28, zero,
2.77, and zero % positivity to the used marker in the NEG CON, POS CON, SP, HA, and
SP+HA groups, respectively. The cellular cytoplasm exhibited moderate staining intensi‑
ties (Figure 5A–E). Spleen sections immune‑stained against CD20+ B lymphocytes showed
27.10, 23.70, 38.55, 67.38, and 13.23% in the corresponding groups with a moderate cyto‑
plasmic staining reaction (Figure 6A–E).

 

Figure 5. Photomicrographs from chicken’s spleen immunostained with monoclonal antibody
against CD3+ T cells surface antigen, showing the % of the expressed antigen as brown cytoplasmic
staining reaction of moderate intensity (red arrows). Black arrows point to negative cells. (A) NEG
CON, (B) POS CON, (C) SP, (D) HA, (E) SP+HA. Scale bars 20 µm.
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Figure 6.Photomicrographs from chicken’s spleen immunostained by monoclonal antibody against
CD20+ B cells surface antigen, showing the % of the expressed antigen as brown cytoplasmic staining
reaction of moderate intensity (red arrows). Black arrows point to negative cells. (A) NEG CON,
(B) POS CON, (C) SP, (D) HA, (E) SP+HA. Scale bars 20 µm.

4. Discussion
High ambient temperatures are one of the most common environmental stressors that

have a detrimental impact on the welfare, health, and productivity of commercial poultry.
The current study evaluated the role of single and combined dietary addition of Spirulina
platensis (SP) and humic acid (HA) in mitigating the effects of acute cyclic heat stress on
growth performance, meat quality, immune status, and intestinal morphology in broiler
chickens. The results showed that HA addition improved the growth performance pa‑
rameters than other groups during the starter period (no heat stress). During the grower
and finisher periods (periods of acute cyclic heat stress), growth parameters (BW, BWG,
and FCR) improved by the addition of HA, SP, and their combination compared to the
POS CON group. However, the single addition of HA or SP yielded better growth perfor‑
mance than their combination, and the HA group provided the best results. The mecha‑
nism underlying the poor SP+HA performance remains unclear. However, one plausible
explanation may be that HA, due to its strong chelating and adsorptive properties, may
bind nutrients, trace elements, or bioactive molecules from spirulina, thereby reducing
their bioavailability and utilization [52]. Since no direct measurements support the sug‑
gested mechanism, further studies are necessary to elucidate the biological interactions
between the additives under heat‑stress conditions. Heat stress impairs nutrient utiliza‑
tion and digestibility, which has a discernible negative impact on output performance. It
causes a considerable decrease in the activity of the enzymes involved in protein diges‑
tion [53]. It was proposed that stressed birds expend greater energy to adapt to environ‑
mental stressors while allocating less energy towards growth. This may be partly respon‑
sible for the poor growth performance of heat‑stressed birds [54]. In contrast, the higher
growth performance of birds fed dietary additives may be due to their beneficial effects
on feed utilization and nutrient absorption [55,56]. In addition, the improved growth in
the SP and HA groups in the present study may be attributed to the reported improve‑
ments in gut histomorphology and the possible modulation of immune cell profiles, which
together may have contributed to reduced physiological stress. Khosravinia [57] found
that adding phytogenic compounds to the drinking water of heat‑stressed broiler chick‑
ens encourages the digestive process and produces a modest improvement in FCR, and
consequently increases poultry production efficiency. Prior research demonstrated that
HA improved broiler chicken production performance [58,59]. Ozturk and Coskun [60]
showed that humic acid (1.7 ppm) increased live weight gain without negatively affecting
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FCR. The addition of HA in broiler diets improved nutrient absorption and growth per‑
formance by enhancing gut health [61]. Moreover, humic acid’s chelating and membrane‑
stabilizing properties limit oxidative damage, improve nutrient digestibility, increase min‑
eral bioavailability, and modify gut microbiota [62,63].

Spirulina has been utilized as a dietary and functional feed component due to its high
nutritional content and valuable properties [55,64]. Additionally, the protein found in SP
provides a well‑balanced and highly digestible amino acid profile [65]. The beneficial ef‑
fects of SP on the growth performance of heat‑stressed broiler chicks may be related to
the physiological roles of bioactive chemicals found in SP, such as phenolic compounds,
carotenoids, vitamins, minerals, γ‑linolenic acid, and essential amino acids [66]. According
to Kharde et al. [67], broiler chickens fed a diet supplemented with 300 or 500 mg/kg of spir‑
ulina for six weeks showed a substantial increase in mean body weight, weight gain, and
feed efficiency compared to the control group. Abdel‑Moneim, et al. [68] demonstrated
that 5–10 g SP enhanced the growth performance, carcass yield, antioxidant status, and
immunological function of broiler chickens raised under heat stress conditions and fed a
basal diet of corn and soybean meal.

