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Climate change is considered to be the primary cause of heat stress (HS) in broiler chickens. Owing to the unique properties of extracted polyphenols, resveratrol-loaded liposomal nanoparticles (Resv-Lipo NPs) were first explored to mitigate the harmful effects of HS. The dietary role of Resv-Lipo NPs in heat-stressed birds was investigated based on their growth performance, antioxidative potential, and the expression of heat shock proteins, sirtuins, antioxidant, immune, and muscle-building related genes. A total of 250 1-day-old Ross 308 broiler chickens were divided into five experimental groups (5 replicates/group, 10 birds/replicate) for 42 days as follows: the control group was fed a basal diet and reared in thermoneutral conditions, and the other four HS groups were fed a basal diet supplemented with Resv-Lipo NPsI, II, and III at the levels of 0, 50, 100, and 150 mg/kg diet, respectively. The results indicated that supplementation with Resv-Lipo NP improved the growth rate of the HS group. The Resv-Lipo NP group showed the most significant improvement in body weight gain (p < 0.05) and FCR. Additionally, post-HS exposure, the groups that received Resv-Lipo NPs showed restored functions of the kidney and the liver as well as improvements in the lipid profile. The restoration occurred especially at higher levels in the Resv-Lipo NP group compared to the HS group. The elevated corticosterone and T3 and T4 hormone levels in the HS group returned to the normal range in the Resv-Lipo NPsIII group. Additionally, the HS groups supplemented with Resv-Lipo NPs showed an improvement in serum and muscle antioxidant biomarkers. The upregulation of the muscle and intestinal antioxidant-related genes (SOD, CAT, GSH-PX, NR-f2, and HO-1) and the muscle-building genes (myostatin, MyoD, and mTOR) was observed with increasing the level of Resv-Lipo NPs. Heat stress upregulated heat shock proteins (HSP) 70 and 90 gene expression, which was restored to normal levels in HS+Resv-Lipo NPsIII. Moreover, the expression of sirtuin 1, 3, and 7 (SIRT1, SIRT3, and SIRT7) genes was increased (p < 0.05) in the liver of the HS groups that received Resv-Lipo NPs in a dose-dependent manner. Notably, the upregulation of proinflammatory cytokines in the HS group was restored in the HS groups that received Resv-Lipo NPs. Supplementation with Resv-Lipo NPs can mitigate the harmful impact of HS and consequently improve the performance of broiler chickens.
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1. Introduction

High temperatures are one of the most lethal stressors in the poultry industry. Currently, the change in climate due to global warming is considered the main cause of heat stress (HS) facing poultry farming, especially broiler chickens, compared with other domestic animals (1). The most common complications that have been associated with exposure to high environmental temperatures in broiler chickens are the reduction in growth performance and survival rate, as well as metabolic disorders, immune suppression, and meat quality deterioration (2–4). These concerns were mainly caused by oxidative injury due to HS, which created a redox imbalance (5). The generation of free radicals involving reactive oxygen species (ROS) raised from oxidative stress can affect the body cells and cause damage to all biological molecules such as DNA, proteins, and fats, leading to cellular injury and pathological complications (6). Among the key events associated with HS promotion is the excessive expression of heat shock proteins (HSP), which are cytoprotective proteins that improve the tolerance and survival rates of stressed cells (5). The supplementation of bioactive natural antioxidants has recently been discovered as a promising approach to combat the deleterious impacts of free radicals generated by heat stress (7, 8). Resveratrol (RESV) is a natural bioactive polyphenol with a strong antioxidant capacity and anti-inflammatory and anti-aging impacts (9, 10). Resveratrol impedes glutathione disulfide formation and maintains glutathione in a reduced state, thus protecting cells from harmful reactions caused by free radicals (11). Moreover, resveratrol was shown to protect DNA from oxidative injury (12). Resveratrol is a known activator of the sirtuin family (especially sirtuin 1—SIRT1) (13, 14). Sirtuins can protect organisms from oxidative stress associated with cellular damage, stimulate DNA permanence, and reduce several age-related dysfunctions, such as metabolic abnormalities, neurodegeneration, and cancer (15, 16). Special attention has been given to the impact of resveratrol as a functional feed, which mitigates the heat-stress-reduced antioxidant functions in broiler chickens (10, 17, 18). Nevertheless, similar to several polyphenolic compounds, RESV is characterized by poor bioavailability, inadequate absorption, and rapid metabolism following oral administration. Therefore, higher doses of RESV are needed to achieve its significant favorable impacts (19). The incorporation of RESV into lipid nanosystems as liposomes has an inhibitory impact on lipid peroxidation, COX activity, and NO production, indicating its anti-inflammatory and antioxidant effects (20). RESV-loaded nanoparticles have been reported to protect cells against oxidative stress mediators by reducing ROS production (21). Encapsulation of phenolic compounds with the aid of liposomes is critical for their chemical and biological protection (22). Liposomes are considered biocompatible carriers that can be made from lipids with physicochemical functions and loaded with compounds of various lipophilic and hydrophilic natures (23, 24). Specifically, lipophilic ingredients, such as RESV, are usually integrated into the limiting lipid bilayer (25). Liposomes also allow the prolonged release of RESV and increase its stability. Furthermore, it has been demonstrated that loading with liposomes is an efficient way to prolong the release, increase the stability of RESV, and protect it from light and other deteriorative processes (26). The bioactive compounds that are incorporated into liposomes can be protected from degradation, which, in turn, improves their stability and solubility (27). Loading of resveratrol into liposomes nano carriers was shown to be effective in cell-stress response (28). Thus, we hypothesized that loading RESV in liposomes might enhance its functional properties and, subsequently, promote the productive performance of broiler chickens. To the best of our knowledge, there have been no studies on the role of RESV-loaded liposomal nanocarriers on gene expression modulation in heat-stressed broiler chickens. Taking all of this into consideration, the current study was conducted to bridge the previous knowledge gap by evaluating the influence of RESV-loaded liposomal nanoparticles on growth, serum antioxidant, and immune-related parameters together with their promising role on the expression of heat shock proteins, sirtuin family members, and myogenic regulatory factors.



