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Abstract

:

Natural antioxidants derived from agricultural by-products have great promise and ecological advantages in the treatment of oxidative stress-related diseases. The eggshell membrane (ESM) from hatched eggs, i.e., the hatched ESM, is a globally abundant agricultural byproduct, and its high-value utilization has been rarely studied compared to the well-studied ESM from fresh eggs. In this research, we systematically characterized the hatched ESM as a novel source of antioxidant hydrolysates and explored their potential role in H2O2-induced human chondrocytes. The results showed that the hatched ESM is a protein-rich fibrous mesh material with a significantly different structure and composition from those of fresh ESM. Enzymatic hydrolysis of hatched ESM can produce antioxidant hydrolysates rich in low molecular weight (MW) peptides, which mainly derived from the Lysyl oxidase homolog by Nano-LC-MS/MS analysis. The peptide fraction with MW < 3 kDa (HEMH-I) exhibited the highest DPPH radical scavenging, Fe2+-chelating, and Fe3+-reducing abilities. In H2O2-induced human SW1353 chondrocytes, HEMH-I treatment significantly increased the cell viability and ameliorated oxidative stress, inflammatory response, and cartilage matrix degradation by reducing the level of ROS, matrix metalloprotease 3 (MMP3), MMP13, and IL-6, and by promoting the expression of SOD and type II collagen, potentially through activating the cellular Keap1/Nrf2/HO-1 pathway. This study provides a theoretical basis for the value-added application of hatched ESM waste to produce antioxidant hydrolysates and indicates their potential as functional food and pharmaceuticals.






Keywords:


oxidative stress; chondrocytes; antioxidant hydrolysates; hatched eggshell membrane; Keap1/Nrf2/HO-1 pathway












1. Introduction


Oxidative stress occurs when the production of reactive oxygen species (ROS) in the body is excessive and overwhelms the defense capacity of living cells, leading to tissue damage and various chronic diseases, including osteoarthritis (OA), cardiovascular disease, and cancer [1,2]. Among them, OA is a degenerative joint disease induced by oxidative stress in chondrocytes [3,4] and has been considered a major public health concern worldwide [5]. Oxidative stress generated by the accumulation of ROS in chondrocytes can trigger impaired cartilage extracellular matrix (ECM) metabolism and overproduction of proteolytic enzymes and inflammatory cytokines, thereby accelerating cartilage degeneration [4,6]. Therefore, the suppression of oxidative stress injury to chondrocytes is proposed as a potential treatment strategy in OA [3,7]. Due to their high bioactivity and superior safety profile over synthetic antioxidants and drugs, antioxidant hydrolysates or peptides hold great promise for alleviating oxidative stress [8,9]. In recent years, many protein hydrolysates derived from agriculture byproducts, such as chicken cartilage hydrolysates [9], collagen hydrolysates from pork skin, and bovine bone [10], are reported to have antioxidant activity and shown the potential to preventing oxidative stress-related disease.



Globally, the amount of eggshell and eggshell membrane (ESM), by-products generated annually by the poultry and egg-processing industry, is estimated at >7 million tons each year and this waste material is ranked 15th in the list of major food industry pollution problems [11,12]. Since ESM waste is a natural biomaterial with high protein content (~90%) [13], producing bioactive protein hydrolysates and peptides from ESM will not only create added value but also significantly improve the environmental sustainability of the poultry and egg industry [13,14]. ESM from fresh eggs (i.e., fresh ESM) in egg-processing plants has been well studied and demonstrated to produce hydrolysates with many bioactivities, including antioxidant and anti-osteoarthritic effects [15,16,17]. However, the ESM from post-hatched eggs, i.e., hatched ESM, as another main source of waste in the poultry industry [18,19,20] has been rarely studied. It is well established that the structure and composition of protein precursors have a critical influence on the release and activity of bioactive peptides in hydrolysates. Based on the biochemical effects of the incubation process on ESM, the structure and composition of incubated ESM may differ significantly from those of fresh ESM [21], as evidenced by previous proteomics analyses of the two ESMs [22,23]. This may result in a difference between the chemical composition and biological activities in the hydrolysates derived from the two ESMs. Our recent work firstly revealed the potential of hatched ESM to prepare antioxidant peptides [24], which needed further investigation to develop this agricultural waste as a novel source of bioactives. In addition, it is worth investigating whether the bioactive hydrolysates derived from the hatched ESM have similar functional activities to that of fresh ESM in ameliorating OA progression. Accordingly, an in-depth research on the characterization of hatched ESM and the biological activity of their derived protein hydrolysates may have important implications for recycling and reusing this agricultural waste material.



Therefore, the aims of this study are (a) to characterize the hatched ESM as a novel source of antioxidant hydrolysates, using the well-studied fresh ESM as control; and (b) to investigate the potential effects and underlying mechanism of hatched ESM hydrolysates in H2O2-induced human SW1353 chondrocytes. In particular, their role in regulating the Keap1/Nrf2/HO-1 pathway, a major pathway in protecting cells from oxidative stress [25] and a novel therapeutic target for OA [6], was taken into account. The strategy of this work is shown in Figure S1. This study provides insights into the characteristics of hatched ESM to prepare antioxidant hydrolysates and a theoretical basis for their high-value-added utilization in functional food and in the pharmaceutical industry.




2. Materials and Methods


2.1. Materials and Chemicals


Fresh eggshells (i.e., eggshells from fresh unfertilized chicken eggs) and hatched eggshells (i.e., eggshells from post-hatch chicken eggs) were obtained from Hubei Shendi Biotechnology Co., Ltd. (Jingmen, China). Membranes from these two sources were cleaned and peeled off the shells according to our previous report [24] and stored at −20 °C until further use. Alcalase was obtained from Novozymes Co., Ltd. (Tianjin, China). Other reagents were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The reagents used in this investigation were analytical grade.




2.2. Scanning Electron Microscopy


After hand-peeling, the ESM were cleaned and vacuum freeze-dried, then cut into pieces of about 0.5 × 0.5 cm and coated with gold. The morphology of fresh and hatched ESM was observed using a scanning electron microscope (JSM-6390LV, JEOL, Japan) and images of ESM were obtained at 500×, 1500×, and 3500× magnification.




