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The environmental oxygen concentration is a crucial factor affecting cell proliferation. Owing to the reversible binding property of hemoglobin to oxygen, it can be utilized to regulate the oxygen concentration in vitro, and its ability to reduce apoptosis can be evaluated. In this study, a process comprising isolation, purification, and extraction was used to obtain hemoglobin from Perinereis aibuhitensis, a polychaete invertebrate. Extracts were separated and characterized using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Extract component identity was confirmed by matrix-assisted laser desorption time-of-flight mass spectrometry analysis, with the molecular weight determined as 412,216.6875 Da. The oxygen carrying capacity of P. aibuhitensis hemoglobin was comparable with that of human hemoglobin. P. aibuhitensis hemoglobin remarkably downregulated the apoptosis rate. Reactive oxygen species (ROS) assays confirmed the reduction in ROS production, enabling a better elucidation of the mechanism underlying the decrease in apoptosis. These results suggested that P. aibuhitensis hemoglobin is a natural oxygen carrier, that, owing to its low-cost and accessibility, can be considered a candidate for culture medium supplement to reduce the apoptosis rate.
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INTRODUCTION

Perinereis aibuhitensis (PA) is a polychaete invertebrate that inhabits the estuaries, mangroves, and mud flats common in tropical and subtropical Asia. It is widely distributed along the coasts and estuaries of the Northwest Pacific. Adult worms, about 17–30 cm in length, mainly inhabit muddy sediments (Tian et al., 2019). Recently, PA has been increasingly used in marine ecotoxicological studies (Zhang et al., 2017; Jiang et al., 2019), a resultant of its important role in the fate of chemicals in the sediments owing to its biological distribution, roles in particle mixing and irrigation, and influence on metal forms (Cong et al., 2011; Tong et al., 2019).

Biological agents extracted from PA have been used for antithrombotic food development (Li et al., 2017). Extracts exhibit obvious inhibition of the intrinsic coagulation pathway and a slight inhibition of the extrinsic coagulation pathway. In addition, PA can effectively inhibit fibrinogen to fibrin conversion, which is induced by thrombin. Hemoglobin (Hb) from PA comprise single-chain globin (a), disulfide bridged globin trimer (A-b-B), disulfide bridged non-globin dimers (or linkers; L1–L1, L2–L2, and L1–L2), and oligomers of L1-L2 [(L1–L2)n] (Yamaki et al., 1996). Polypeptide chains of Hb comprise four types of globin chains (a, A, b, and B) and two types of non-heme chains (L1, L2) (Yamaki et al., 1998). Transmission electron microscopy (TEM) measurements to monitor the hemoglobin structure have revealed that it contains 12 similar units (called submultiples), forming a double layer of two sets of six hexagonally arranged submultiples (Ebina et al., 1995; Gotoh et al., 1998). Besides studying the structure, researchers in this study also investigated hemoglobin function. The light absorption spectra of oxy, deoxy, CO, met, and cyanomet derivatives of PA hemoglobin were like those for human hemoglobin. Oxygen affinity and cooperativity of the PA hemoglobin are pH dependent. P50 of oxygen equilibrium curve is 15.5 mmHg at pH 7.4 (Tsuneshige et al., 1989). The activation energy of the autoxidation reaction of the hemoglobin was calculated to be 30.5 kcal/mol at pH 7.2 (Suzuki et al., 1983).

Chinese hamster ovary (CHO) is one of the most widely used host cell lines of eukaryotic expression systems, owing to its high recombinant protein expression ability (Dingermann, 2008). Reactive oxygen species (ROS) are generated during aerobic metabolism. The production of excessive ROS damages the cell membrane structure and leads to apoptosis. Apoptosis occurs in large-scale cell culture and usually causes a decline in cell viability.

Hemoglobin acts as an oxygen carrier, which can reversibly combine with oxygen, depending on different oxygen pressures. Several attempts have been made to apply oxygen carriers, such as expired human erythrocyte or cord or bovine erythrocyte, to trauma surgery, organ preservation, and the treatment of ischemia-reperfusion (Wu et al., 2011; Matton et al., 2018; Yang et al., 2018). Compared with mammalian hemoglobin, PA hemoglobin was stable and resistant to autooxidation (Carvalho et al., 2019). Animal experiments indicated that purified hemoglobin from Lumbricus terrestris could be used for oxygen therapeutic applications (Savla et al., 2020). The extracellular hemoglobin of Arenicola marina, with its advantage of having high oxygen affinity and low immunoreactivity, was regarded as a potential blood substitute (Rousselot et al., 2006). Moreover, multiple studies have demonstrated the extensive application of invertebrate hemoglobin on oxygen carriers.