2. Materials and methods


2.1. Birds' management and housing systems

In this study, two housing systems were applied in a controlled environment. The first system was the thermoneutral housing system, in which birds were reared from 1 to 42 days under standard brooding practice with a starting temperature of 32°C that decreased gradually by 2°C each week until it reached 20±1°C in the 6th week. The second system was the high-temperature housing system (heat-stressed system; HS), in which birds were reared from 1 to 42 days under a controlled high environmental temperature (birds were exposed to heat stress for 6 h per day at a temperature of 36 ± 2 °C). Both housing systems were supplemented with thermostatic electric heaters, electric fans for air circulation, and suction fans. The birds in both rearing systems were reared on the floor with sawdust litter in pins at a density of 10 birds/m2. Each pin represented a replica that was separated from each other by wire mesh and supplied with a manual filling feeder and drinker. Continuous lighting was established, and the relative humidity ranged from 35 to 50% throughout the experiment.



2.2. Diets and experimental design

A local hatchery obtained two hundred and fifty 1-day-old male chicks of a commercial meat type (Ross308). On arrival, they were weighed and randomly divided into five equal experimental groups. Each group contained five replicates with ten chicks each. The basal diets were formulated according to the nutrition specification for Ross308-Broiler (29). The diets were divided into three stages: The initial stage, known as the starter ration, lasted for the first 10 days. This was followed by the grower ration, which was fed for 24 days. Finally, the finisher ration was introduced and fed from day 25 to day 45 (Table 1).


TABLE 1 Ingredients and chemical composition percentage of the control diet.
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The feedstuff used in the experiment, as well as the experimental diets, underwent proximate chemical analysis to determine their moisture content, crude protein, and ether extract (30). This analysis was conducted following the guidelines of 30. Five experimental groups were conducted as follows: control (the birds were fed a basal diet and housed under thermoneutral conditions). The other four groups were housed under induced chronic heat stress conditions that comprised HS (the heat-stressed group was fed a basal diet without any additives), Resv-Lipo NPsI (heat-stressed birds were fed a basal diet supplemented with 50 mg/kg of resveratrol-loaded liposomal nanoparticles), Resv-Lipo NPsII (heat-stressed birds were fed a basal diet supplemented with 100 mg/kg of resveratrol-loaded liposomal nanoparticles), and Resv-Lipo NPsIII (heat-stressed birds were fed a basal diet supplemented with 150 mg/kg of resveratrol-loaded liposomal nanoparticles). The diet ingredients were thoroughly mixed and homogenized, and the Resv-Lipo NPs were spread uniformly over the feed at different levels.



2.3. Formulation and characterization of resveratrol-loaded liposomal nanoparticles

Resveratrol (3,4,5-trihydroxy-trans-stilbene) and cholesterol (5a-cholestan-3ß-ol) were purchased from Sigma-Aldrich (No. PHR2201 and D6128, respectively). To prepare liposomes and resveratrol-loaded liposomes, the method described by Bonechi, Martini, Ciani, Lamponi, Rebmann, Rossi, and Ristori (19) was followed. The procedure involved mixing specific quantities of stock solutions in chloroform for lipids and ethanol for resveratrol, as outlined by Mohan et al. (31). A dry lipid film, either with or without resveratrol, was attained by vaporizing the solvents under a vacuum overnight and then hydrating it in phosphate-buffered saline at pH 7.4 and 60°C for 45 m. The resultant liposomal suspension was extruded carefully to obtain uniform liposomes following the procedure (19) and via a polycarbonate membrane with a 200-nm pore size (Liposofast Basic, Avestin, Canada). The prepared sample was diluted with deionized water, and then, a drop of the diluted sample was positioned on a carbon-copper grid and left to evaporate at room temperature. Morphological characterization of the prepared resveratrol-loaded nano-liposomes was determined using a transmission electron microscope (FE-TEM) (JEM 2100F, JEOL, Japan) working at an accelerating voltage of 200 kV (Figure 1a). Particle size and zeta potential analysis were performed using dynamic light scattering (Zeta Sizer, Malvern Instruments, UK) (Figure 1b). To measure the colloidal stability, the organized liposomes were kept undisturbed at 37°C. Samples (1 mL) were aliquoted and analyzed for their size after 0, 6, 12, 18, 24, and 36 h (Figure 1c).
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FIGURE 1
 Transmission electron microscopy [TEM, (a)], Zeta potential and particles size of resveratrol loaded liposomes nano particles (b) and colloidal stability (c).




2.4. Assessments of growth performance parameters

All individual birds reared under experimental conditions were weighed at 1,10, 24, and 42 days of age, and feed intake (g/bird) was estimated for each group to determine the body weight gain (BWG, g/bird), feed conversion ratio (FCR), relative growth rate (RGR), and protein efficiency ratio (PER) at the end of the starter, grower, and finisher stages, as described previously by Al-Khalaifah et al. (32), Farahat et al. (33), Ibrahim, Abdelfattah-Hassan, et al. (34), and Ibrahim, Ismail, et al. (35).



2.5. Sampling

On day 42, 10 birds per group were selected randomly to collect blood samples from wing veins. Blood samples were collected into a clean centrifuge tube without anticoagulant for the separation of serum following a centrifugation phase for 20 m at 3,000 rounds per min. The obtained sera were used for biochemical and antioxidant analyses. Then, the same birds were used for tissue sample collection after they were euthanized and eviscerated. Then, the liver, muscle, and jejunal samples were rapidly excised, flushed with ice-cold phosphate-buffered saline, and snap-frozen in liquid nitrogen for subsequent RNA isolation and gene expression. Additionally, breast muscle (~10 g, n = 10/group) was chilled at 4°C for 6 h and then immediately used for total antioxidant capacity (T-AOC) and malondialdehyde (MDA) evaluation.



2.6. Measurement of serum biochemical and hormone levels

Serum biochemical parameters, such as total protein, albumin, total cholesterol (TC), triacylglycerol (TAG), HDL-cholesterol, LDL-cholesterol, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), creatinine, and uric acid, were examined spectrophotometrically using a commercial diagnostic kit (Spinreact, S.A./S.A.U. Ctra. Santa Coloma, 7 E-17176 Sant Esteve De Bas, Spain). Serum triiodothyronine (T3), thyroxine (T4), and corticosterone levels were measured using the commercially available assay. Max Corticosterone ELISA kits were used for corticosterone level determination, and the procedures were performed according to the manufacturer's recommendation (Assay Pro-LLC, Saint Charles, Missouri, USA), while direct ELISA assay (Diametra Srl, Segrate, Italy) was used for T3 and T4 determination.