2.3. The Chemical Characterization of ESM


The moisture, ash, and protein content of the ESM from two sources were determined using the AOAC methods [26]. The total sugar content was determined following Jia et al. [27] based on the phenol–sulfuric acid method with glucose as a standard.




2.4. Amino Acid Analysis


The amino acid composition of ESM was analyzed following the method of Jain and Anal [14] with some modifications: 40 mg ESM was added with 6 M HCl before hydrolysis at 110 °C for 24 h. HCl remaining in the hydrolysates was evaporated in a water bath at 70 °C. After re-dissolving and filtering the samples through a 0.22 μm membrane filter, they were analyzed using an amino acid analyzer (MembraPure, A300-advanced, Hennigsdorf, Germany). The amino acid composition was expressed as g/100 g of sample.




2.5. Preparation of Eggshell Membrane Protein Hydrolysates


Fresh eggshell membrane hydrolysate (FEMH) and hatched eggshell membrane hydrolysate (HEMH) were prepared according to our previous study. The ESM powder was mixed with alcalase (5%, w/w) and distilled water. The pH of the mixture was adjusted to 8.0 before placing the mixture in a 55 °C water bath for 2–14 h. The above reaction was interrupted by heating at 80 °C for 20 min. The pH of the mixture was then adjusted to 7.0. After centrifugation at 8000 rpm for 15 min, the supernatant was dried using a vacuum freeze-dryer and stored at −20 °C.




2.6. Degree of Hydrolysis (DH)


The DH of ESM hydrolysates was determined using a pH-stat method as previously reported by Liu et al. [28] using the following equation:


   DH    =   V   NaOH   × N   NaOH     α     NH  2    × m   protein   ×  h  tot      








where     α     is the average degree of dissociation of the α-NH2 groups, and htot is the total number of peptide bonds per gram of protein with 7.84 mmol/g and 7.87 mmol/g for fresh and hatched ESM, respectively, calculated based on their amino acid composition.




2.7. Determination of Molecular Weight (MW) Distribution


Referring to the method reported by Jia et al. [27], the MW distribution was measured using a high-performance liquid chromatography (HPLC) system (Agilent, Santa Clara County, CA, USA) equipped with a TSK gel G2000 column (300 mm × 7.8 mm; Tosoh, Tokyo, Japan). A total of 10 µL of the sample was separated at a flow rate of 0.5 mL min-1 at 30 °C and monitored at 220 nm. Bovine insulin (5733.49 Da), Bacitracin (1422 Da), Gly-Gly-Tyr-Arg (451 Da), and Gly-Gly-Gly (189 Da) were used to plot the standard curve. The data were analyzed using Breeze software (Waters, MA, USA). The peaks of each sample were integrated and divided into 4 ranges (MW > 5000, 3000–5000, 1000–3000, and <1000 Da). The relative content of each molecular weight range was expressed as the corresponding peak area for each region. The logarithm of the relative molecular mass (log MW) was linearly related to the retention time (Rt) with the following equation: Rt = −0.311558(log MW) + 8.51004 (R2 = 0.9867, p < 0.05).




2.8. Nano-LC-ESI-MS/MS Analysis


The major peptides in the HEMH were sequenced by nano-LC-ESI-MS/MS using an Easy-nLC HPLC system with a reversed-phase C18-A2 column (75 μm × 10 cm, Thermo scientific EASY column,). The loaded samples were eluted with a linear gradient at a flow rate of 300 nL/min using 0.1% formic acid aqueous solution (A) and 0.1% formic acid 84% acetonitrile (B) as mobile phases. Linear gradient: from 0% to 35% B for 50 min, from 35% to 100% B for 5 min, and 100% B for 5 min, were adopted. MS scans were obtained from 300 m/z to 1800 m/z at 70,000 resolution. A search of the UniProt Gallus gallus (chicken) database for data files was performed using MaxQuant (version 1.5.1.2)




2.9. Determinati on of Chemical Antioxidative Activity


2.9.1. DPPH Radical Scavenging Activity Assay


The scavenging activity of DPPH radicals was determined using the method of Zhang et al. [29] with some modifications. A total of 100 µL of the sample solution and 100 µL of ethanol DPPH (0.2 Mm) were added to a 96-well plate. The mixture was then shaken and reacted at room temperature for 30 min away from light. The absorbance was measured at 517 nm using a microplate reader. Ethanol was used instead of DPPH for the blank, and water was used instead of the sample for the control. The ability to scavenge DPPH radicals was calculated according to the following equation:


The scavenging activity of DPPH (%) = [1 − (Asample − Ablank)/Acontrol] × 100%











Ablank, Acontrol, and Asample represent absorbance for blank, control, and sample, respectively. Trolox standard curve was applied to determine the Trolox equivalent antioxidant capacity. The results were expressed as Trolox equivalents (µmol TE/g sample).




2.9.2. Fe2+-Chelating Activity Assay


The Fe2+-chelating activity was determined using the method of Zhao et al. [15] with some modifications. One mL of sample solution was blended with 0.1 mL of a FeCl2 solution (2 mM) and 4.5 mL of absolute ethanol while shaking. Then, 0.2 mL of a ferrozine solution (5 mM) was added to the solution previously mixed and left to react at room temperature for 10 min. An equal volume of distilled water was substituted for the sample to serve as a control group. The absorbance was measured by spectrophotometry at 562 nm and the Fe2+-chelating activity was calculated according to the following equation:


The Fe2+-chelating activity (%) = (1 − AS/AC) × 100%











AS and AC representing the sample and the blank absorbance, respectively.




2.9.3. Reducing Power Assay


The reducing power of the ESM hydrolysates was determined according to Shi et al. [17]. After incubation, the absorbance of the mixed solution was determined at 700 nm. The increased absorbance of the reaction mixture indicated an increase in the energy added to the reduced iron.





2.10. Membrane Ultrafiltration


According to the method of Kang et al. [30], HEMH solutions were added to ultrafiltration centrifuge tubes with 30 kDa, 10 kDa, and 3 kDa cut-off filters, and then centrifuged at 3000× g for 15 min. Peptide fractions labeled HEMH-I (MW < 3 kDa), HEMH-II (MW 3–10 kDa), HEMH-III (MW 10–30 kDa), and HEMH-IV (MW > 30 kDa) were obtained and freeze-dried for later use.