Regarding the composition and the quality of the breast muscles, the current study
showed that the crude protein content of the breast muscles was higher in the SP group
and lower in the SP+HA group compared with the NEG CON. These results can explain
the growth outcomes. The higher crude protein content in the SP group can be attributed
to spirulina’s high metabolizable energy content [65] and a complete protein profile, which
includes all essential amino acids [55]. However, the addition had no significant effect on
the fatty acid composition of the breast muscles. Additionally, the pH of breast muscles
remains unchanged. While the SP or HA addition resulted in better odor, color, and con‑
sistency than the POS CON, and the SP group showed better scores. An improvement in
meat consistency was noted in the SP group, followed by the SP+HA group.

Factors such as WHC, drip loss, and cooking loss are crucial in assessing meat qual‑
ity, as water loss during dripping can easily lead to the loss of many nutrients [69]. Water‑
holding capacity is one of the essential attributes of meat quality that affects its freshness.
Meat with a higher WHC has a reduced drip and cooking loss, indicating a relationship
between the two [70]. In the current study, both cooking and thawing losses were lower in
the SP and HA groups when used individually, which was more effective than their mix‑
ture. In addition, the WHC was higher in the SP, HA, and SP+HA groups compared to the
control groups. According to Deng, et al. [71], noticeable protein denaturation occurred
due to the elevated metabolic rate during heat stress. Zhang, et al. [72] found that the breast
muscles of heat‑stressed chickens experienced higher cooking loss due to more severe pro‑
tein denaturation, which reduced the protein’s capacity to bind to water. El‑Bahr, et al. [73]
found that drip loss was considerably reduced when broiler diets containing 0.1% spirulina
were used. Park et al. [56] demonstrated that adding 0.25–1% Spirulina to broiler diets sig‑
nificantly decreased drip loss after seven days of storage. The delayed oxidation of the
cell membrane induced by SP’s antioxidant components, such as phycocyanin and pheno‑
lic compounds, is the reason for these outcomes, as SP contains 70% antioxidant activity,
which can reduce oxidation.

Hematological indices assess the extent of stress induced by various stressors and are
considered reliable indicators of an animal’s health [74]. The current study showed lower
RBC count, Hb level, lymphocyte, and monocyte counts in the POS CON. The platelet
count was higher in the HA group, while the neutrophil count was greater in the POS CON.
These results indicate that SP and HA individually improved the hematological parame‑
ters in broilers exposed to acute cyclic heat stress, whereas their combination produced less
consistent effects. In addition to carrying oxygen, avian erythrocytes also play an active



Vet. Sci. 2025, 12, 1187 17 of 25

role in immune responses by producing cytokine‑like molecules, upregulating genes in‑
volved in viral and bacterial responses, and sequestering pathogens through phagocytosis
or surface binding [75].

Hemoglobin (Hb), red blood cells (RBCs), and packed cell volume (PCV) have all been
shown to increase when dietary HA is added [76,77]. This may be because HA affects
binding inorganic ions and delivers nutrients to cells [61]. The beneficial effects observed
in birds receiving humic acid could be partly explained by its antioxidant potential, de‑
scribed in earlier studies, which showed enhanced activities of glutathione reductase and
catalase and reduced lipid peroxidation markers [62,78]. The immunostimulatory prop‑
erties of humic acid were studied to enhance immune function and improve the overall
health of animals. In both humans and animals, some spirulina species, such as Spirulina
platensis, have demonstrated immunomodulatory qualities [79]. Kolluri et al. [80] showed
that drinking water containing SP at concentrations of 10, 15, and 20 g/L significantly in‑
creased the hemoglobin levels of heat‑stressed broiler chickens compared to their control
counterparts. They suggested that the increased hemoglobin concentration in treated birds
may be due to the higher iron content of SP [81].

Poultry thermoregulation is a complicated process that involves immunological, hor‑
monal, and neurological processes. Blood biochemical measurements serve as essential
indicators for examining these reactions and calculating the heat tolerance of broiler chick‑
ens. Yahav [82] found that low thyroid hormone levels in heat‑stressed chickens are caused
by decreased glandular activity, which is inversely correlated with ambient temperature
and is associated with a reduced metabolic rate. In the current study, the increase in T3 and
T4 levels observed in the HA and SP+HA groups may reflect an adaptive metabolic adjust‑
ment to heat stress rather than a direct improvement in thermotolerance. Further evidence
is needed to confirm whether these hormonal changes represent enhanced resilience or a
transient hypermetabolic response. El‑kelawy et al. [62] reported increased levels of thy‑
roid hormones in broiler chickens’ diets containing HA at levels of 1 and 2 g/kg diet. Abed,
et al. [34] reported increased T3 and T4 levels in heat‑stressed broiler chickens by adding
SP at 1–2 g/kg diet.