2.7. Antioxidant assessment

The serum concentration of malonaldehyde (MDA) level was assessed using the standard technique of NWLSS™ MDA assay kit NWK-MDA01 based on thiobarbituric acid. Based on the test kit directions, superoxide dismutase (SOD) was analyzed using a commercial assay kit (Sigma-Aldrich, 19160). Catalase (CAT) was determined spectrophotometrically using the NWLSS™ Catalase Activity Assay Kit Protocol NWK-CAT01. Glutathione peroxidase (GSH-Px) was measured using commercial assay kits from Sigma-Aldrich, G6137. Total antioxidant capacity (T-AOC) was assessed following the recommendation of the purchased kit (Nanjing Jiancheng Bioengineering Institute; Nanjing, China).

For the evaluation of oxidative stress-related markers in muscle, breast samples (n = 10 per group) were used. First, all observable connective and fat tissues were removed, and then, muscle tissues were homogenized with Tris- HCl buffer (1:10 w/v) and centrifuged for 10 min at 2500 x. Next, supernatants were used to assess T-AOC using the purchased kit (Nanjing Jiancheng Bioengineering Institute; Nanjing, China) and MDA using the NWLSS™ MDA assay kit NWK-MDA01.



2.8. Assessment of gene expression by quantitative real-time PCR

Total RNA was extracted from the breast muscles, the jejunal tissues, and the liver using the RNeasy Mini Kit; (Qiagen, Cat. No.74104), following the manufacturer's instructions, and then quantified using the NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, NC, USA). The cDNA was synthesized using kits from RevertAidTM H Minus (Fermentas Life Science, Pittsburgh, PA, USA). One μL of this cDNA was mixed with 12.5 μL of 2× SYBR® Green PCR mix with ROX from BioRad, 5.5 μL of RNase-free water, and 0.5 μL (10 pmol/μL) of each forward and reverse primer for each selected gene were added (Table 2). The real-time PCR amplification was accomplished using Rotor-Gene Q2 plex (Qiagen Inc., Valencia, CA, USA) with the following conditions: initial denaturation at 95°C for 10 min and 40 cycles at 95°C for 15 s and 60°C for 1 min. Relative fold changes in the expression of target genes were measured in triplicate and estimated using the comparative 2−ΔΔCt method with the GAPDH gene as an internal control to normalize target gene expression levels (36).


TABLE 2 Primers used for quantitative real-time PCR analysis.
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2.9. Histopathological examination

At the end of the experiment, the specimens from the liver tissues were collected from all experimental birds' necropsies, washed in phosphate-buffered saline, and fixed in freshly prepared neutral buffered formalin (10%). The fixed specimens were dehydrated in an ascending concentrated ethanol solution, cleared in xylene, implanted in paraffin wax, and cut into sections that were 5–7-μm thick and stained with hematoxylin and eosin (H & E), corresponding to the previous standard technique (37). The microphotographs were captured using a digital Dsc-W 130 super-steady Cyber-shot camera (Sony, Japan) linked to a light microscope (Olympus BX 21).



2.10. Statistical Assessment

All data were examined for normality and homogeneity using the tests of Kolmogorov–Smirnov and Levene, respectively. Statistical comparisons were made by the General Linear Model of Anova test via software SPSS version 21 for Windows (SPSS, Inc., Chicago, IL, USA) and the post-hoc Tukey test. The probability levels (P < 0.05) were determined to indicate statistical significance.




3. Results


3.1. Growth performance of birds under experimental conditions

The data regarding growth performance under normal and heat stress conditions are illustrated in Table 3. WE observed that birds exposed to heat-stressed conditions significantly displayed the lowest final weight gain and worst FCR (P < 0.05) (weight loss was ~20% vs. the thermoneutral group). In contrast, dietary supplementation with Resv-Lipo NPs at different levels reversed the negative outcomes (P > 0.05) in body gain, FCR, PER, and relative growth rate resulting from heat stress conditions in a dose-dependent manner. It is worth noting that heat-stressed birds that received Resv-Lipo NPs at the level of 150 mg/kg of diet exhibited significantly higher body weight gain and superior FCR (P < 0.05), which exceeded those in the thermoneutral group (increased by 5.8% vs. thermoneutral group). The total feed intake of birds in HS groups was significantly lowered (P < 0.05) except for the group supplemented with Resv-Lipo NPs at a level of 150 mg/kg when compared with the thermoneutral group.


TABLE 3 Effectiveness of Resv-Lipo NP supplementation at different levels on the growth performance of broiler chickens exposed to heat stress.
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3.2. Serum biochemicals and hormone levels

The results of biochemically related parameters and hormone levels (corticosterone, T3, and T4) are described in Table 4. TP and albumin serum concentrations were significantly reduced in the HS and HS+Resv-Lipo NPsI groups when compared with the thermoneutral group. Moreover, the HS group receiving Resv-Lipo NPsIII showed the highest TP, albumin, and globulin levels. Regarding the lipid profile, serum triglyceride, cholesterol, LDL, and VLDL levels were significantly (p < 0.05) reduced in the groups that received a higher dosage of Resv-Lipo NPs, regardless of HS. Furthermore, the levels of HDL reached their peak in HS birds that were fed 150 mg/kg of Resv-Lipo NPs. Notably, the levels of AST, ALT, ALP, and creatinine were significantly elevated in the HS birds, while the levels of AST, ALT, and ALP were restored in the control thermoneutral group, and the HS birds received different levels of Resv-Lipo NPs I, II and III. Additionally, the HS birds supplemented with Resv-Lipo NPsIII displayed a non-significant serum level (p > 0.05) of uric acid compared to the control thermoneutral group.


TABLE 4 Effectiveness of Resv-Lipo NP supplementation at different levels on the serum biochemicals and hormone levels of the broiler chickens exposed to heat stress.

[image: Table 4]

Notably, HS birds showed the lowest serum levels of corticosterone, T3, and T4 hormones. Meanwhile, serum levels of later hormones in the HS groups supplemented with dietary Resv-Lipo NPs at 100, and 150 mg/kg exhibited a non-significant value compared with the control thermoneutral group.