2.11. Effects of HEMH-I on H2O2-Induced SW1353 Cells


2.11.1. Cell Culture


SW1353 human chondrocytes were purchased from the Chinese Academy of Sciences. The cells were cultured in DMEM (Procell, Wuhan, China) supplemented with 10% FBS and 1% penicillin/streptomycin and glutamine and incubated in a humidified incubator at 37 °C with 5% CO2. The cells were passaged every three days.




2.11.2. Cytotoxicity Analysis of HEMH-I and H2O2 on SW1353 Cells


Cell viability was measured using the cell counting kit-8 (CCK-8) assay (Biosharp, Hefei, China). The SW1353 cells (2 × 104 cells/mL) were incubated for 24 h and then exposed to HEMH-I dissolved in DMEM at a concentration of 0.25, 0.5, 0.75 mg/mL for 24 h. According to the method provided by the manufacturer, 100 μL of CCK-8 solution was added to each well. After incubation at 37 °C for 1 h, the absorbance was determined at 450 nm.



H2O2 was used to treat SW1353 cells to establish an in vitro OA model. SW1353 cells (2 × 104 cells/mL) were seeded into 96-well plates and incubated for 24 h. The cells were cultured in DMEM for 24 h and then exposed to H2O2 (100, 200, 400, 600, 800 μM) for 60 min. After rinsing the cells once with PBS, cell viability was determined by the CCK-8 assay.




2.11.3. Cytoprotective Effect of HEMH-I on H2O2-Damaged SW1353 Cells


SW1353 cells were seeded into 96-well plates (2 × 104 cells/well) and cultured with 0.125, 0.25, 0.5, 0.75 mg/mL HEMH-I for 24 h. Next, the cells were exposed to 200 μM H2O2 for 60 min and washed with PBS solutions. The cytoprotection effect of HEMH-I on H2O2-damaged SW1353 cells was measured by a CCK-8 assay.




2.11.4. Determination of Intracellular ROS


The level of ROS in SW1353 cells was determined using a DCFH-DA probe to evaluate the oxidative stress in cells. According to the method of Wang et al. [31], cells were pretreated with HEMH-I (0.25, 0.5 and 0.75 mg/mL) for 24 h, then exposed to H2O2 (200 μM) for 60 min. After two washes with PBS, SW1353 cells were incubated in the dark for 30 min with 100 μL 2’,7’-dichlorofluorescein diacetate (DCFH-DA) (Nanjing Jian cheng Bioengineering Institute, Nanjing, China) at a concentration of 10 μM. A fluorescence microscope (Olympus X71, Tokyo, Japan) was used to observe the fluorescence images, and the fluorescence intensity was quantified using the Image-J software.




2.11.5. Western Blotting Analysis


SW1353 cells (4.5 × 105 cells/well) were plated in 6-well plates and incubated for 24 h, followed by treatment with different concentrations of HEMH-I (0.25 and 0.75 mg/mL) for 24 h and then treatment with H2O2 (200 μM) for 60 min. Next, the cells were lysed with RIPA lysis buffer containing PMSF and phosphatase inhibitors. The lysate was collected and centrifuged. The supernatant was then collected to determine the protein concentration. A total of 40 μg of protein was separated by 12% SDS-PAGE and electrotransferred to PVDF membranes, and the membranes were sealed with 5% skim milk for 2 h. The membranes were then incubated with primary antibodies (rabbit polyclonal antibodies) against Keap1 (1:3000; Proteintech, 10503-2-AP, Wuhan, China), Nrf2 (1:1000; Affinity Bioscience, AF0639, Cincinnati, OH, USA), HO-1 (1:2000; Proteintech, 10701-1-AP, Wuhan, China), SOD1 (1:2000; Invitrogen, PA5-27240, Waltham, MA, USA), IL-6 (1:1000; Affinity Bioscience, DF6087, Cincinnati, OH, USA), MMP-3 (1:1000; Affinity Bioscience, DF6334, Cincinnati, OH, USA), MMP-13 (1:1000; Affinity Bioscience, AF5355, Cincinnati, OH, USA), and type II collagen (1:1000; Bioss, bs-0709R, Woburn, MA, USA) for 12 h at 4 °C, followed by HRP conjugated goat anti-rabbit secondary antibodies (1:10,000; Boster, BA1054, Wuhan, China) for 2 h at 25 °C. The immunoblots were performed with ECL detection reagent (Applygen, Beijing, China), and the bands’ intensity was determined using the ImageJ software’s optical density method.





2.12. Statistical Analysis


All treatments in the experiment were performed at least in triplicate. Significant differences (p < 0.05) in results were determined by analysis of variance (ANOVA) followed by Duncan’s multiple range test or by Student’s t-test for two-group comparisons applying Statistix software 9.0 (Analytical Software, Tallahassee, FL, USA). All results of the experiment are reported as mean ± standard deviation (SD).





3. Results and Discussion


3.1. Structure and Chemical Composition of ESM from Two Sources of Chicken Eggs


It is well recognized that the structure and composition of protein substrates affect the efficiency of enzyme hydrolysis and the activity of hydrolysis products [32,33]. Therefore, it was necessary to characterize the hatched ESM as a novel source of protein material prior to the hydrolysis process. The fresh ESM, a well-studied material to generate bioactive peptides, was used as a control.



3.1.1. Electron Microscopic Scanning of ESM


The scanning electron micrographs (SEM) of the hatched and fresh ESM are shown in Figure 1. The SEM pictures revealed that the main structure for both ESM is a meshwork of highly cross-linked fibers, in agreement with previous studies establishing that ESM is formed by interlaced insoluble protein fibers [34,35]; however, the surface morphology of the hatched ESM differs from that of the fresh ESM. Many aggregates, defined as the residual mammillary cones [36], were deposited on the surface of the outer hatched ESM fibers in a quasi-periodic pattern, consistent with previous studies [37]. In contrast, no cone tips remained on the fresh ESM fibers. This difference may be due to the calcium resorption that occurred during embryonic development, resulting in the complete detachment of the hatched ESM with attached mammillary cones from the eggshells, which led to the residual mammillary cones existed on the hatched ESM [37,38]; whereas for fresh eggs, the cones were removed together with the eggshell when the membranes were mechanically pulled from the shell interior [37]. Since the mammillary cones are rich in proteins [36], the hatched ESM should also contain some specific mammillary cone proteins, making its protein composition different from that of the fresh ESM.



