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Transport Stress Induced Cardiac NO-NOS Disorder Is Mitigated by Activating Nrf2/HO-1/NQO1 Antioxidant Defense Response in Newly Hatched Chicks
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With the development of the intensive poultry industry, the health problems of chickens caused by transportation have attracted more and more attention. Transport stress reduces performance, immune function, and meat quality in chicks, which has become one of the most important factors that endanger the development of the poultry industry. Currently, studies on the effects of transport stress have mainly focused on the performance of livestock and poultry to be slaughtered. However, the effects of transport stress on heart damage and oxidative stress in newborn chicks have not been reported. In this study, we selected newborn chicks as the object. This study was intended to explore the effects of transport stress on the heart damage of newly hatched chicks. The findings suggested that transport stress could cause oxidative stress in the hearts of newly hatched chicks by increasing the levels of malondialdehyde (MDA), hydrogen peroxide (H2O2) and decreasing the contents of Total antioxidant capacity (T-AOC), and the activities of antioxidant enzymes (SOD), together with increasing the activities of antioxidant enzymes (Catalase (CAT) and Glutathione S-transferase (GST)). Transport stress disrupted the balance between oxidation and antioxidant systems. The Nrf2 signaling pathway was activated by transport stress and triggered the transcription of antioxidant signaling. In short, transport stress-induced nitric oxide (NO)—nitric oxide synthases (NOS) system metabolic disorders and cardiac oxidative stress are mitigated by activating the nuclear factor-erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1)/NAD(P)H quinone oxidoreductase-1 (NQO1) antioxidant defense response in newly hatched chicks.
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INTRODUCTION

The economic losses caused by transport stress are enormous for livestock and poultry. Transport stress is an animal syndrome caused by a series of stress factors (1). There will inevitably be disturbances such as acceleration, bumps and noise during transportation, and it will change the original schedule and diet during the transport. The transport environment is different from the barns, squeezing and circling stimulate newborn chickens in the warehouse (2). In the process of transportation, broiler and layer chicks suffer from multiple severe stimuli, such as loading and unloading of chicks during transportation (3). Although the faint and transient stimulation will help animals adapt to changes and enhance physical fitness, but the transport stress syndrome occurs beyond a certain limit, which may manifest as cardiac dysfunction, organ failure, shock, or even death (4, 5). Recent reports document the changes in adult poultry under transportation, nevertheless, the probable effects of transportation on heart damage of newly hatched chicks are not yet fully clear.

Transport stress leads to weight loss and aggressive behavior in chicks, causing the production rate of laying hens to drop or stop (6). Transport stress can induce excessive accumulation of reactive oxygen species, leading to oxidative stress and cell damage (5). Nuclear factor-erythroid 2-related factor 2 (Nrf2), an oxidative stress responder, plays a considerable role in defense mechanisms (7). The Nrf2 signaling pathway has a high degree of oxidative-inducing sensitivity and is capable of pleiotropic regulation of basal expression and inducible expression of phase II metabolic enzyme genes, thereby exerting antioxidant and cytoprotective effects (8, 9). If Nrf2 is deleted or activated, it will aggravate the toxicity of oxidative stress to cells, causing cell dysfunction or initiating apoptosis program (10). Nrf2- heme oxygenase-1 (HO-1)—NAD(P)H quinone oxidoreductase-1 (NQO1) signaling pathway is a cardinal channel to activate the expressions of phase II enzymes and antioxidants (11), and numerous natural compounds demonstrate their activities through it. The Nrf2- HO-1- NQO1 signaling pathway inhibits the cell defenses and results in oxidative stress, which could be considered as an out-off-balance of oxidants and antioxidants (12, 13).