In response to HS, animals increase their production of HSPs as a protective mecha‑
nism against cellular damage. Under normal physiological conditions, heat shock proteins
(HSPs) are maintained at low basal concentrations. However, exposure to external stres‑
sors, such as high temperatures, causes their expression to increase significantly, which
helps mitigate cell damage caused by the stress [83]. In the present study, liver concentra‑
tions of HSP90A and HSP90B were higher in the SP, HA, and SP+HA groups compared
with both controls, with the highest levels observed in the SP+HA group. This upregula‑
tion reflects an activated cellular defense mechanism rather than a direct improvement in
thermotolerance. Increased HSP90 expression indicates that birds receiving SP and HA
mounted a stronger protective response to heat‑induced cellular stress, supporting pro‑
tein stabilization and refolding processes. However, elevated HSP levels generally reflect
increased cellular stress load. Therefore, additional evidence would be required to deter‑
mine whether this response represents enhanced resilience or simply greater activation
of stress‑protection pathways. HSPs offer protection by maintaining the stability of cy‑
toskeletal and other cellular proteins, particularly in scenarios of oxidative stress, where
denaturation may be caused by reactive oxygen species (ROS) [84]. Heat shock proteins
function as molecular chaperones that detect cellular redox alterations and associate with
unfolded and misfolded proteins to facilitate their restoration to a functional conforma‑
tion [85]. Broiler HSP90 levels increase in several tissues within two hours of HS [86].
Heat stress can double HSP90 levels, which promotes cellular homeostasis and a produc‑
tive stress response [87,88].
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One of the most apparent consequences of HS in broilers is immunosuppression,
which is defined by changes in humoral and cell‑mediated immunity [89,90]. Extracellular
signaling peptides known as cytokines can modulate the immune system. Immunosup‑
pression may result from downregulated cytokine expression during HS [91]. Immune re‑
sponses depend critically on the balance between proinflammatory and anti‑inflammatory
cytokines. A key anti‑inflammatory cytokine that regulates the immune response in vari‑
ous pathological circumstances is interleukin‑10 [92,93]. Conversely, the complement sys‑
tem, including C3, is a crucial part of the innate immune response that, when activated,
leads to inflammation to help fight off invaders and clear damaged cells [94]. Lysozymes
are known to help eradicate intestinal infections in chickens through various mechanisms,
such as enhancing the phagocytic activity of macrophages [95]. Different cell surface mark‑
ers are used to identify different lymphocyte subpopulations. The T‑cell co‑receptor CD3
initiates a signaling cascade that activates helper and cytotoxic T cells in response to anti‑
gen recognition [96]. B‑cell activity, differentiation, and proliferation are all influenced by
the B‑lymphocyte surface antigen, CD20 [97]. Heat stress induces oxidative and inflam‑
matory stress [98,99], which reduces the initiation of specific immunological responses by
impairing the capacity of antigen‑presenting cells to activate T cells [100].