This study focused on the feasibility of using hemoglobin from PA as a cell culture supplement, owing to its characteristics and oxygen binding properties being comparable with those of human hemoglobin. The study aimed to investigate changes that occur in the cell apoptosis process by adding this hemoglobin extract to culture medium. PA hemoglobin is easily available and can be extracted via a simple process. High molecular weight, the absence of cell membranes, and the high oxygen carrying capacity enable PA hemoglobin to act as a cell culture medium supplement by maintaining an adequate oxygen environment.



MATERIALS AND METHODS


Materials

P. aibuhitensis was collected from the Eastern Coast of Shandong Peninsula, China, gifted by Shandong Wan'an Pharmaceutical Co., Ltd. The length, width, and weight of PA is ~12.4 cm, 0.8 cm, and 3.2 g, respectively. All animal experiments complied with the ARRIVE guidelines and were conducted under the U.K. Animals (Scientific Procedures) Act 1986, and associated guidelines. Worms were kept alive in local seawater between 4 and 10°C during transport. CHO cell line was purchased from the American Type Culture Collection (ATCC) and cultured in F12-K (HyClone, SH30526.01) supplemented with 10% fetal bovine serum (FBS;10099141, Gibco). Cells were incubated at 37°C in a humidified incubator (HERAcell 240i, Thermo Fisher Scientific, CA, USA) containing 5% carbon dioxide (CO2) in air. Dialysis CE membrane (31–1000 kD) was purchased from SPECTRUMLABS (CA, USA), and the Sephadex G25 gel was purchased from Macklin Biochemical Co., Ltd (S822634, Shanghai, China). Annexin-V-fluorescein isothiocyanate (FITC) apoptosis detection kit (KGA108), Express Plus TM PAGE gels (4–20%) (KGMG420W10), and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] cell proliferation and cytotoxicity test kit (KGA311) were purchased from KeyGEN Biotech Co., Ltd (Nanjing, China). ROS assay kit (S0033) was purchased from Beyotime Biotech Co., Ltd (Shanghai, China). Bicinchoninic acid (BCA) protein assay kit (PA115) was purchased from TIANGEN Biotech Co., Ltd (Beijing, China).



Isolation and Purification

Extraction was conducted within 24 h after transport. The homogenate was prepared by adding 100 g of worms and an equal-volume phosphate buffer saline (PBS) (pH 7.2) in a blender, and the homogenate was immediately centrifuged at 12,000 rpm (~16,000 × g) for 30 min, after which the supernatant was collected and the cell debris discarded.

After adding 0.1 mol/L of protease inhibitor phenylmethylsulfonyl fluoride (PMSF) to the samples extracted in the previous step, the supernatant was recentrifuged under the same conditions, followed by ammonium sulfate fractionation. Saturated ammonium sulfate was added to the samples while continuously stirring until a flocculent precipitate appeared. The mixture was centrifuged at 12,000 rpm (~16,000 × g) for 40 min. The supernatant was discarded and the red-colored precipitate resuspended in PBS. Following the supernatant dialysis with PBS (pH 7.2), using the dialysis membrane for 48 h, the Hb solution was purified by gel filtration on a 1 × 20 cm Sephadex G-25 column. The column was equilibrated with PBS. The flow was standardized to be smooth and was conducted at 0.5 mL/min. The red eluate was collected. The final product obtained in the steps is a PA hemoglobin solution.

The solution concentration was measured using BCA protein assay kit according to the instructions of the manufacturer. Hb solution absorption was measured at 450 nm by using a microplate reader (Synergy 2, Biotek, VT, USA) and bovine serum albumin as the standard.