The evidence provides convincing data that the implication of nitric oxide (NO) in oxidative stress processes within the NO-NOS system (14). NO is generated by three dissimilar isomers of nitric oxide synthases (NOS) (15), which alter L -arginine to L -citrulline with the consequent free of NO: the neuronal NOS (nNOS) and the endothelial NOS form (eNOS) are modulated by Ca2+ activated calmodulin, whereas the inducible isoform NOS (iNOS) is calcium-independent (16). Considering the crucial part of the NO/NOS system in these cases, we speculated that the effects of transport stress on the heart of newly hatched chicks were related to oxidative stress. As is known to all, the healthy chicken is the beginning point for well production performance of poultry, nevertheless, the effects of transport stress on chicks are little known.

Therefore, the purpose of this study is to clarify the effect of transport stress on the heart damage of newborn chicks and the metabolic disturbance of the NO-NOS system, and to determine the adaptive response to transport stress by activating the antioxidant defense induced by Nrf2. However, it is not clear how transport stress causes heart damage in chicks.



MATERIALS AND METHODS

All procedures adopted in the current study were implemented in accordance with the ethical protocols set by the Institutional Animal Care and Use Committee of Northeast Agricultural University and the animal welfare regulations.


Experimental Design and Tissue Collection

A total of 180 newborn chicks (Hy-Line Variety White) were purchased from the Xiang Fang Chicken Farm (Harbin, China) and were split into the control group, transport group, and simulation transport group. Chick transport crates were used during the transport stress. A separate crate was employed for each repeat group. The model of transport stress and simulated transport stress was designed as described in the former study (4). Brief, the chicks in the simulation transport group were placed in an electric cradle (50 cycles/min, swinging back and forth; 28°C and 50% relative humidity) for 2, 4, and 8 h, but the chicks in the control group were placed in a quiet electric cradle (0 cycle/min; 28°C and 50% relative humidity). The chickens in the transport group were transported on the road by a truck for 2, 4 or 8 h, with a distance of about 480 km and an average speed of 60 km/h. The chicks were not allowed ad libitum to feed and water. After the stress-treated, the chicks were euthanized with carbon dioxide. Each animal's heart was quickly removed and rinsed with ice-cold sterile phosphate buffer saline; it was then immediately frozen in liquid nitrogen and stored at −80°C for further analysis.



Determination of the Serum Creatine Kinase Content of Newborn Chicks (CK Activity)

The whole blood was centrifuged at 2,500 g for 10 min to obtain serum. The Creatine kinase (CK) determination is based on the continuous detection method recommended by the German Association for Clinical Chemistry and the International Federation of Clinical Chemistry. It is passed on a modular P analyzer (Hitachi, Tokyo, Japan) through commercial reagents (Roche Diagnostics, Mannheim, Germany) CK-N-acetylcysteine kinetics measurement (37°C) was measured.



Histopathological Assessment

The hearts of the control, transport, and simulation transport group were fixed in 10% neutral buffered formalin and processed using routine histological techniques. After paraffin embedding, they were cut into 5 μm sections and stained with hematoxylin and eosin to evaluate the tissue structure. Visualize the slides using an optical microscope (Nikon, Japan). Throughout the process, the image acquisition parameters and microscope settings remain the same.



Determination of Antioxidant Function of Newborn Chicks Heart

Malondialdehyde (MDA) content was measured according to the manufacturer's instructions using a commercial kit (Nanjing Jiancheng Bioengineering Institute, A003-1, Nanjing, China). In short, MDA was determined in the absence of light by using 35% (p/v) of 1 ml of trichloroacetic acid. After that, add 1 ml of 0.5% thiobarbituric acid and heat the sample to 80°C for 30 min. The sample was then cooled in an ice bath, centrifuged and the absorbance of the supernatant was determined at 532 nm. The calibration curve of MDA solution was used to estimate lipid oxidation, while MDA level was expressed as per mg of protein (nmol MDA/mg prot).

The content of hydrogen peroxide (H2O2) was measured with an H2O2 commercial kit (Nanjing Jiancheng Bioengineering Institute, A064, Nanjing, China) according to the manufacturer's instructions. A complex cover H2O2 and the chromogenic agent, and the content of H2O2 can be calculated by measuring the absorbance at 405 nm.