In the current study, the serum concentrations of IL‑10, complement 3, and lysozymes
were higher in the SP, HA, and SP+HA groups, and the highest concentrations were
recorded in the SP+HA group. The study also showed an improvement in phagocytic %
and phagocytic index with the addition of SP, HA, and their combination compared with
the POS CON, with the best results observed in the SP group. These findings showed that
the dietary addition of SP, HA, or their combination enhanced innate immunity. More‑
over, the HA group showed up‑regulation in the immune expression of CD3 and CD20
proteins in the spleen tissues. In addition, the spleen morphology in the current study
was better in the SP and HA groups compared with the POS CON, which was severely
affected by acute cyclic heat stress. According to our findings thus far, the single addition
of SP and HA offers a comprehensive immunomodulatory impact that may mitigate the
adverse effects of acute cyclic HS in poultry by promoting both humoral and cell‑mediated
immunity. In the present study, the combination of SP and HA improved growth perfor‑
mance compared with the heat‑stressed positive control, but it did not match the benefits
observed with each additive used alone. Birds in the SP+HA group showed reduced breast
muscle crude protein content, less favorable intestinal morphology, and more pronounced
splenic lymphoid depletion than those in the SP or HA groups. At the same time, the com‑
bined treatment elicited the highest serum levels of IL‑10, complement 3, and lysozyme, as
well as the greatest hepatic concentrations of HSP90A and HSP90B. This pattern suggests
that SP+HA induced a stronger activation of innate immune and cellular stress‑response
pathways without a proportional improvement in growth or tissue integrity, thereby po‑
tentially increasing the physiological cost of coping with heat stress. The mechanisms un‑
derlying this apparent lack of additivity remain unclear. They may involve altered nutrient
utilization, interactions between spirulina bioactives and humic substances, or an excessive
stimulation of stress‑ and immune‑related pathways. These hypotheses, however, are spec‑
ulative and warrant further targeted investigation. The bioactive chemicals found in SP,
including phycocyanin, carotenoids, γ‑linolenic acid, and essential amino acids, improve
lipid metabolism, immunological response, and antioxidant defense in the face of heat
or oxidative stress [68,101]. Furthermore, the crude polysaccharides (α‑glucans) derived
from SP can markedly enhance the phagocytic capacity of macrophages, indicating po‑
tential immunomodulatory activity [102]. Humic acid limits oxidative damage and mod‑
ifies the gut microbiota [62,63]. Higher amounts of flavonoids and sulfalipids may cause
cytokine production, which in turn may mediate immunological regulation of SP [103].
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Zeweil et al. [104] demonstrated that SP can mitigate the adverse effects of long‑term heat
stress on the immune and growth performance of the local Gimmizah strain of chicken.
The immune state can be enhanced by adding HA (up to 0.1%), primarily in low‑nutrient‑
density, antibiotic‑free diets [58]. Because HA is essential for the development of immune
organs, particularly the thymus and bursa of Fabricius, its inclusion in the diet can enhance
immunological development in broiler chickens [105]. According to El‑Ratel, et al. [106],
sodium humate (0.2–0.6%) improved the immune response of heat‑stressed laying quail,
as indicated by an increase in serum IgG and IgM. Cetin et al. [107] observed that adding
humic acid to the diets of laying hens increased the number of lymphocytes by upregulat‑
ing IL‑2 receptors.

The functional capacity of the small intestine, which is crucial for nutrient absorption
and digestion, is frequently evaluated using morphometric measures such as muscle thick‑
ness, VW, CD, and VH [108]. An improved absorptive surface area is typically associated
with shallower CD, thicker muscles, and higher VH and VW [109]. Wider and longer villi
increase the intestinal surface area, which is crucial for improving broiler chicken growth
performance and maximizing nutrition absorption. Furthermore, an enhanced intestinal
surface area may indicate increased intestinal bulk and length, further strengthening the
capacity for nutrient absorption and utilization [110]. The current study demonstrated an
improvement in various intestinal morphometric measures following the addition of HA.
The jejunal and ileal VH: CD ratio was higher in the HA and SP groups compared with
the POS CON group. While the combination of SP and HA did not show an improvement
in the intestinal morphometry compared to the POS CON, this may also explain the lower
growth performance of birds in the combined addition compared with the single addition
of SP and HA. Both additives improve the intestinal morphology and integrity when used
individually [111,112]. When SP is combined with HA’s chelating and acidic properties,
these could irritate the intestinal mucosa or alter pH, causing villus atrophy or reduced
villus height/crypt depth ratio. Under heat stress conditions, these negative interactions
may be further exacerbated, as the intestinal barrier and antioxidant defense systems are
already compromised [113].

The limitations of this study include that the acute cyclic heat stress experiment fo‑
cused on a few hours and days, potentially failing to account for the cumulative impact
of repeated heat waves or chronic stress. Further studies are warranted to clarify the bio‑
chemical interactions between SP and HA under different stress intensities. In addition,
only one level of SP and HA was evaluated. The effect of graded levels of SP and HA on
mitigating acute and chronic heat stress in broiler chickens should be evaluated in future
research. Additionally, the inclusion of oxytetracycline before treatment allocation may
have altered the gut microbiota and immune parameters.

5. Conclusions
According to the present study, dietary addition of HA or SP individually improved

growth performance in heat‑stressed broilers, with HA producing the most pronounced
benefits. The combined addition did not provide additive advantages and, in several out‑
comes, was less effective than the individual additives. Dietary SP and HA each improved
selected meat quality traits and activated innate immune and cellular‑stress response path‑
ways, as reflected by changes in IL‑10, complement 3, lysozyme, and hepatic HSP90 iso‑
forms. Overall, SP or HA used alone appeared more effective than their combination; how‑
ever, the evidence does not confirm the mitigation of heat stress itself, but rather indicates
enhanced activation of physiological defense mechanisms. Further studies are needed to
clarify the biological interactions between the additives under heat‑stress conditions.
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