In addition, the difference between the hatched and fresh ESM may also be related to the incubation process. Rath et al. [22] reported that embryonic development may induce some dynamic changes in the egg proteome and alter the membrane structure to facilitate the hatching process. An increase in oxygen permeability of ESM has been reported during incubation [39], which may lead to a decrease in density of the hatched ESM structures. In addition, the epithelial cells in the chorioallantoic membrane secrete protons to dissolve the calcium reserve [36,38]. The released protons may dissolve the acid-soluble proteins of the ESM, leading to a decrease in the density of the three-dimensional structure of the hatched ESM [40]. In line with these previous findings, the network of the hatched ESM appeared different and much flatter in the present study, probably due to the physical and physiological changes in the ESMs occurring during the embryonic development [39]. Less intensity of insoluble protein fibers may lead to a better efficiency of enzymatic hydrolysis, which will be validated in the next part.




3.1.2. Proximate Composition of ESM


The chemical composition of the hatched and fresh ESM was established, where the results for protein, ash, calcium, and saccharide were expressed as g/100 g dry matter (Table 1). Protein was the main component for both ESMs, ranging from 92.98 to 96.00, in agreement with the 88–96% protein range of fresh ESM in dry matter reported by Huang et al. [16]. Due to their high protein content, ESM can be directly used as a protein material to produce bioactive peptides without any additional protein extraction step [15].



Some differences in composition were noted between the two ESMs. The hatched ESM contained significantly lower protein levels than the fresh ESM. This may be due to multiple factors, including the acidic environment that dissolves eggshell calcium during incubation [21], potentially leading to the dissolution of acid-soluble proteins in the ESM and their absorption by the embryo. It was reported that clusterin, a major component of the egg proteome in fresh ESM, was potentially absorbed completely during incubation [22]. The higher ash and calcium contents in the hatched ESM were consistent with the observations of SEM.




3.1.3. Amino Acid Composition of ESM


The amino acid compositions of the fresh and hatched ESMs are shown in Table 2. Glu, Asp, Cys, and Pro were the main constituents of the two ESMs. A previous study of fresh ESM reported a similar amino acid composition [41]. Despite some similarities, there were significant differences in amino acid composition between the two ESMs, especially in Cys, Pro, Ala, Leu, and Lys content. In particular, Cys and Pro have been reported as the key constituent amino acids of cysteine-rich eggshell membrane proteins (CREMPs) and collagen, the structural proteins in ESM [23,41]. The content in Cys and Pro were noticeably higher in fresh ESM than in hatched ESM, implying a much stronger protein network structure in the fresh ESM, which is consistent with our observation of the SEM. The content in Leu, Ala, and Lys, known as hydrophobic amino acids (HAA) [42], were higher in the hatched ESM than the fresh ones. HAA play an important role in scavenging free radicals by increasing the solubility of peptides in the lipid phase and facilitating the interaction between peptides and free radicals [8]. The difference in amino acid profiles between the two ESMs indicated that their hydrolysates will differ both in nutritional values and bioactivities. The hatched and fresh ESMs contain all essential amino acids (EAA), accounting for 30.57% and 29.04%, respectively, values similar to or even higher than those for many other food source proteins, including walnut protein (26.98%), and cashew protein (29.92%) [28,43].



The above results further suggested that the hatched ESM can potentially serve as a novel protein source, with a balanced amino acid composition and high nutrition value, to prepare hydrolysates for food products. The different structure and chemical composition between the two sources of ESMs were expected considering the qualitative and quantitative changes in ESM during incubation and passive storage [21,22,44]. These differences might also give rise to significantly different proteolytic properties and hydrolysate bioactivities. Therefore, we further analyzed the hydrolytic properties of the hatched ESM as a novel raw material to obtain bioactive peptides and studied the activity of their hydrolysates, using the fresh ESM as a control.





3.2. Enzymatic Hydrolysis of ESM


Enzymatic hydrolysis is considered the most efficient method to produce bioactive peptides from protein precursors, allowing to retain their full nutritional value [45], and avoiding the presence of residual organic solvents or toxic chemicals in the final product, thus making it a widely used practice in the food industry [46]. In this experiment, alcalase, a widely used protease to prepare bioactive peptides from natural protein sources [2,29], was chosen to prepare ESM protein hydrolysates since our previous studies [15,16] demonstrated its value to generate fresh ESM hydrolysates with strong antioxidant properties, which was better than those of hydrolysates obtained with other commonly used proteases [15].



3.2.1. Degree of Hydrolysis (DH)


DH is an essential parameter of hydrolysis, for it can affect the size of peptides, and thus regulating their biological activities [46,47]. In addition, a high DH indicates a high peptide content obtained during hydrolysis, which increased the potential for recovering the protein source for use as a food additive [46].



As shown in Figure 2, the hydrolysis kinetics of the hatched and fresh ESM obtained with alcalase reveal an increase in DH with time, corresponding to the gradual release of peptide fragments during hydrolysis. The DH curve for both ESMs is a typical hyperbolic trend with a high rate during the initial stage of hydrolysis followed by a stationary phase until reaching a steady state after 12 h. Similar DH curves were also observed for the hydrolysates of different protein sources such as Bambara bean and rice bran [47,48]. The hatched ESM treated under the same enzymatic hydrolysis conditions possessed a markedly higher degree of hydrolysis (9.28 to 15.46%) during the entire hydrolysis period when compared with the fresh ESM (4.38 to 11.70%), indicating a higher hydrolysis efficiency of the hatched than the fresh ESM.



The nature of the protein substrates is known to affect the release of bioactive peptides [47]. Under the same hydrolysis conditions, the difference in DH between the two ESMs may therefore be attributed to their different chemical composition and structure. These DH results were consistent with the structural differences in SEM and amino acid analysis, indicating that the hatched ESM potentially possessed a weaker protein network structure, thus more conducive to enzymatic hydrolysis. The protein hydrolysates can be categorized based on DH values. When the DH value is greater than 10%, it represents high hydrolysis, and highly hydrolyzed protein hydrolysates offer more potential to be used as nutritional supplements or nutraceuticals [4]. Therefore, the hatched ESM hydrolysates obtained in this study were considered highly hydrolyzed and possessed potential applications in functional foods.