Matrix-Assisted Laser Desorption Time-of-Flight Mass Spectrometry

Mass spectrometric analyses were conducted using AB 5800 Matrix-assisted laser desorption time-of-flight mass spectrometry (MALDI-TOF/TOF; AB SCIEX, USA) set in linear mode. Mass range was set between 3,000 and 500,000. Ion generation was achieved using a 60 Hz N2-cartridge-laser, operated at 337 nm. A matrix comprising 2,5-dihydroxy-benzoic acid (DHB) and α-cyano-4-hydroxycinnamic acid (CHCA) were provided by Bruker, and used to prepare a saturated solution of 50% acetonitrile with added 0.1% methanoic acid.

Molecular masses were based on the atomic masses of the elements. Raw mass spectrum data were processed with isotope pattern and data base system using the Data ExplorerTM analysis software.



Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was conducted on the slab gels using the discontinuous buffer system. The gel was purchased from KeyGEN Biotech (4–20%). Samples were added into the loading buffer with and without β-mercaptoethanol. Samples with β-mercaptoethanol were heated at 97°C for 5 min. Both types of samples were loaded on the gel and were run for 30 min at 80 V. After the samples reached the resolving gel, the conversion voltage was changed to 120 V and the samples were electrophoresed for 70 min for protein separation. The protein-containing gel was placed in Coomassie Blue dye R-250 and stained for 2 h. The gel was then decolorized with alcohol and scanned using the BioRad Gel Doc XR+.



Oxygen Carrying Capacity

Human EDTA-K2 anticoagulated blood was centrifuged at 2,000 rpm (~450 g) for 3 min to separate out the plasma, and the erythrocytes were washed twice using PBS. Erythrocytes were resuspended in 10 × volume of ddH2O to lyse the cells. Cell debris was then separated by centrifugation at 12,000 rpm (~16,000 × g) for 3 min. PA hemoglobin was also extracted and purified using the same method. The O2 carrying capacity of blood was quantified using a blood gas analyzer (ABL80, Radiometer, Copenhagen, Denmark).



MTT Assay

In vitro cell proliferation and cytotoxic activity were evaluated using the colorimetric MTT assay (Mosmann, 1983). Briefly, CHO cells were seeded into a 96-well plate at a 1 × 104 per well density. After 24 h incubation, the culture medium was removed from the plate and fresh medium, with and without the extracted hemoglobin, was added and the cells cultured for 24 h. After 24 h stimulation, 100 μL fresh medium without FBS was replaced in the wells and 10 μL MTT reagent was simultaneously added to each well. The plate was placed in a humidified incubator for 3 h, causing the MTT to be cleaved into formazan by the mitochondrial enzyme succinate-dehydrogenase, following which the MTT solution was discarded. The resultant formazan crystal was dissolved in dimethyl sulfoxide (150 μL) for absorbance measurement at 490 nm. Absorption spectra of the wells were recorded using a microplate reader (SynergyTM 2, Biotek, USA).



Determination of Apoptosis Rate by FACS Analysis

Flow cytometric analysis was performed to examine the apoptosis reducing potential of PA hemoglobin. The apoptosis rate was analyzed using FITC Annexin-V and Propidium Iodide (PI) detection kit according to instructions of the manufacturer. Briefly, CHO cells were seeded into a 12-well plate at a 1 × 105 per well density. After cultivation for 24 h, the culture medium was removed and fresh medium with or without corresponding hemoglobin was added to continue culture for 48 or 72 h. After stimulation, cells were washed twice with PBS and harvested using the cell scraper, followed by incubation in 500 μL binding buffer containing 5 μL of FITC Annexin-V and 5 μL of PI for dyeing at 25°C in the dark. Cells were then vortexed adequately and analyzed by flow cytometric analysis (FACS Verse, BD Biosciences, Franklin Lakes, USA) within 1 h, and data were analyzed by FlowJo V10 (De Novo Software, Glendale, CA, USA). Ten thousand events were analyzed in each run.



Determination of ROS by FACS Analysis

Flow cytometric analysis was performed to examine ROS levels in cells. ROS was determined using the ROS kit according to the instructions of the manufacturer. CHO cells were treated with and without hemoglobin according as mentioned above. Cells were then washed twice with serum-free medium and incubated with 100 μM (final concentration) 2,7-dichlorodi-hydrofluorescein diacetate (DCFH-DA) ROS reagent for 1 h. Cells were then washed gently, harvested, and resuspended using serum-free medium. Intracellular ROS generation was detected using flow cytometric analysis (FACS Verse, BD Biosciences, Franklin Lakes, USA), and FITC channel was chosen. A total of 10,000 cells were recorded. Data were analyzed by FlowJo V10 (De Novo Software, Glendale, CA, USA). Ten thousand events were analyzed in each run.