Total antioxidant capacity (T-AOC) was measured with a T-AOC detection kit according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, A0015-1, Nanjing, China) by converting Fe3+ into Fe2+; the phenanthroline substance forms a complex, which can be measured with a spectrophotometer.

Total superoxide dismutase (T-SOD) activity in the homogenate was assayed by a xanthine oxidase method at 550 nm (Nanjing Jiancheng Bioengineering Institute, A001-1, Nanjing, China). One unit of superoxide dismutase is defined as the amount of enzyme that causes 50% inhibition of pyrogallol.

Glutathione S-transferase (GST) was measured with a GST detection kit according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, A004, Nanjing, China). GST catalyzes the binding of glutathione to 1-chloro-2,4-dinitrobenzene. GST activity can be calculated by measuring the rate of increase in absorbance at 340 nm wavelength.

Catalase (CAT) activity was spectrophotometrically measured according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, A005-1, Nanjing, China), based on the reaction of catalase and methanol, in the presence of the optimal concentration of H2O2, the generated formaldehyde can be colorimetrically quantified at OD 540 nm.



Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from every heart tissue sample using TRIzol reagent according to the manufacturer's specifications (Beijing Tiandi, Inc., Beijing, China). The RNA extraction, quantitative real-time polymerase chain reaction (qPCR) procedure, and quantification method used were identical to those previously described. Quantitative real-time PCR level was carried out using ABI PRISM 7500 detection system (American Applied Biosystems, Bedford, MA, USA). Primer-Premier software (Premier-Biosoft, San Francisco, CA, USA) was used to design specific primers and synthesized by Invitrogen (Shanghai, China). The PCR primers were designed with the 6.0 version of oligonucleotide primer analysis software and synthesized by Invitrogen (Shanghai, China). For each gene, the 2−ΔΔCt method was used to determine the relative expression level of steady-state mRNA in the sample, and the results were normalized to the mean of GAPDH and β-actin.



Determination of Heart NO Content and NOS Activities

The chicken hearts were homogenized on ice in physiological saline, centrifuged at 750 × g for 15 min at 4°C, and then the supernatant was collected. NO and NOS levels are markers of oxidative damage. The NO and NOS activity determination kit (Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China) was used to determine the NO content and NOS activity. Methanol was used in this study, and the ELX800 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) was used to detect OD at 550 and 530 nm.

The NOS Activity Detection kit was used to measure the activity of iNOS and total NOS. The constitutive NOS activity was calculated by subtracting iNOS from the total NOS. The PCR primers (Table 1) were designed using oligonucleotide primer analysis software (version 6.0) and synthesized by Invitrogen (Shanghai, China).


Table 1. Specific amplification primers of NOS 1–3 mRNA genes.
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Determination of the Nrf2 Signal Pathway Related Factor Expression Level (Nrf2\HO-1\NQO1)

The PCR primers (Table 2) were designed using oligonucleotide primer analysis software (version 6.0) and synthesized by Invitrogen (Shanghai, China).


Table 2. Primer sequences of Nrf2, HO-1, and NQO1.
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Statistical Analysis

The results are expressed as the mean ± standard deviation and analyzed with GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS 19.0 software (SPSS Inc., Chicago, Illinois, USA). Statistical analyses were performed using Student's t-test (GraphPad Software, Inc., La Jolla, CA, USA) and one-way ANOVA test followed by Tukey's post-hoc pairwise comparison. In the same column of data in the table, if the letters are the same, the difference is not significant (p > 0.05); if the letters are completely different, the difference is significant; lowercase letters indicate a significant level (p < 0.05); uppercase letters indicate an extremely significant level (p < 0.01). All data passed the equal variance test. The difference between the averages is multiple comparisons afterward by Tukey's honest significance test.