3.3. Measurements of serum and muscle antioxidant-related markers

Our data showed that the HS birds showed the lowest activities of serum antioxidant enzymes and levels of T-AOC, with significantly higher levels of MDA (Table 5). The highest activity of GSH-PX (p < 0.05) was detected in the serum of the HS group that received 150 mg/kg of Resv-Lipo NPs. Moreover, when subjected to heat stress, the group supplemented with Resv-Lipo NPs at the levels of 100 mg/kg, and 150 mg/kg showed a non-significant activity of serum catalase and SOD enzymes when compared with the thermoneutral control. The most significantly higher (p < 0.05) serum and muscular levels of T-AOC were distinctly identified in the HS group supplemented with 150 mg/kg of Resv-Lipo NPs. Supplementation with Resv-Lipo NPs, especially at higher levels (100 mg/kg and 150 mg/kg), significantly reduced serum and muscular levels of MDA.


TABLE 5 Effectiveness of Resv-Lipo NP supplementation at different levels on the serum and muscles antioxidant-related markers of the broiler chickens exposed to heat stress.
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3.4. mRNA expression levels of antioxidant-related genes

Exposure to HS dramatically decreased the intestinal and muscular expression of antioxidant-regulated genes (Figure 2). Intestinal and muscular upregulation of CAT and SOD expression was more prominent (p < 0.05) in the group supplemented with higher levels of Resv-Lipo NPs. Notably, the HS group supplemented with Resv-Lipo NPsIII showed the most prominent upregulation of the GSH-PX gene in both the intestine and the muscle regardless of heat stress (increases of up to 1.23 and 1.34-fold, respectively, when compared to the thermoneutral group). Moreover, the downregulation of Nrf2 and HO-1 in the HS group was inversely upregulated after the dietary inclusion of Resv-Lipo NPs, especially at higher levels.


[image: Figure 2]
FIGURE 2
 Effect of diets fortified with varying levels of Resv-Lipo NPs on the mRNA expression of genes related to antioxidants {superoxide dismutase [SOD, (a)], catalase [CAT, (b)], glutathione peroxidase [GSH-PX, (c)], nuclear factor-erythroid factor 2-related factor 2 [Nrf2, (d)], and heme oxygenase-1 [HO-1, (e)] in the breast muscle and the jejunal tissues of the broiler chickens exposed to heat stress. Control: the birds fed a basal diet and housed under thermoneutral conditions, HS: the heat-stressed group fed a basal diet without any additives, HS+ resveratrol-loaded liposomal nanoparticles (Resv-Lipo NPs; I, II, and III): the heat-stressed birds were fed a basal diet supplemented with 50, 100, and 150 mg/kg of Resv-Lipo NPs, respectively. abcdIndicates that the same columns carrying various superscripts are significantly different at P < 0.05. Data are presented as means ± SE.




3.5. mRNA expression levels of heat shock proteins and sirtuin's regulatory genes

Figure 3 shows greater upregulation of HSP (Hsp27 and Hsp90) and downregulation of Sirtuins (SIRT1, SIRT3, and SIRT7) in the HS group. It was noticed that the expression of SIRT3 was significantly upregulated in the HS group supplemented with Resv-Lipo NPs. Furthermore, no significant differences were detected between the control thermoneutral group and the HS-supplemented Resv-Lipo NPs group at a dose of 150 mg/kg.
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FIGURE 3
 Effect of diets fortified with varying levels of Resv-Lipo NPs on the mRNA expression of HSP [Hsp27 (a) and Hsp90, (b)] and the downregulation of sirtuins [SIRT1 (c), SIRT3 (d), and SIRT7 (e)] in the broiler chickens exposed to heat stress. Control: the birds fed a basal diet and housed under thermoneutral conditions, HS: the heat-stressed group fed a basal diet without any additives, HS+ resveratrol-loaded liposomal nanoparticles (Resv-Lipo NPs; I, II, and III): the heat-stressed birds fed a basal diet supplemented with 50, 100, and 150 mg/kg of Resv-Lipo NPs, respectively. abcdIndicates that the same columns carrying various superscripts are significantly different at P < 0.05. Data are presented as means ± SE.


Regarding SIRT1 and SIRT7, the maximum expression levels were observed to be highest at 100 mg/kg and 150 mg/kg, respectively, showing an increase of 1.27 and 1.34-fold, respectively, compared to the control thermoneutral group. Notably, the higher expression levels of Hsp27 and Hsp90 in the HS-induced group were downregulated (p < 0.05) in those supplemented with Resv-Lipo NPs in a dose-dependent manner.



3.6. mRNA expression levels of myogenic regulatory factors

As displayed in Figure 4, compared to the thermoneutral group, the mRNA expressions of myostatin in the breast muscle were upregulated. Inversely, the mRNA expression levels of MyoD and mTOR (p < 0.05) were downregulated in the HS group. In contrast, the birds exposed to heat stress and fed Resv-Lipo NPs showed a downregulated expression (p > 0.05) of myostatin with increasing levels. Moreover, the highest expression levels of mTOR were detected in the group fed with 150 mg/kg Resv-Lipo NPs (up to 1.30-fold compared to the control group). In addition, in the HS-induced group, Resv-Lipo NPs supplemented with one at 150 mg/kg exhibited the maximum expression level of MyoD.


[image: Figure 4]
FIGURE 4
 Effect of diets fortified with varying levels of Resv-Lipo NPs on the mRNA expression of myogenic regulatory factors {myostatin (a), myoblast determination protein 1 [MyoD, (b)] and mammalian target of rapamycin [mTOR, (c)]} in the breast muscles of broiler chickens exposed to heat stress. Control: the birds fed a basal diet and housed under thermoneutral conditions, HS: the heat-stressed group fed a basal diet without any additives, HS+ resveratrol-loaded liposomal nanoparticles (Resv-Lipo NPs; I, II, and III): the heat-stressed birds fed a basal diet supplemented with 50, 100, and 150 mg/kg of Resv-Lipo NPs, respectively. abcdIndicates that the same columns carrying various superscripts are significantly different at (P < 0.05). Data are presented as means ± SE.