Statistical Analysis

Each experiment was repeated at least twice to verify data reproducibility. Data were analyzed using GraphPad Prism 6.0 software according to the protocol of the manufacturer. Student's t-test was performed on the blood gas analysis data, MTT, and the FACS results to compare the oxygen carrying capacities of PA hemoglobin and human hemoglobin. Cell proliferation, apoptosis rate, and ROS production of the hemoglobin group were compared to the control group using the Student's t-test. A p-value < 0.05 was accepted as statistically significant. Data are presented as mean ± SEM.




RESULTS


Purification of PA Hemoglobin and SDS-PAGE

The centrifuged supernatant containing PA hemoglobin was purified using dialysis and chromatography, presenting a red transparent eluate. Solution concentration was calculated to be 10 μg/μL. The apparent molecular weight (MW) of proteins could be determined by the protein migration distance after being complexed with SDS, a strong cationic detergent, and being separated by SDS-PAGE (Matsumoto et al., 2019). The protein was separated under non-reducing and reducing conditions created by the absence and presence of β-mercaptoethanol, respectively, before loading the samples for electrophoresis. Figure 1 shows the SDS-PAGE image of PA Hb. In line 2 (denoting the non-reduced Hb) the major band appeared near 43 kD, whereas the light band appeared near 13 kD. In line 3, the major band appeared near 17 kD, whereas the light band appeared near 32 kD.


[image: Figure 1]
FIGURE 1. SDS-PAGE image of Perinereis aibuhitensis hemoglobin. Line 1: molecular weight standards; Line 2: non-reduced Hb without β-mercaptoethanol treatment and heating at 97°C for 5 min; Line 3: reduced Hb treated with β-mercaptoethanol and heating at 97°C for 5 min.




Confirmation of Identity and Molecular Weight of PA Hemoglobin by MALDI-TOF-MS

MS spectra of the hemoglobin solution were visually analyzed using Data ExplorerTM analysis software. Figure 2 shows spectra for MALDI-TOF-MS analysis of PA hemoglobin. The extents between mass values 390,000–417,000 is shown as the peak could be observed distinctly. The centroid mass representing the MW was 412,216.6875 Da.


[image: Figure 2]
FIGURE 2. Molecular weight validation using MALDI-TOF-MS. Intact mass of PA hemoglobin analyzed by MALDI-TOF mass spectrometry. The image shows spectrums between mass values from 390,000 to 417,000. The single peak has a mass of 412,216.6875.




PA Hemoglobin Oxygen Carrying Capacity

Hemoglobin extracted at three times from human and PA were analyzed with a blood gas analyzer for the oxygen carrying capacity (Table 1). Oxygen saturation of human Hb was 99.50 ± 0.10%, whereas PA Hb was 99.60 ± 0.06%. The temperature-corrected oxygen partial pressure of human Hb was 190.70 ± 19.37 mmHg whereas PA Hb was 186.00 ± 13.43 mmHg. Therefore, PA Hb was inferred to have a high oxygen carrying capacity, similar to that of human Hb (p ≥ 0.05).


Table 1. Oxygen carrying capacity of hemoglobin.

[image: Table 1]



Effect of PA Hemoglobin on CHO Cells Proliferation and Cytotoxicity

P. aibuhitensis Hb effects on CHO cells were estimated by the MTT assay over a wide range of concentration. Hemoglobin was diluted using a double dilution method and added to the cell culture medium at the concentration range from 160 to 0.625 μg/mL. Results in Figure 3 indicate there was no significant change observed in cell viability at a dilution of 1:12800 as compared with the untreated group, proving that cell proliferation capacity is independent of exposure to PA Hb at this concentration. Therefore, 0.625 μg/mL was selected as the appropriate concentration of PA Hb for the subsequent experiment performed to analyze cell apoptosis and detect ROS.


[image: Figure 3]
FIGURE 3. Cell proliferation and cytotoxicity test of Perinereis aibuhitensis hemoglobin. Results are expressed as means ± SEM. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, non-significant. Statistical analysis was performed using the Student's t-test and the control group was used for comparison.




