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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
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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.

TABLE 1 | Oxygen carrying capacity of hemoglobin.

Index Human Hb PA Hb p-values

pH 7.10 ± 0.07 7.24 ± 0.02 ns

pCO2 (mmHg) 7.33 ± 0.22 3.27 ± 0.48 **p < 0.01

pO2 (mmHg) 215.00 ± 3.22 210.30 ± 14.50 ns

pH (Temperature corrected) 7.17 ± 0.01 7.32 ± 0.07 ns

pCO2 (Temperature corrected) (mmHg) 5.93 ± 1.47 2.77 ± 0.85 ns

pO2 (Temperature corrected) (mmHg) 190.70 ± 19.37 186.00 ± 13.43 ns

sO2 (%) 99.50 ± 0.10 99.60 ± 0.06 ns

Results are expressed as means ± SEM.

pCO2, CO2 partial pressure; pO2, oxygen partial pressure; sO2, oxygen saturation.

**p < 0.01; ns: non-significant. Statistical analysis was performed using unpaired Student’s t-test.

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.

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
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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.

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−

2 ), 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
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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.

and without cytotoxic effects. Eventually, 0.625µg/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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