RESULTS


Effects of Transport Stress on the Cardiac Performance of Newborn Chicks

The results of the determination of heart function (CK activity) of newborn chickens are shown in Figure 1. Compared with the control group, the CK activity in the transport group and the simulation group at the time of transportation was significantly changed, showing a significant difference (p < 0.05); There was no significant difference in CK activity among the three groups with a time of 2 h (p > 0.05), and the CK activity in the transport group and the simulation group with a transport time of 4 and 8 h demonstrated a significant difference compared to control group (p < 0.05).


[image: Figure 1]
FIGURE 1. Effects of transport stress on the cardiac performance of newborn chicks. Row (Column) with different small letter superscripts indicates a significant difference (p < 0.05). Row (Column) with different small letter superscripts indicates no significant difference (p > 0.05). Control, the control groups; Transport, the transport groups; Simulation, the simulation transport groups.




Cardiac Pathology Histological Observation

Observing the histological changes of the heart through a microscope, it can be seen from the Figure 2 that at 0 h of the control group, the heart tissue structure is complete, the endocardium is intact and evenly distributed, the cardiomyocytes are arranged neatly, the cytoplasm and nucleus are stained normally, and there is no abnormal structure; At each time point, the staining of myocardial cells in the transport group and the simulated transport group became lighter. After 4 h of transportation, the cardiomyocytes began to be arranged disorderly, and a small amount of powder stained particles appeared in the cells; at 8 h of transportation, compared with the control group, part of the endocardium thickened, the diameter of the cardiomyocytes becomes larger, the staining is lighter, the cardiomyocytes edema is obvious, and a large number of powder-stained particles are seen in the cytoplasm. In the simulated transportation group, there was no significant change after simulated transportation for 2 h. The edema of myocardial cells was significantly reduced at 4 and 8 h. In the simulated transportation group at 4 h, powder stained particles were occasionally seen. At 8 h, a small amount of powder-stained particles could be seen in myocardial cells.


[image: Figure 2]
FIGURE 2. Comparison of macroscopic view from the chick heart in groups (400 × H&E staining).




Effect of Transport Stress on Antioxidant Function
 
Effect of Transport Stress on MDA Content

The results of the determination of MDA in heart tissue of the control group, transport group and simulation group at various transportation times were illustrated in Figure 3A. Compared with the control group, there was no significant distinction of MDA content in the transport group and the simulation group at 2 and 4 h (p > 0.05). When the transportation time increased to 8 h, the MDA content in the transport group and simulation group increased significantly (p < 0.05); during the whole experiment, the control group showed no remarkable change in MDA content (p > 0.05).


[image: Figure 3]
FIGURE 3. Effects of transport stress on antioxidant function and enzyme activity in the heart of newborn chicks. (A) Malondialdehyde (MDA) content, (B) total antioxidant capacity (T-AOC) content, (C) Hydrogen peroxide (H2O2) content, and (D) total superoxide dismutase (T-SOD) activity. (E) catalase (CAT) activity, (F) glutathione S-transferase (GST) activity. Data are presented as the mean ± SD. Compared with the control: Row (Column) with different capital letter superscripts indicates an extremely significant difference (p < 0.01); Row (Column) with different small letter superscripts indicates a significant difference (p < 0.05); Row (Column) with different small letter superscripts indicates no significant difference (p > 0.05). Control, the control groups; Transport, the transport groups; Simulation, the simulation transport groups; g prot, gram of protein; mg prot, milligram of protein.




Effect of Transport Stress on T-AOC Content

The results of the determination of T-AOC in the heart tissue of the different groups at various transportation time points were shown in Figure 3B. There was no conspicuous difference in the content of T-AOC among the three groups at 2 h (p > 0.05). With the prolongation of transport stress time, the T-AOC content in the transport group and simulation group showed a downward trend, compared with the control group at that moment (p < 0.01).



Effect of Transport Stress on H2O2 Content

As can be seen from Figure 3C, there was no difference in the content of H2O2 among the three groups at 2 h (p > 0.05). With the extension of the transportation time, the H2O2 content was significantly increased in the transport group and simulation group at 4 and 8 h (p < 0.01).