PA Hemoglobin Decreases the Rate of Apoptosis

After FITC Annexin-V and PI dual staining, the late apoptotic cells were seen to be distributed in the upper-right quadrant, and the early apoptotic cells in the lower-right quadrant. As shown in Figure 4, late-stage apoptosis rate of cells treated with PA Hb for 48 h (19.65 ± 0.15%) was significantly decreased compared with the untreated group (25.05 ± 0.65%) (p < 0.05). This effect was more obvious at 72 h in the PA Hb group (20.65 ± 1.05%) compared with the untreated group (39.75 ± 0.95%) (p < 0.01). These results showed that PA hemoglobin decreases the cell apoptosis rate.


[image: Figure 4]
FIGURE 4. PA hemoglobin decreases the rate of apoptosis. Cells were treated with and without PA Hb for 48 or 72 h at the concentration of 0.625μg/mL, and analyzed by Annexin-V-FITC/PI staining. Apoptosis rate was presented as a percentage of total nucleic number. (A) Representative dot blot image of stained cells. (B) Statistical analysis of the late apoptotic cells proportion. **p < 0.01; *p < 0.05. Results are expressed as means ± SEM. Statistical analysis was performed using the Student's t-test and the control group was used for comparison.




PA Hemoglobin Reduces Apoptosis Through ROS

Activation of apoptosis is associated with ROS generation (Matsumoto et al., 2019). This led to the speculation that PA hemoglobin-mediated reduction of apoptosis might be attributed to ROS reduction. This hypothesis was verified by treating CHO cells with and without PA hemoglobin for 72 h, resulting in obvious late apoptotic changes used to measure ROS rate by flow cytometric analysis (Figure 5). ROS levels in the cell were assessed using the dihydrodichlorofluorescein (DCF) fluorescence method (LeBel et al., 1992; Walrand et al., 2003). Data indicated that the ROS rate in the hemoglobin treated group (5.36 ± 0.11%) was suppressed compared with that in the hemoglobin untreated group (10.35 ± 0.15%).


[image: Figure 5]
FIGURE 5. PA Hemoglobin decreases apoptosis through reduction in ROS generation. Cells were treated with and without PA Hb for 72 h at the concentration of 0.625μg/mL. (A) Representative histogram layout image of stained cells. (B) Percent cell population of FITC positive cells. **p < 0.01. Results are expressed as means ± SEM. Statistical analysis was performed using the Student's t-test and the control group was used for comparison. ROS, reactive oxygen species.





DISCUSSION

In this study, hemoglobin was successfully isolated and purified from the marine organism PA. SDS-PAGE results showed that under non-reducing conditions, the major band appeared near 43 kD, whereas the light band appeared near 13 kD. According to previous research (Ebina et al., 1995; Matsubara et al., 1996; Yamaki et al., 1996), the major band is the fragment A-b-B, whereas the light band is the fragment “a.” Under reducing conditions, the major band appeared near 17 kD, whereas the light band appeared near 32 kD, a fragment L2 (linker). Thus, the electrophoresis image is like previous research reported. MALDI-TOF-MS is a modern and fast alternative to traditional proteomic techniques that can identify biological polymers (Bozik et al., 2018). Without prior chromatographic separation, biomolecules being analyzed are mixed with an organic matrix that absorbs laser radiation and facilitates the desorption/ionization process. The positively charged substance introduced into the gas phase reflects relative abundance and determines biomolecule mass-to-charge ratio (m/z) in the selected range (Hajduk et al., 2016). The molecular mass of intact PA hemoglobin was determined by MALDI-TOF-MS (Figure 2) as 412,216.6875 Da. Based on these results, it is proved that the separated extract is relatively clarified PA hemoglobin.

PA hemoglobin contains approximately about 200 polypeptide chains but no heme group. However, it has a special “carbohydrate gluing” structure that organizes a two-tiered hexagonal form, which is beneficial to its oxygen binding capacity (Ebina et al., 1995). Previous reports have shown that the optimal oxygen affinity of PA hemoglobin was not affected by temperature and cofactors (Tsuneshige et al., 1989). Analysis of the oxygen carrying capacity showed that hemoglobin extracted from PA has an ability of oxygen transport similar to human hemoglobin. Oxygen saturation of the PA Hb was 99.6 ± 0.058%, whereas that of the human Hb was 99.5 ± 0.1%. The functional ability of PA hemoglobin results from its high oxygen affinity (Tsuneshige et al., 1989). Human hemoglobin is unstable and likely to lose its oxygen carrying capacity by decomposition and oxidation. Therefore, chemical modification is necessary if human hemoglobin is to be used in vitro. PA hemoglobin is extracted easily, and its extraction procedure skips the lysis of cell membranes. Meanwhile, PA hemoglobin is stable with respect to the basic features of oxygen carriers and more suitable for application in vitro.