3.2.2. Molecular Weight Distributions of ESM Hydrolysates


The molecular weight (MW) distributions of hydrolysates from the two ESMs were determined by HPLC. As shown in Figure 3 and Figure S2, both ESM hydrolysates were mainly composed of low MW peptides (<3000 Da), confirming that small molecular bioactive peptides were released from both ESMs during the enzymatic process. However, the MW distribution of the FEMH and HEMH also exhibited significant differences. The HEMH contained more peptides with small MW (<1000 Da), up to 84.44%, than those of the FEMH, up to 72.58% (p < 0.01). The higher content of low-MW peptides in the HEMH is consistent with the higher DH found in the HEMH.



Similarly, Habinshuti et al. [49] and Zhang et al. [50] reported that higher DH values produce low MW peptides. It is well known that hydrolysates containing a higher percentage of lower MW peptides tend to have a higher antioxidant activity [51]. In addition, Mune et al. [47] reported that peptides with small MW (<1000 Da) presented the highest biological activity. Thus, the higher content of low MW peptides in the HEMH may result in higher biological activity than in the FEMH.




3.2.3. Amino Acid Composition of HEMH and FEMH Fractions


The amino acids present in the HEMH and FEMH are presented in Figure S3. Since the biological activity of protein hydrolysates mainly depends on the type and amount of amino acids in their protein sequences [28,52], the amino acid profiles were analyzed. Generally, the HEMH had an amino acid profile similar to the FEMH but differed in the content of various amino acids. Both profiles showed a high level of hydrophobic amino acids (Leu, Val, Ala, Pro, Phe, His, Trp, Gly, Lys, and Ile) and aromatic amino acids (Phe, Trp, and Tyr), previously reported to contribute to the antioxidant and other bioactive properties of peptides [8]. Asp and Gly were the most abundant amino acids of HEMH and FEMH, with contents of 6.93–7.07 g/100 g protein and 5.57–5.75 g/100 g protein, respectively. Jain and Anal [14] and Shi et al. [52] have reported similar results for the hydrolysates derived from fresh ESM. These two amino acids are recognized as strong electron donors or chelators for metal ions, which can improve the antioxidant potential of hydrolysates [53]. In addition, compared to the FEMH, the HEMH presented significantly (p < 0.05) higher contents of Met, Lys, and Try, which have been reported to have antioxidant effects [54]. Finally, a higher content of EAA (17.02 g/100 g) was observed in the HEMH than in the FEMH (15.95 g/100 g).



Overall, the above characterization results of hydrolysates from hatched ESM, using the hydrolysates of the well-studied fresh ESM as a control, indicated that the hydrolysates from hatched ESM have a high potential for antioxidant and nutritional properties. In the following experiments, the peptide composition and antioxidant activity of HEMH were further analyzed.




3.2.4. Nano-LC-ESI-MS/MS Analysis of HEMH


It is well known that the biological activity of a specific protein hydrolysate is closely related to its peptide composition [2]. In order to quantitatively identify the HEMH peptides, the nano-LC-ESI-MS/MS analysis using Maxquant software was conducted. As shown in the total ion chromatogram (Figure S4), the LC-MS/MS analysis was completed within 60 min, showing typical peaks corresponding to specific peptides, and 249 peptide sequences derived from HEMH were identified. Figure 4 presents the percentage distribution of peptides from specific parent proteins, including lysyl oxidase homolog (34.60%), VWFD domain-containing protein (21.00%), lysozyme C (16.24%), ovocleidin-116 (8.75%), collagen alpha-1(X) chain (7.35%), and calcium-transporting ATPase (4.14%). This result indicated that most abundant peptides present in HEMH are derived from the parent protein, Lysyl oxidase homolog. It is an enzyme that catalyzes the covalent linkage between collagen and elastin, and plays a critical role in the formation of ESM fiber as a major protein component of ESM [23,41]. Other parent proteins are also reported to have specific biological activity, such as lysozyme C, which is known to possess antibacterial and anti-inflammatory activities [12]. In addition, to understand the potential bioactivity of the identified peptides, 10 major peptide sequences (854–1385 Da) in HEMH were evaluated for bioactivity using PeptideRanker (Table S1), a server for the prediction of bioactive peptides based on a novel N-to-1 neural network and scores greater than 0.5 were considered bioactive [15,24]. The results showed that 60% of the 10 major peptides had scores above 0.5, indicating potentially high biological activity of HEMH.





3.3. The Antioxidation Activity of HEMH and Ultrafiltration Fractions


In chemical antioxidant activity assays, the antioxidation of peptides or protein hydrolysates depends on their free radical scavenging ability, metal ion chelating ability, and reducing ability [52,55]. The DPPH free radical scavenging assay is an antioxidant activity evaluation method based on the electron transfer mechanism and is commonly used to assess the antioxidant capacity of natural compounds [42]. Chelation of metal ions is an essential pathway for antioxidant action, as Fe2+ ions are catalysts for the chain reaction of lipid peroxidation, leading to the oxidation of unsaturated lipids [56]. The reducing power represents the ability to contribute electrons or hydrogen, and the ferric ion reducing power determination involves a redox reaction in which the compound reduces Fe3+ to Fe2+ [50].



To further investigate their antioxidant activities, our study determined the DPPH radical scavenging activity, Fe2+-chelating activity, and Fe3+-reduction capacity of the HEMH and FEMH. As shown in Table 3 the HEMH possessed better antioxidant activities in DPPH radical scavenging ability (153.51 ± 12.63 μmol TE/g), Fe2+-chelating activities (80.11 ± 0.30%), and reducing power (0.67 ± 0.005) than the FEMH (51.93 ± 2.47 μmol TE/g, 56.51 ± 1.17%, and 0.10 ± 0.01%, respectively). These results were consistent with the finding that the HEMH exhibited a higher DH value and a higher content in small molecule peptides, when compared to the FEMH.