Effect of Transport Stress on Antioxidant Enzyme Activity

Figure 3D shows that the SOD enzyme activity of the transport group and simulation group is decreasing. Compared with the control group, the SOD levels in the transport group and simulation group after 4 h of stress are significantly decreased (p < 0.05), and the difference between the transport group and simulation group was extremely significant (p < 0.01) at 8 h. The CAT content and GST content in the transport group at 4 h were significantly increased (p < 0.01; Figures 3E,F). The CAT content and GST content in the transport group and simulation group at 8 h were obviously increased (p < 0.01; Figures 3E,F).




Effect of Transport Stress on NO Metabolism (NO-NOS System)
 
Effects of Transport Stress on NO Content

As can be seen in Figure 4A, the NO content in the transport group and the simulation group showed an upward trend. Compared with the control group in the same period, the NO content in the experimental group and the 8-h simulation group at each period increased significantly (p < 0.01). The difference between NO content in the experimental group and the simulation group at 2 and 4 h was very significant (p < 0.01).


[image: Figure 4]
FIGURE 4. Effect of transport stress on NO metabolism (NO- NOS system) in the heart of newborn chicks. (A) NO content, (B) NOS activity, (C) the expression of ENOS mRNA at 2, 4, and 8 h, (D) the expression of INOS mRNA at 2, 4, and 8 h, and (E) the expression of NNOS mRNA at 2,4, and 8 h. Data are presented as the mean ± SD. Compared with the control: Row (Column) with different capital letter superscripts indicates an extremely significant difference (p < 0.01); Row (Column) with different small letter superscripts indicate significant difference (p < 0.05); Row (Column) with different small letter superscripts indicate no significant difference (p > 0.05). Con, the control groups; Tran, the transport groups; Simu, the simulation transport groups; mgprot, milligram of protein.




Effect of Transport Stress on NOS Activity

As can be seen in Figure 4B illustrates the findings of the NOS content of the experimental group and the simulation group showed an upward trend with the increase of transport time. Compared with the control group at the same period, the NOS content of the experimental group and the simulation group increased significantly (p < 0.05), while the NOS content in the experimental group and the simulation group increased significantly at 4 and 8 h (p < 0.01).



Effect of Transport Stress on the mRNA Expression of NOS 1–3

Compared with the control group, the mRNA expression levels of the three genes in the transport group and the simulation group showed a downward trend as the stress time increased (Figures 4C–E).




Effect of Transport Stress on Nrf2/HO-1/NQO1 Signaling Pathway

As shown in Figure 5, compared with the control group, the levels of Nrf2 mRNA in the transport group and the simulation group increased significantly at 8 h (p < 0.01), however, the mRNA expression of Nrf2 was no significant difference at 2 and 4 h (p > 0.05). Similarly, the results showed that compared with the control group, the mRNA levels of NQO1 and HO-1 increased in a dose-dependent manner. The difference was significant in the 2 h group (p < 0.05), and the difference was significant in the 4 and 8 h groups (p < 0.01).


[image: Figure 5]
FIGURE 5. Effect of transport stress on Nrf2/HO-1/NQO1 signaling pathway in heart tissue of newborn chicks (the expression of Nrf2/HO-1/NQO1 mRNA). Data are presented as the mean ± SD. Compared with the control: Row (Column) with different small letter superscripts indicates a significant difference (p < 0.05); Row (Column) with different small letter superscripts indicates no significant difference (p > 0.05). Control, the control groups; Transport, the transport groups; Simulation, the simulation transport groups.





DISCUSSION

For the poultry industry, transport stress is one of the unavoidable stresses. Transportation will cause stress to the chicks to varying degrees, such as mild discomfort, accelerated breathing, heartbeat, and body temperature rise (6, 17). The experimental animals themselves will suffer from the insufficient microcirculation blood supply, hypoxia, and even exhaustion and death. Transport stress also reduces the animal's live weight (18). The existing literature shows that the weight of all birds after transportation is significantly lower than before (19). Research by Gregory and Austin found that the mortality rate of broilers during transportation to the processing plant was 0.19% (17). A large number of statistics show that the average mortality rate of broilers during transportation is 0.46% (20).