Cell culture is widely used in bioengineering and genetic engineering. The conditions and parameters required for cell culture are relatively complicated, including culture media, osmotic pressure, temperature, partial pressure of oxygen, and pH variations (Cao and Zhang, 2017). Among various physical conditions involved in cell culture, environmental oxygen concentration is thought to be one of the most critical factors for cell proliferation (Zhang et al., 2016). Cells need an optimum delivery of gases (O2 and CO2) to maintain a suitable growing environment. At present, air is directly bubbled along with oxygen feeding into the culture atmosphere, which sometimes results in oxygen overload (Le Pape et al., 2015), a phenomenon reported to induce oxidative stress, leading to a secretion of ROS (Zhou et al., 2018). The utilization of molecular oxygen by aerobic organisms inevitably helps to form oxygen-containing reactive species, collectively called ROS (Li et al., 2016), including superoxide anions (O[image: image]), hydroxyl radical (OH), and hydrogen peroxide (H2O2; Thannickal and Fanburg, 2000). Prooxidants and redox cycling agents, such as H2O2 (Gardner et al., 1997); diamide (Sato et al., 1995); etoposide (Bustamante et al., 1997); and semiquinones (Sun and Ross, 1996), can induce apoptosis. ROS, the main molecule generated during oxidative stress in the body, has been recognized as an important regulator in the apoptosis process (Circu, 2010). Increasing ROS levels disrupt intracellular redox homeostasis, which can activate oxidative stress-induced apoptotic signaling.

CHO, a widely used cell line in cell biology, has a rapid growth rate. In this study, CHO cell lines were cultured for 48 or 72 h to ensure cells had reached a certain density and stayed in the culture environment of oxygen overload for a considerable period. It is speculated that PA hemoglobin can reduce the apoptosis rate of cells by equilibrating the oxygen distribution in the medium. Thus, we selected a large concentration range of PA hemoglobin as the cell culture supplement, trying to determine the optimal maximum concentration that could reduce apoptosis and without cytotoxic effects. Eventually, 0.625 μg/mL was selected as the appropriate concentration of PA Hb, which was added to the culture medium to analyze cell apoptosis and detect ROS. The time points, 48 and 72 h, were selected to detect the apoptosis because the cells were in the middle and late stage of growth, and are prone to apoptosis at those times. Thus, the apoptosis ratio of untreated cells was relatively high. This ratio increased from 25.05 ± 0.65% to 39.75 ± 0.95% over time from 48 to 72 h. Meanwhile, PA hemoglobin was used to reduce apoptosis in the CHO cell line. The apoptosis ratio of the cells with PA hemoglobin decreased to 19.65 ± 0.15% at 48 h and to 20.65 ± 1.05% at 72 h, that is, with no obvious increasing trend over time. Moreover, this hemoglobin successfully reduced ROS levels; the ROS levels in the cells with PA hemoglobin decreased to 5.36 ± 0.11%, whereas the levels in the cells without PA hemoglobin were ~10.35 ± 0.15%. This study provides evidence to support that PA hemoglobin helps to suitably redistribute oxygen in cell culture systems. As the materials required for the hemoglobin extraction procedure are easily available and economical and the hemoglobin dose required for cell culture is low, reduction of apoptosis by the use of PA hemoglobin as a cell-culture supplement may provide a convenient approach to improve the outcome in various types of cell cultures.



CONCLUSION

Our study innovatively demonstrated that PA Hb addition can act as a cell culture supplement to inhibit cell apoptosis, and the mechanism responsible for this is possibly related to a reduction of ROS overproduction by PA Hb. It is possible to achieve a precise control of the required oxygen concentration in the culture environment and to optimize cell culture by adding PA Hb. Further studies aimed at improving the extraction method and modifying the extract to reduce cell side effects and lower the safe concentration are however warranted.
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