In order to investigate the relationship between the antioxidant activity and the MW of the HEMH, as well as to obtain a purified fraction with a higher bioactivity, the antioxidant activity of ultrafiltration fractions of the HEMH with different MW was further determined. It was found that the peptide fraction with the smallest MW (HEMH-I, MW < 3 kDa) had the highest antioxidant activity, whereas the HEMH-IV (MW > 30 kDa), the largest MW fraction, exhibited the weakest antioxidant effect, in agreement with our previously reported results [24]. Several studies have reported that the antioxidant activity of peptides is related to MW distribution [42,57], and that lower MW peptides are considered to have higher antioxidant activity than higher MW peptides [58]. Altogether, the HEMH has a higher DH value, a higher amount of low molecular weight peptides, and a higher antioxidant activity than the FEMH under the same enzymatic hydrolysis conditions, indicating that the hatched ESM showed more potential than the fresh ESM to release antioxidant peptides. The HEMH-I fraction with the highest antioxidant activity was then evaluated for its protective effects against oxidative stress in SW1353 chondrocytes.




3.4. Cytoprotective Effect of HEMH-I on H2O2-Induced SW1353 Human Chondrocytes


SW1353 human chondrocytes are one of the most common and established cell lines used for substitution of primary chondrocytes [59]. H2O2 is an important factor involved in the pathogenesis of OA. In chondrocytes, H2O2 can induce the cellular production of ROS, inhibit proteoglycan synthesis and promote ECM degradation, causing the expression of inflammatory cytokines and matrix metalloproteinases (MMPs) [60]. Therefore, H2O2-induced SW1353 human chondrocytes are an representative in vitro OA model [3], replacing articular chondrocytes and animal models in early stages of development of novel OA therapeutics while meeting the need for a simplified approach to understand the pathophysiology of OA [59,61]. In this study, we used H2O2-induced SW1353 cells to investigate the potential role of HEMH-I in protecting chondrocytes against cellular oxidative stress.



3.4.1. Effects of HEMH-I on Cell Viability of H2O2-Induced SW1353 Human Chondrocytes


In order to obtain an insight into the response of SW1353 chondrocytes to H2O2 treatment, as well as to establish the optimal conditions for H2O2 induction, cells were cultured in the presence of different concentrations of H2O2 (100, 200, 400, 600, and 800 μM) for 1 h. As seen in Figure 5A, the cell viability decreased to 16.01–62.57% after exposure to H2O2, indicating that H2O2 has a dose-dependent toxic effect on SW1353 cells. The 200 μM H2O2 concentration was selected to induce oxidative stress. In addition, the cytotoxic effect of HEMH-I (0.25, 0.5 and 0.75 μg/mL) on SW1353 cells was determined by CCK-8 assay. Figure 5B demonstrated no toxicity on SW1353 cells for HEMH-I at concentrations up to 0.75 μg/mL. To evaluate the protective effect of HEMH-I against oxidative stress in chondrocytes, the effects of HEMH-I at the level of 0.125, 0.25, 0.5, and 0.75 mg/mL on the cell viability of H2O2-damaged SW1353 cells were measured. As displayed in Figure 5C, all concentrations of HEMH-I could significantly reverse the H2O2-induced injury in SW1353 cells (p < 0.05), and the viability of the cells was increased by 34.59–51.32% after HEMH-I treatment. This result indicated that HEMH-I possessed a protective effect against H2O2-induced cell damage in the in vitro OA model.




3.4.2. Effects of HEMH-I on ROS Levels in H2O2-Induced SW1353 Human Chondrocytes


The oxidative stress levels in cells can be assessed using ROS measurement. Inhibiting cellular damage to chondrocytes by regulating ROS production is an important therapeutic strategy [3]. In this study, the ROS levels of different treatment groups were determined by applying DCFH-DA fluorescence dye. As shown in Figure 6A, the H2O2 model group exhibited the brightest fluorescent signal, while the control group exhibited the lowest fluorescent signal, indicating that H2O2-induced oxidative stress in SW1353 cells by accumulating ROS. Compared with the H2O2 damage group, the fluorescence level of SW1353 cells was significantly reduced after pretreatment with different concentrations of HEMH-I. The fluorescence intensities of all groups were also quantified using Image J software (Figure 6B). The ROS level of the model group was 2.04-fold higher than that of the control group (p < 0.05). Meanwhile, the pretreatment with HEMH-I (0.25, 0.5 and 0.75 mg/mL) significantly reduced the intracellular fluorescence intensity of SW1353 by 28%, 43%, and 51%, respectively (p < 0.05), suggesting that HEMH-I could dose-dependently reduce H2O2-induced ROS production in SW1353 cells and thus exerting protection against cellular oxidative stress damage.




3.4.3. Effects of HEMH-I on Antioxidant Enzymes and Inflammatory Factor Expression in SW1353 Human Chondrocytes


As the first line of defense against ROS, superoxide dismutase (SOD) plays an important role in maintaining the dynamic balance of oxidation and antioxidation in the body [62]. IL-6 is one of the most important inflammatory markers in OA and represents the level of oxidative stress-induced inflammation in chondrocytes [63]. In order to evaluate the effect of HEMH-I on oxidative stress and inflammatory response in an in vitro OA model, the expression levels of SOD1 and IL-6 in SW1353 cells were determined using western blot analysis.



The results are shown in Figure 7. H2O2 treatment significantly reduced the expression of SOD1 and promoted the expression of the inflammatory factor IL-6 (p < 0.05), indicating that H2O2-induced an increase in oxidative stress and inflammation in SW1353 cells. In contrast, 0.25 mg/mL and 0.75 mg/mL of HEMH-I treatment markedly increased the expression of SOD1 by 1.03- and 1.37-fold, respectively, when compared with the model group (p < 0.05). Meanwhile, low-dose and high-dose HEMH-I significantly reduced the H2O2-induced IL-6 expression by 48.38% and 55.85%, respectively (p < 0.05). The above results indicated that HEMH-I could effectively reduce cellular oxidative stress and inflammatory responses in the H2O2-induced SW1353 human chondrocytes.




3.4.4. Effect of HEMH-I on the Expression of Collagen II, MMP3, and MMP13 in SW1353 Human Chondrocytes


Increased ROS in chondrocytes can lead to excessive degradation of the ECM, which plays a central role in the progression and development of OA [31]. Type II collagen is a major constituent of articular cartilage [5]. The overexpression of protein hydrolases, including MMPs, by chondrocytes leads to excessive degradation of type II collagen and other ECM proteins, which is a pivotal event in the pathogenesis of OA [64]. As one of the important MMPs, MMP3 can activate other MMPs (MMP2, MMP9, MMP13, etc.) from the proMMPs and thus plays a key role in the progression of ECM degradation [3,65]. In addition, MMP13 is a major enzyme hydrolyzing type II collagen [60]. Accordingly, the effects of HEMH-I on type II collagen, MMP3 and MMP13 expression in H2O2-induced SW1353 cells were evaluated to investigate the protective role of HEMH-I against ECM degradation.