3.7. mRNA expression levels of immune regulatory genes

As shown in Figure 5, increasing the inclusion levels of dietary Resv-Lipo NPs significantly upregulated the expression levels of IL-10 in a dose-dependent manner. Excessive immune response, reflected by higher expression of TNF-α and IL-6 in the HS group, was declined in the Resv-Lipo NP-supplemented groups. Moreover, there were no significant differences in the expression of TNF-α and IL-6 between the HS group supplemented with 150 mg/kg of Resv-Lipo NPs and the control thermoneutral group.
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FIGURE 5
 Effect of diets fortified with varying levels of Resv-Lipo NPs on the mRNA expression of immune-linked genes {interleukin [IL-10, (a)], tumor necrosis factor [TNF-α, (b)], and IL-6, (c)} in the breast muscles of broiler chickens exposed to heat stress. Control: the birds fed a basal diet and housed under thermoneutral conditions, HS: the heat-stressed group fed a basal diet without any additives, HS+ resveratrol-loaded liposomal nanoparticles (Resv-Lipo NPs; I, II, and III): the heat-stressed birds fed a basal diet supplemented with 50, 100, and 150 mg/kg of Resv-Lipo NPs, respectively. abcdIndicates that the same columns carry various superscripts that are significantly different at P < 0.05. Data are presented as means ± SE.




3.8. Histopathological outcomes

The liver tissues of the control group (the thermoneutral group) presented normal hepatic parenchyma, acini, and a blood vessel tree (Figure 6a). After exposure to heat stress, the histopathological architecture of unsupplemented Resv-Lipo NPs (the HS control) showed broad lesions comprising congested blood vessels at the portal area, hydropic degeneration in hepatocytes, and focal areas of leukocytic infiltration (Figure 6b). Resv-Lipo NP supplementation nearly restored the normal liver histological architecture (Figures 6c–e), and this was achieved by increasing the Resv-Lipo NPs dosage. Perivascular minute aggregations of inflammatory cells were still visible in the Resv-Lipo NPs I and to a lesser extent in the Resv-Lipo NPs II supplemented group, but to a lesser extent compared to challenged non-supplemented chicks (Figures 6c, d). Meanwhile, in the Resv-Lipo NPs III group, the liver revealed normal hepatic parenchyma, blood vessels, and hepatocytes (Figure 6e).
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FIGURE 6
 Effect of diets fortified with varying levels of Resv-Lipo NPs on histopathological alterations of the liver tissues post-heat stress exposure. (a) Negative control: the birds fed a basal diet without exposure to heat stress; (b) positive control: the birds fed a basal diet and exposed to heat stress; (c) the birds fed a basal diet exposed to heat stress and supplemented with Resv-Lipo NPsI, (d) the birds fed a basal diet exposed to heat stress and supplemented with Resv-Lipo NPsII; and (e) the birds fed a basal diet exposed to heat stress and supplemented with Resv-Lipo NPsIII. The liver tissues of the control group (thermoneutral group) presented normal hepatic parenchyma, acini, and a blood vessel tree (a). Perivascular minute aggregations of inflammatory cells were visible in the Resv-Lipo NPs I and, to a lesser extent, in the Resv-Lipo NPs II supplemented group (c, d). In the Resv-Lipo NPs III group, the liver revealed an apparent normal hepatic parenchyma, blood vessels, and hepatocytes (e).





4. Discussion

Stress conditions associated with elevated environmental temperatures and high stocking densities can negatively affect the survival and performance of broiler chickens. These conditions are also detrimental to the economics of modern poultry farms. Heat stress, in particular, can adversely affect weight gain and deteriorate broiler chickens' feed efficiency due to oxidative imbalance, metabolic disorders, and immune suppression (2, 38, 39). Oxidative damage is the main negative effect of heat stress. With the excessive accumulation of ROS, damage to the intestinal mucosa and muscle protein hydrolysis can occur (40), worsening the birds' performance (41). Therefore, using exogenous natural antioxidants can help birds restore oxidative balance and maintain superior growth performance during periods of heat stress. In the search for polyphenolic compounds with strong antioxidant capacity, trans-resveratrol has been identified as a promising candidate; however, its low bioavailability has limited its use in the biological system. The current study demonstrated that nanoliposomal carriers formulated with trans-resveratrol could be targeted for their efficient use as new dietary feed additives that counteract the heat stress conditions in poultry farms. The birds exposed to the induced heat stress and those who received different levels of resveratrol-loaded liposomal nanocarriers (Resv-Lipo NPs) restored an efficient level of performance compared to the heat stress-induced group. In previous studies, adding resveratrol partially restored the unfavorable effects of heat stress on broiler chickens' growth rate (39, 42).

Moreover, Liu et al. (18) stated that resveratrol could play a crucial role as a feed additive to monitor the negative consequences of heat stress on the growth performance of broiler chickens (18). Notably, the birds exposed to heat stress and those who received higher supplementation levels of Resv-Lipo NPs maintained the highest growth rate and feed efficiency compared to the control thermoneutral group. The significant superior growth performance of broiler chickens following dietary administration of Resv-Lipo NPs, unlike free Resv in previous studies, can be related to Resv incorporation into an excellent nano-candidate that enhanced its functions of scavenging harmful free oxygen and lipid radicals resulting from induced heat stress conditions (18, 19).

Exposure to chronic and uncontrollable heat stress may disrupt the balance between antioxidant defense mechanisms and oxidative stress by depleting enzymatic antioxidants and elevating lipid peroxidation (43). It has been recognized that superfluous ROS triggered by heat stress can cause oxidative injury, such as lipid peroxidation and oxidative damage to proteins and DNA (44). Additionally, heat stress has been shown to reduce nutrient digestibility, probably due to too much ROS production that oxidizes and damages the intestinal tissues (45). Excessive temperatures can lead to alterations in cell oxidative status and ROS accumulation with low production levels of T-AOC, T-SOD, and GSH-Px (46) and the overproduction of MDA (47). Excessive ROS can cause cholesterol peroxidation, reducing membrane fluidity and receptor activity, thereby impairing membrane function (48). Considering the antioxidant status of the birds after heat stress exposure, a dose-dependent increase in T-AOC and serum antioxidant enzyme activities and a good upregulation of the expression of antioxidant enzyme-related genes in muscle and intestine were noted in all bird groups, which received different supplementation levels of Resv-Lipo NPs.