In our current study, the weight loss of chicks with longer transport stress is greater, which is consistent with previous studies (6). However, the impact mechanism of transport stress on the weight loss and heart function damage of newborn chicks have not been fully elucidated. Transport stress exerts its regulatory and toxic effects on the animal body by regulating the antioxidant function of the heart (21), the metabolism of NO and the expression of NOS 1-3 mRNA (4), and induces oxidative stress to increase the level of Nrf2 via activating the Nrf2 signal pathway (5), and ultimately lead to chicks weight loss and heart damage.

CK kinase exists in the cytoplasm or mitochondria of the heart, and it is an important kinase that promotes ATP regeneration, muscle contraction, and energy transfer (22–24). The increase of CK activity in the blood is one of the important characteristics of animals under stress, reflecting the damage of related tissue cells and the degree of damage (24, 25). When chickens are under heat stress, their food intake is reduced, resulting in lower glycogen levels and an insufficient supply of muscle energy, eventually leading to muscle wasting illness, such as muscular dystrophy (26, 27). Therefore, CK in the muscles escapes and the blood concentration increases. Fasting stress for 4–8 h increases the severity of cardiac damage. It is speculated that the significant increase in the content of CK and other enzymes in the blood leads to alterations in the vivo environment. Previous studies have shown that transport stress may cause heart damage to pigs (28), and simulated transportation significantly damaged the heart of rats (29). Transport stress may trigger acute heart failure, which may be an explanation for the sudden death of pigs during transportation (30, 31). According to previous studies, our results showed that CK activity of chicks was significantly increased after transport, indicating significant damage to the heart of the chicks. In addition, in this study, the transport stress showed a clear time-dependent on the CK activity detected in chick serum.

In addition to changes in production performance after transportation of livestock and poultry, there will be further oxidative stress (32). Studies have shown that the MDA content in camel plasma was increased after transportation, and it increased significantly after 24 h (33). Likewise, the concentration of MDA in the bovine serum was increased significantly after transportation, but the T-AOC level was decreased significantly (34). This study also confirmed that transport stress could cause a significant increase in serum MDA content and a significant decrease in T-AOC content in newborn chicks, indicating that transportation induced oxidative stress in chicks. Cold stress can reduce the activity of SOD in the lungs of chicks, increase the content of MDA in the tissues, and cause oxidative damage to lung DNA (35). Heat stress can increase the content of lipid peroxidation in the liver (36), significantly increase the activity of SOD in the liver, but decrease the activity of SOD in the kidneys (37). In this study, under the conditions of transport stress, the content of SOD in chicks showed a downward trend, while the contents of CAT and GST showed an upward trend. This further indicated that transport stress can disrupt the balance of oxidative and antioxidant systems. The oxidative system, protein oxidation and lipid peroxidation cause oxidative damage to organs (38). It is worth noting that in this study, in addition to setting up the experimental group for natural transportation, we also conducted a simulated transportation stress test by means of a shaking table. It can be seen from the results that when the transportation time lasted 8 h, the content of CAT and SOD significantly altered between the transport group and simulation group. There is a certain difference in the content of antioxidant enzymes in chicks under simulated transportation and natural transportation conditions, which further shows that transportation stress is a stress response caused by a complex stressor. In the actual transportation process, the animal body is affected by other than bumps. The common influence of many factors causes changes in various physiological functions (39). We have found that exposure to transport stress can increase the levels of oxidation products, and inhibit the activity of antioxidant molecules/enzymes, causing oxidative stress, and activating other defense mechanisms to resist this stress.