As shown in Figure 8, the exposure to H2O2 significantly increased the expression of MMP3 and MMP13 while decreasing the level of type II collagen, indicating that oxidative stress induced by H2O2 stimulated ECM degradation in SW1353 human chondrocytes, in agreement with Kim et al. [3] who reported that H2O2-induced ROS could reduce the role of chondrocytes in the formation and maintenance of cartilage ECM. However, HEMH-I treatment at 0.25 and 0.75 mg/mL significantly decreased MMP3 and MMP13 expression compared to the model group. Analogous results for MMP3 and MMP13 expression were observed in previous studies of bioactive substances ameliorating ECM degradation in chondrocytes [66,67]. Additionally, type II collagen protein levels were increased by 1.29-fold and 1.90-fold, respectively. These results suggested that HEMH-I could attenuate ECM degradation by effectively regulating type II collagen, MMP3 and MMP13 expression in SW1353 chondrocytes under oxidative stress.




3.4.5. Effect of HEMH-I on the Activation of Keap1/Nrf2/HO-1 Pathway of SW1353 Human Chondrocytes


The Keap1/Nrf2/HO-1 signaling pathway is an essential regulatory pathway for cellular resistance to oxidative stress induced by various exogenous and endogenous factors [25,68]. In this pathway, when cells are under stressed conditions or in the presence of certain bioactive molecules, nuclear factor erythroid 2-associated factor 2 (Nrf2) will separate from its inhibitor Kelch-like ECH-associated protein 1 (Keap1) and bind to the antioxidant response element, initiating the expression of heme oxygenase-1 (HO-1) and leading to the activation of the defense system against oxidative stress [65]. Recently, this pathway has been identified as a novel therapeutic target against OA [1,6]. Many studies have supported the important role of Nrf2 and HO-1 expression in this signaling pathway to reduce oxidative stress, inflammatory response, and cartilage degradation in OA [69,70]. Our previous study has shown that HEMH-I can regulate the Keap1/Nrf2 signaling pathway to reduce oxidative stress in RAW264.7 cells [24]. However, whether HEMH-I exerts a regulatory effect on Keap1/Nrf2/HO-1 pathway in OA chondrocytes in vitro is not known. Therefore, the expression of Keap1, Nrf2, and HO-1, the key proteins of this signaling pathway, were further determined in SW1353 human chondrocytes.



As shown in Figure 9, H2O2 treatment resulted in a 34.24% increase in the expression of Keap1 and a significant decrease in the expression of Nrf2 and HO-1 in SW1353 chondrocytes when compared to the control group (p < 0.05). Both low-dose and high-dose HEMH-I treatments significantly decreased the expression of Keap1 while significantly increasing the expression of Nrf2 and HO-1, the downstream antioxidant enzyme of this pathway, by 1.35-fold and 1.77-fold, respectively (p < 0.05).



These results indicated that the mechanism exhibited by HEMH-I to protect chondrocytes against oxidative damage was related to the activation of the antioxidant signaling pathway Keap1/Nrf2/HO-1. Similar studies of many natural bioactive components such as allicin, sulforaphane, and lycopene were reported to reduce oxidative stress, decrease inflammatory marker expression, and increase chondrogenic markers in the H2O2-induced chondrocytes by activating this pathway [3,67].



Taken together, the cell experiment results indicated a novel beneficial role of HEMH-I in ameliorating oxidative stress, attenuating inflammatory factor expression, promoting type II collagen synthesis, and modulating the Keap1/Nrf2/HO-1 signaling pathways in H2O2-induced SW1353 chondrocytes. Notably, even though the SW1353 cells is widely used as an alternative to primary chondrocytes for in vitro OA study [3,59], our results could not be fully translated to primary OA chondrocytes due to the differences between SW1353 cells and human primary chondrocytes [66], which is a limitation of this study and warrants further investigation.






4. Conclusions


The hatched ESM is a high protein (92.98%) byproduct resource with significantly different structural properties and chemical composition from fresh ESM. It can be used to prepare antioxidant hydrolysates rich in low-MW peptides (94.63%, MW < 3 kDa) by enzymatic hydrolysis with alcalase. Compared with the fresh ESM, the hatched ESM potentially exhibited higher enzymatic hydrolysis efficiency and antioxidant activity of hydrolysates.



The hatched ESM hydrolysates with MW < 3 kDa, HEMH-I, showed the highest antioxidant activity and exerted cytoprotective activity to ameliorate the H2O2-induced oxidative stress, inflammatory response, and cartilage ECM degradation in SW1353 human chondrocytes, which may related to the activation of the cellular Keap1/Nrf2/HO-1 pathway.



This study provides a theoretical foundation for developing hatched ESM waste as a novel natural source to prepare antioxidant hydrolysates, as well as new insights into protective effect of HEMH-I against oxidative stress in chondrocytes. Further studies using primary chondrocytes and in vivo models are necessary to confirm the beneficial effects of HEMH-I on OA cartilage protection and the unique mechanisms behind them.
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Figure 1. Scanning electron micrographs of hatched ESM (A,C,E) and fresh ESM (B,D,F) morphologies. Scale bars: (A,B) = 50 µm; (C,D) = 10 µm; (E,F) = 5 µm. ESM, eggshell membrane. 






Figure 1. Scanning electron micrographs of hatched ESM (A,C,E) and fresh ESM (B,D,F) morphologies. Scale bars: (A,B) = 50 µm; (C,D) = 10 µm; (E,F) = 5 µm. ESM, eggshell membrane.