Moreover, the birds that received Resv-Lipo NPs had significantly reduced levels of MDA, which reflected the reduction of lipid peroxidation under heat stress-induced reactive oxygen species in the broiler chickens. In the same context, resveratrol displayed antioxidant properties that prevented glutathione disulfide formation and sustained glutathione in a reduced form, inhibiting the cellular damage generated by free radical reactions (11). Furthermore, it augmented the expression of antioxidant-related genes and assisted in the inactivation and elimination of oxidative precursors (12, 18, 49), suggesting its protective role against oxidative stress caused by heat stress. Resveratrol works to eliminate free radicals and ROS due to its possession of a phenyl group capable of giving an electron to free radicals and ROS, thus reducing oxidative stress (50). Nrf2 acts as a transcription factor to control antioxidant-related gene expression, which is vital for sustaining redox balance, such as SOD, GPX, HO-1, and CAT (51, 52). Our study showed that heat stress downregulated the expression of Nrf2 and HO-1, whereas the contra administration of higher levels of Resv-Lipo NPs restored the expression levels of Nrf2 and HO-1 to nearly the same level as the control thermoneutral group. In another study, it was found that dietary supplementation with 400 mg/kg of free Resv supplementation reduced oxidative stress in fatty liver hemorrhagic syndrome by boosting the activity of antioxidant enzymes (Nrf2, SOD-1, and HO-1) (53). All these findings suggested the prospective role of dietary Resv-Lipo NPs in activating the antioxidant defense mechanism and promoting overall body health. Similarly, the incorporation of RESV into lipid nanosystems as liposomes has an inhibitory impact on lipid peroxidation, COX activity, and NO production, which in turn indicates its anti-inflammatory and anti-oxidant effects (20). Additionally, the radical scavenging effect of Resv was enhanced with liposomal systems, as evinced by reducing the ROS production during spontaneous oxidative stress (54). The scavenging effect of RESV on ROS was enhanced via its incorporation into liposomal nanocarriers, which resulted in ameliorating tissue damage in response to oxidative stress (55).

Increased serum corticosterone concentration is considered a marker of heat stress (4). The birds subjected to heat stress showed higher serum corticosterone concentrations compared to the neutral thermoregulated group. In contrast, the administration of Resv-Lipo NPs in a dose-dependent manner greatly reduced their concentrations in serum, suggesting their ability to reduce the overexcitement of the hypothalamic-pituitary-adrenal axis in response to heat stress. Additionally, thyroid hormones are vital for maintaining animal homeostasis (56). The reduction in the T3 and T4 levels in the heat-stressed birds supplemented with Resv-Lipo NPs, especially at higher doses, indicated their promosing role regulating the hypothalamic-pituitary-thyroid axis and mitigating stressors, which is in line with the results of Meng, Deng, Xiao, Arowolo, Liu, Chen, Deng, He, and He (56). Numerous investigations have shown an inverse association between dietary bioactive substances with antioxidant potential and HSP expression (57, 58). Heat shock proteins, comprising Hsp27, Hsp70, and Hsp90, play a critical protective role in sustaining the metabolic and structural integrity of the organ against stress-induced tissue damage (59). In this study, the expression of HSP was downregulated after exposure to chronic heat stress, and feeding on Resv-Lipo NPs, even at lower levels, indicated their role in attenuating the negative impacts of heat stress. Similarly, resveratrol has been demonstrated to influence the expression of HSP27, HSP70, and HSP90 in the thymus and the spleen of chickens (17, 18). Sirtuin (SIRTs) enzymes and the expression of their related genes play an important role in glucogenesis and fat oxidation, as well as the modulation of oxidative stress-related processes and functions, including DNA repair and metabolic functions (60). The sirtuin family, which includes SIRTs 1–7, SIRT1, SIRT3, and SIRT5, is involved in redox regulation and helps to protect the cell from ROS. Moreover, SIRT2, SIRT6, and SIRT7 modulate key oxidative stress genes (60). SIRT1 was shown to play a crucial role in preventing oxidative damage, which is essential for DNA repair after H2O2-induced damage (60, 61). Moreover, treatment with the SIRT1 activator resveratrol inhibited H2O2-induced cell death and reduced cell proliferation. On the other hand, the SIRT1 inhibitors were shown to augment H2O2-induced cell death (62, 63). Moreover, SIRT3 and SIRT7 have also been revealed to intermediate enzyme deacetylation, which is responsible for the reduction of ROS, leading to protection against oxidative stress-dependent developments and disorders such as cardiac hypertrophy and dysfunction, cancer, aging, and neural degeneration (64, 65). Another compelling result of the present study is that the expression levels of SIRT1, SIRT3, and SIRT7 were upregulated even in the presence of oxidative stress. These novel findings suggested that other oxidative stress-linked activities of Resv-Lipo NPs may be due to their role in stimulating sirtuin-related gene expression. The essence of muscle growth is protein accumulation, and the balance between the rates of protein synthesis and protein catabolism affects muscle mass (66, 67). It has been reported that HS reduces skeletal muscle protein deposition in broiler chickens (68). However, the exact mechanism that controlled this reduction remains poorly understood. It has recently been found that constant heat stress can lead to skeletal muscle protein breakdown via increased mRNA expression levels of myostatin and decreased expression of MyoD and mTOR (69). Inappropriate ROS concentrations during heat stress periods can damage skeletal muscle and inhibit protein synthesis (70). Excessive ROS in myoblasts can promote nuclear factor kappa B (NF-κB) and reduce MyoD expression level, thereby preventing myogenic differentiation (71). This study's findings suggest that, when subjected to heat stress, birds that received higher levels of Resv-Lipo NPs exhibited a downregulated level of the myostatin gene, which, in turn, upregulated the expression level of the MyoD gene in the breast muscle. This could be attributed to the potential indirect role of Resv-Lipo NPs in restoring muscle myogenesis by reducing the elevated ROS levels that induced inflammatory changes and inhibited myogenesis in the muscle, affecting its growth. A dietary supplement with antioxidant capacity can potentiate muscle growth by balancing its redox hemostasis (72, 73). Moreover, in this study, the incorporation of resveratrol in a liposomal nanocarrier controlled its release and increased its bioavailability, thus intensifying its mode of action (19). Oxidative stress can provoke inflammation, as reflected in the excessive expression of pro-inflammatory cytokines, such as IL-6 and TNF-α (74, 75). It has recently been reported that Resv (400 mg/kg) supplementation decreased oxidative stress in fatty liver hemorrhagic syndrome by reducing inflammatory cytokines (IL-6, NF-κB, and TNF-α) and mRNA expression in the ovaries (53). In this regard, Yang et al. (76) also described that feeding ducks dietary Resv at the level of 400 mg/kg protected against inflammation-induced injury resulting from heat stress, as indicated by decreasing IL-6 secretion in the jejunum. In this study, the results related to the expression of proinflammatory cytokines after exposure to HS indicated that feeding lower doses of Resv-Lipo NPs compared to free Resv in other studies was more effective in minimizing excessive inflammatory reactions, resulting from oxidative stress.