NO has significant biological activity and participates in the physiological and pathological processes of many systems such as circulation, respiration, immunity, nerves, and digestion (40, 41). Stressors such as local heating and cold exposure may stimulate NO production. NO is a highly reactive and unstable free radical gas (42). It generates NOS by oxidizing L-arginine and nicotinamide adenine dinucleotide phosphate (NADPH) as electron donors for citrulline (16). NOS subtypes include nNOS, iNOS, and eNOS. nNOS and eNOS are constitutively expressed in the cardiovascular system (43). eNOS is more common in coronary blood vessels and endocardial endothelial cells, and has a protective effect on cardiomyocytes (44, 45). nNOS plays a pivotal part in the myocardial sarcoplasmic reticulum, Golgi apparatus, mitochondria, and sarcolemma (46, 47). Although iNOS may be induced under certain stress conditions, but it is usually not expressed in the myocardium, and it is considered harmful to the heart (48). Studies have shown that cold stress could significantly increase the expression of iNOS mRNA in the hypothalamus of rats (49), indicating that iNOS in the hypothalamus is involved in the damage induced by cold stress (50). There was no significant change in the expression level of NOS l in the hypothalamus, while the expression of NOS2 and NOS3 was significantly increased, and the expression of NOS1 and NOS3 in the adrenal glands was significantly increased, but there was no expression of NOS2, indicating that different types of NOS and NOS in different tissues were caused by the damage to the body. Under transportation pressure, the NO content and NOS activity in the heart of chicks was increased, while the expression level of NOS 1-3 mRNA was decreased, indicating that transportation pressure could induce alterations in NO metabolism and the expression of NOS 1-3 mRNA, which in turn affects chicks. These results indicated that transport stress increased NO production by enhancing the activity of NOS and the transcription of NOS isoforms.

Nrf2, a transcription factor, is considered to be oxidative stress and cellular defense effective chemical regulator (51, 52). The Nrf2 signaling pathway is an important endogenous anti-oxidative stress pathway that exists in cells (53). It mainly activates antioxidant genes and expresses antioxidant proteins, changing the redox state, and maintaining intracellular balance (54). Nrf2 acts as an antioxidant and antidote by regulating the synthesis of GSH to eliminate ROS (heterologous metabolites) (55). And target gene expression, such as NQO1, GST and HO-1 subunits (56). NQO1 is one of the main antioxidant enzymes (57). As a homodimer, NQO1 needs to catalyze the reduction of quinone and semiquinone to stabilize hydroquinone and requires nicotinamide adenine dinucleotide or NADPH (58). Jo et al. found that coptisine could reduce oxidative stress damage in Chinese hamster lung fibroblasts (59). With the increase of Nrf2 protein expression and nuclear translocation, the antioxidant protein expression of HO-1 regulated by Nrf2 was significantly increased (60). NQO1 can also detoxify the NAPQI produced by the CYP2E1 enzyme from acetaminophen (61). The enzyme is responsible for catalyzing synthesis in GCL cells (62). Another key antioxidant enzyme HO-1 is involved in the degradation of the antioxidant heme, thereby producing antioxidants (63). Studies have found that propargyl amphetamine induced Nrf2 through extracellular signal-regulated kinase and phosphatidylinositol-3-kinase/protein kinase B signaling pathway when l-methyl-4-phenylpyridinium ion caused oxidative stress (64). The expression level and nuclear translocation of Nrf2 increased the expression of NQO1 protein. After inhibiting Nrf2 by siRNA, there was no increase in NQO1 expression (65). The above results confirmed that Nrf2 up-regulated the expression of NQO1 and played a role in resisting oxidative stress damage. In this study, the levels of Nrf2, HO-1 and NQO1 mRNA in the heart of chicks were increased in a dose-dependent manner after transport stress treatment, confirming that transport stress could increase Nrf2 levels by inducing oxidative stress and activating the Nrf2 signaling pathway. In short, transport stress-induced NO-NOS system metabolic disorders and heart oxidative stress are mitigated by activating the Nrf2/HO-1/NQO1 antioxidant defense response in newborn chicks.
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