[image: Antioxidants 11 02428 g001]







[image: Antioxidants 11 02428 g002 550] 





Figure 2. The degree of hydrolysis of the hatched ESM (■) and fresh ESM (●) hydrolyzed under the same enzymatic hydrolysis condition. Values are expressed as mean ± SD (n = 3). Different letters in the hydrolysis kinetic curve of hatched ESM (A–E) and fresh ESM (a–f) indicate significant differences (p < 0.05). 
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Figure 3. Molecular weight (MW) distribution of hydrolysates of hatched eggshell membrane (HEMH) and fresh eggshell membrane (FEMH). Values are expressed as mean ± SD (n = 3). Different letters in FEMH (A–D) or HEMH (a–d) with MW > 5000 Da, 3000–5000 Da, 1000–3000 Da, and <1000 Da mean significant differences for different MW comparisons (p < 0.05), and the significance levels of ** p < 0.01 are for FEMH versus HEMH at the same MW. 
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Figure 4. Percent distribution of identified peptides according to their parent proteins measured by Nano-LC-ESI-MS/MS. 
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Figure 5. Effects of HEMH-I on the viability of SW1353 cells; (A) Effects of H2O2 at different concentrations on SW1353 cell viability; (B) Cytotoxicity of HEMH-I; (C) Protective effect of HEMH-I on the viability of SW1353 cells under oxidative stress conditions. Note: values are expressed as mean ± SD (n = 5). Means annotated with different letters for the same parameter are significantly different (p < 0.05). 
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Figure 6. Effect of HEMH-I on ROS generation in the H2O2-induced SW1353 cells. (A) Fluorescence micrograph; (B) Fluorescence intensity of different groups. Values are expressed as mean ± SD (n = 5). Different letters (a–d) mean significant differences (p < 0.05). 
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Figure 7. Effect of HEMH-I on expressing antioxidant enzyme SOD1 and inflammatory factor IL-6 in SW1353 chondrocytes. Values are expressed as mean ± SD (n = 3). Means annotated with different letters (a–c) for the same parameter are significantly different (p < 0.05). 
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Figure 8. Effect of HEMH-I on the expression of Type II collagen, MMP3 and MMP13 in SW1353 chondrocytes. Values are expressed as mean ± SD (n = 3). Means annotated with different letters (a–d) for the same parameter are significantly different (p < 0.05). 
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Figure 9. Effect of HEMH-I on the expression of Keaps1, Nrf2, and the downstream antioxidant enzyme HO-1 in SW1353 human chondrocytes. Values are expressed as mean ± SD (n = 3). Means annotated with different letters (a–d) for the same parameter are significantly different (p < 0.05). 
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Table 1. Proximate composition of the eggshell membrane (ESM) of hatched and fresh eggs (g/100 g).
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	Raw Material
	Protein Content
	Ash Content
	Ca Content
	Saccharide





	Hatched ESM
	92.98 ± 1.22 b
	3.62 ± 0.12 a
	0.66 ± 0.01 a
	2.1 ± 0.24 a



	Fresh ESM
	96.00 ± 1.38 a
	2.96 ± 0.14 b
	0.45 ± 0.01 b
	1.81 ± 0.12 b







Values are expressed as mean ± SD (n = 3). Means with different letters (a, b) for the same parameter are significantly different (p < 0.05).
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Table 2. The composition of amino acids (g/100 g protein) in hatched and fresh ESM.
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	Amino Acid
	Hatched ESM
	Fresh ESM





	Asp
	7.69 ± 0.19
	7.68 ± 0.13



	Thr
	4.74 ± 0.09 b
	4.97 ± 0.02 a



	Ser
	5.08 ± 0.08
	5.22 ± 0.02



	Glu
	10.29 ± 0.23
	10.21 ± 0.14



	Gly
	5.57 ± 0.13
	5.35 ± 0.13



	Ala
	3.22 ± 0.06 a
	2.61 ± 0.12 b



	* Cys
	7.34 ± 0.12 b
	9.56 ± 0.44 a



	Val
	3.45 ± 0.06
	3.65 ± 0.12



	Met
	2.55 ± 0.07 a
	2.34 ± 0.03 b



	Ile
	2.77 ± 0.06 a
	2.62 ± 0.04 b



	Leu
	4.39 ± 0.19 a
	3.61 ± 0.06 b



	Tyr
	1.44 ± 0.03 a
	1.16 ± 0.02 b



	Phe
	1.73 ± 0.03 a
	1.32 ± 0.04 b



	His
	2.95 ± 0.05 b
	3.18 ± 0.04 a



	Lys
	3.16 ± 0.07 a
	2.47 ± 0.03 b



	Arg
	5.6 ± 0.12
	5.67 ± 0.01



	* Pro
	6.27 ± 0.09 b
	6.64 ± 0.08 a



	TAA
	74.57 ± 1.6
	73.48 ± 0.99



	EAA
	22.8 ± 0.58
	21.34 ± 0.81



	EAA/TAA
	30.57 ± 0.12
	29.04 ± 0.71







EAA, essential amino acids (Ile, Leu, Lys, Met, Phe, Thr, and Val); TAA, total amino acids; Values are expressed as mean ± SD (n = 3). Different superscripts (a–b) within the same row indicate significant differences (p < 0.05). “*” represents “the key constituent amino acids of CREMPs and collagen, the main structural proteins in eggshell membranes”.
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Table 3. The antioxidant activities of fresh ESM hydrolysates (FEMH), hatched ESM hydrolysates (HEMH), and the ultrafiltration fractions of HEMH.
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	DPPH Radical Scavenging Activity (μmol TE/g)
	Fe2+ Chelating Activity (%)
	Fe3+ Reducing Power (A700)





	FEMH
	51.93 ± 2.47 d
	56.51 ± 1.17 e
	0.10 ± 0.01 f



	HEMH
	153.51 ± 12.63 a
	80.11 ± 0.30 b
	0.67 ± 0.005 b



	HEMH-I
	156.5 ± 8.97 a
	83.26 ± 1.95 a
	0.864 ± 0.003 a



	HEMH-II
	111.94 ± 9.85 b
	80.88 ± 0.13 b
	0.655 ± 0.007 c



	HEMH-III
	116.89 ± 8.6 b, c
	70.87 ± 0.36 c
	0.51 ± 0.002 d



	HEMH-IV
	98.45 ± 10.91 c
	61.21 ± 0.24 d
	0.47 ± 0.000 e







Values are expressed as mean ± SD (n = 3). Means annotated with different letters (a–f) for the same parameter are significantly different (p < 0.05). HEMH-I, hatched ESM hydrolysate with MW < 3 kDa; HEMH-II, hatched ESM hydrolysate fraction with MW between 3–10 kDa; HEMH-III, hatched ESM hydrolysate with MW between 10–30 kDa; HEMH-IV, hatched ESM hydrolysate fraction with MW > 30 kDa.
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