High environmental temperatures stimulated oxidative damage in the liver tissues of broiler chickens, which further resulted in lipid metabolism abnormalities (77). In the current study, exposure to chronic heat stress led to significant alternations in the normal architecture of the liver, resulting in prominent hepatic damage, which is consistent with the findings of Tang et al. (78). However, post-supplementation with Resv-Lipo NPs resulted in a dose-dependent improvement in the histopathological architecture of the liver. The best results in this study were obtained from the Resv-Lipo NPs III group, followed by the percentages of the Resv-Lipo NPsII and Resv-Lipo NPsI groups. Feeding broiler chickens exposed to chronic heat stress with free resveratrol (at a level of 400 mg/kg) efficiently reduced liver injury and alleviated liver cell apoptosis and damage (79). Notably, our results showed that groups exposed to HS and treated with Resv-Lipo NPs showed better recovery from liver damage, even at lower doses, compared to previous studies that used higher levels of free resveratrol (18, 42). This improved efficacy could be attributed to the effective delivery of Resv through its incorporation into a liposomal nanocarrier, which ensures better functionality of the compound.



5. Conclusion

The use of liposomes as an efficient nanocarrier for resveratrol delivery was shown to enhance its bioactivity and stability. The boosted mode of action of Resv-Lipo NPs enables their protection from environmental and gut conditions until they reach the target tissues. These findings are supported by the superior growth performance of broiler chickens fed Resv-Lipo NPs despite exposure to induced HS, as Resv-Lipo NPs alleviate oxidative damage. Molecular-based studies further strengthen the potential role of Resv-Lipo NPs in modulating the expression of myogenic regulatory factors responsible for muscle growth, HSP, and the sirtuin family. Overall, the current study proved, for the first time, that Resv-Lipo NPs efficiently mitigate heat stress-associated disorders at lower concentrations.
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Parameter HS + Resv-Lipo NPs

Initial body weight, g 45.60 45.40 45.40 45.80 45.60 0.21 098

Final body weight, g/bird 2,597° 2,092¢ 2,381¢ 2,547 2,747% 46.05 >0.001
Absolute body gain, g/bird 2,551° 2,0474 2,336 2,501° 2,701* 46.03 >0.001
Total feed intake, g/bird 4,118° 3,601 3,956° 3,992% 4,095% 33.73 >0.001
Feed conversion ratio 1.61° 1.80° 1.69° 1.60° 1.52¢ 0.02 >0.001
Protein efficiency ratio 3.28° 2.75¢ 3.13¢ 3320 349 0.05 >0.001
Relative growth rate % 193.10° 191.504 192.51¢ 192.93° 193.70° 0.14 >0.001

Control: the birds were fed a basal diet and housed under thermoneutral conditions, HS: the heat-stressed group fed a basal diet without any additives, HS+ resveratrol-loaded liposomal
nanoparticles (Resv-Lipo NPs; I, II, and III): the heat-stressed birds were fed a basal diet supplemented with 50, 100, and 150 mg/kg of Resv-Lipo NPs, respectively. SEM: the standard error of
the mean.

abed]ndicates that the same row carrying different superscripts is significantly different at a P-value of < 0.05.
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Ingredients Experimental diets

Starter Grower Finisher

Yellow corn 56 60.6 62
Soybean meal, 48% 34.86 29 25
Corn gluten, 60% 35 4.5 4
Wheat bran = g 1.9
Soybean oil 18 2 3.66
Calcium carbonate 1 1 0.9
Calcium dibasic phosphate 18 1.9 1.6
Common salt 0.3 0.3 0.3
Premix* 0.3 0.3 0.3
DL-Methionine, 98% 0.18 0.14 0.11
Lysine, Hel, 78% 0.16 0.16 0.13
Anti-mycotoxin 0.1 0.1 0.1

Calculated composition

Metabolize energy, Kcal/Kg 3,042 3,105 3,202
Crude protein, % 2330 21.44 19.57
Ether extract, % 428 4.60 6.24
Crude fiber, % 2.64 2.55 2.63
Calcium, % 0.97 0.98 0.86
Available phosphorus, % 047 0.48 0.41
Lysine, % 1.38 122 L10
Methionine, % 0.60 0.52 0.46

*Premix offered vitamins and minerals per Kg of diets: vitamin A, 9,800 IU; vitamin E,
50 1U; vitamin D3, 4,000 IU; vitamin K, 1.95 mg; vitamin B1, 1.3 mg; vitamin B12, 32 pg;
vitamin B2, 27.3 mg; pantothenate, 13 mg; vitamin B3 nicotinic, 70 mg; vitamin B6, 4.6 mg;
choline 1,200 mg; Zn (as zinc sulfate), 90 mg; biotin, 0.18 mg; Mn (as manganese sulfate), I
(as potassium iodide), 80 mg; Cu (as copper sulfate), 10 mg; 65 mg; Fe (as ferrous sulfate),
0.50 mg; Se (as sodium selenite), 0.6 mg.





OPS/images/fvets-10-1137896-t002.jpg
Gene  Primer sequence (5 Accession number

Antioxidant related genes

SOD F-GACGTGACAACACAGGTTGC R-TACAGCCACCGTAACAGCAG XM_003449940.5
CAT F-TCAGCACAGAAGACACAGACA R-GACCATTCCTCCACTCCAGAT XM_031754288.1
GSH-PX F-CCAAGAGAACTGCAAGAACGA R-CAGGACACGTCATTCCTACAC NM_001279711.1
HO-1 F- ACTTCTATGGCAGCAACT R- AATAGCGGG GTAGGC XM_205344.1
Nr-f2 F- ATCACGAGCCCTGAAACCAA R- GGCTGCAAAATGCTGGAAAA NM_205117.1

Heat shock proteins

HSP-70 F-TGGAGTCCTACGCCTTCAACA R-CAGGTAGCACCAGTGGGCAT XM_003442456.5
HSP-90 | F-GAGTTTGACTGACCCGAGCA R-TCCCTATGCCGGTATCCACA NM_001109785.2
Sirtuins

SIRT-1 F- AAGACCTGCTCCCAGAAACG R- ACAGCAAGGCGTGCATAGAT NM_001004767.1
SIRT-3 F- ATCTTGTAGGACCGTTTGCC R- GCCAGCTGTCCTATTTGTCT NM_001199493.1
SIRT-7 F- CCTGCGAAGTGGGTTACCTC R- GTCCCCTTCTCCCCAAAGTG NM_001291971.1

Muscle building

mTOR F: CATGTCAGGCACTGTGTCTATTCTC R: CTTTCGCCCTTGTTTCTTCACT XM_417614.5
MSTN F: ATGCAGATCGCGGTTGATC R: GCGTTCTCTGTGGGCTGACT NM_001001461.1
MyoD F: CAGCAGCTACTACACGGAATCA R: GGAAATCCTCTCCACAATGCTT NM_204214.2
Cytokines

IL-10 F- CATGCTGCTGGGCCTGAA R-CGTCTCCTTGATCTGCTTGATG NM_001004414.3
IL-6 F: AGG ACG AGA TGT GCA AGA AGTTCR: TTG GGC AGG TTG AGG TTG TT NM_204628.1
TNF-a F- CCCCTACCCTGTCCCACAA R- ACTGCGGAGGGTTCATTCC XM_046900549.1

Housekeeping

B-Actin F-CAGCAAGCAGGAGTACGATG R TGTGTGGTGTGTGGTTGTTTTG XM_031749543.1

GAPDH | F:CAA CCC CCA ATG TCT CTG TT R: TCA GCA GCA GCC TTC ACT AC NM205518

Superoxide dismutase: (SOD); catalase (CAT); glutathione perosidase (GSH-PX); heme oxygenase-1 (HO-1); nuclear factor-erythroid 2-related factor-2 (Nr-£2); sirtuins (SIRT-1, SIRT-land
SIRT-1); heat shock protein-70 and 90 (HSP-70 And HSP-90); mechanistic target of rapamyecin (miTOR); = myostatin (MSTN); = myogenic determination factor (MyoD); interleukin (IL-10:
and IL—6); tumor necrosis factor-o (TNE-a); glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Parameters HS+Resv-Lipo NPs

Serum antioxidants

SOD, U/mL 127.86" 12193 123.83° 127.70° 12773 047 >0.001
CAT, U/mL 14.04* 9.97¢ 1137 14.01° 14.30° 0.63 >0.001
GSH-PX, (nm(U/mL) 607.19> 536.00¢ 570.32° 606.92° 633.75° 67.80 >0.001
MDA, nmol/mL 1.56° 3.62" 249" 1.79¢ 1274 0.02 >0.001
T-AOC, ng/ml 0.72° 0.20° 031° 0.75" 0.92° 0.01 >0.001

Antioxidants in breast muscles

MDA, nmol/mL 1.63° 3.70° 277 1.86° 1274 0.18 >0.001

T-AOC, ng/ml 0.75" 0.22¢ 0.32° 0.73¢ 0.92° 0.06 >0.001

Control: the birds were fed a basal diet and housed under thermoneutral conditions, HS: the heat-stressed group a fed basal diet without any additives, HS+ resveratrol-loaded liposomal
nanoparticles (Resv-Lipo NPs; I, I1, and I11): the heat-stressed birds were fed a basal diet supplemented with 50, 100, and 150 mg/kg of Resv-Lipo NPs, respectively. SOD: superoxide dismutase;
CAT: catalase; GSH-PX: glutathione peroxidase; MDA: malondialdehyde; T-AOC: total antioxidant capacity. SEM: the standard error of the mean.

abedindicates that the same row carrying different superscripts is significantly different at a P-value of < 0.05.
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Parameter Control HS+ Resv-Lipo NPs

Serum proteins and lipid profile

Total protein, g/dl 3.49 3324 3.38¢ 350 3770 0.01 >0.001
Albumin, g/dl 1.88" 1.754 1.80¢ 1.87° 1.93% 0.01 >0.001
Globulin, g/dl 1.61° 1.58" 1.58" 163" 1.83 0.002 >0.001
Total cholesterol, mg/dl 124.45 131.00° 122.12¢ 121.73¢ 119.74¢ 0.44 >0.001
Triacylglycerol, mg/dl 57.08" 60.67 5533 54,874 54544 0.14 >0.001
HDL-cholesterol, mg/dl 96.03° 90.17¢ 98.80° 99.88" 102.92° 0.65 >0.001
LDL-cholesterol, mg/dl 17.00> 28.69° 12.26° 1087 5.92¢ 0381 >0.001
VLDL-cholesterol, mg/dl 11.42° 12.14° 1107¢ 10.97¢¢ 10914 0.005 >0.001

Liver and kidney function tests

ALT, U/L 17.92° 21.80° 18.22° 19.12° 18.06° 137 >0.001
AST, U/L 51.92 56.06 51.42° 5244 51.98 143 >0.001
ALR U/L 17.39* 2436 17.60° 17.81° 17.950 0.58 >0.001
Creatinine, mg/ dI 0.80° 1.08" 0.86" 081" 0.83" 0.005 >0.001
Uric acid, mg/dl 2,614 3.82° 3.42% 3.18% 2.77¢¢ 0.08 >0.001

Serum hormones

T3, nmol/L 3.92" 2.79° 3480 3.60% 3.98" 0.06 >0.001
T4, nmol/L 18.86* 14.86° 17.27° 18.62* 19.01 0.55 >0.001
Corticosterone, nmol/L 3.55¢ 713" 4.90° 3.92¢ 341° 0.140 >0.001

Control: the birds were fed a basal diet and housed under thermoneutral conditions, HS: the heat-stressed group fed a basal diet without any additives, HS + resveratrol-loaded liposomal
nanoparticles (Resv-Lipo NPs; I, 11, and III): the heat-stressed birds were fed a basal diet supplemented with 50, 100, and 150 mg/kg of Resv-Lipo NPs, respectively. HDL-cholesterol:
high-density lipoprotein-cholesterol; LDL-cholesterol: low-density lipoprotein-cholesterol; VLDL-cholesterol: very low-density lipoprotein-cholesterol; ALT: Alanine aminotransferase; A!
aspartate aminotransferase; ALP: alkaline phosphatase; T3: triiodothyronine; T4: Thyroxin. SEM: the standard error of the mean.

abedindicates that the same row carrying different superscripts is significantly different at a P-value of < 0.05.
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