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A B S T R A C T   

Combination therapy consisting of anticancer drugs has been used to decrease the adverse effects and increase 
the effectiveness of the drugs. The present study aimed to examine the synergistic effect and potential mecha
nisms of oxaliplatin and nattokinase (NK) combined treatment for BGC-823, HepG-2, HeLa, and NCI-H460 cells. 
NK was isolated and purified from black soybean natto by dialysis and gel filtration chromatography, which had 
a nattokinase activity of 600,391 U/g. MTT experiment, clone formation assay, Hoechst 33,342 staining, DCFH- 
DA staining, and JC-1 staining showed that NK had no cytotoxicity and oxaliplatin could inhibit cell prolifera
tion. Oxaliplatin combined with NK could enhance its anticancer effect and lead to mitochondrial dysfunction by 
causing the increase of intracellular ROS, which eventually induced apoptosis. Compared to oxaliplatin alone, 
nattokinase in combination with oxaliplatin can effectively inhibit DNA synthesis and increase cell uptake, ul
timately inhibiting cell proliferation. Transwell and angiogenesis experiments proved that the combination of NK 
and oxaliplatin could more effectively inhibit cell migration, invasion, and in vitro angiogenesis, thereby pre
venting the spread and metastasis of tumors. RT-qPCR showed that the mechanism of inhibition of cell prolif
eration and thus induction of apoptosis by the combination of NK and oxaliplatin may be achieved through the 
upregulation of BAD, BAX, and Caspase-3 genes. Molecular docking results show that NK could act as the carrier 
of oxaliplatin. In conclusion, the above results suggested that NK could play a synergistic anticancer role with 
oxaliplatin by inducing apoptosis through the mitochondrial pathway, enhance the sensitivity of cancer cells to 
oxaliplatin, and provide a new strategy for cancer treatment.   

1. Introduction 

Cancer, the leading cause of death worldwide, has become a serious 
threat to human life and health. The incidence of cancer is on the rise in 
countries around the world due to the effects of smoking, unhealthy diet, 
physical inactivity, growth and aging of the population (Thun et al., 
2010). According to statistics, 19.3 million new cases and 10 million 
cancer deaths have occurred in 2020. Among them, lung, liver, stomach, 
and breast cancers are the main cancers that cause death (Sung et al., 

2021). Surgery, radiotherapy, and chemotherapy are the main options 
for cancer treatment at present. In addition, there are more new de
velopments in the research of cancer treatment through targeted therapy 
and immunotherapy (Zhang et al., 2022). Surgery plays a pivotal role in 
early stages of cancer, but it is less effective for advanced stages and 
carries associated risks (Petrella et al., 2022). Chemotherapy and 
radiotherapy, however, can have certain side effects, such as permanent 
alopecia (Freites-Martinez et al., 2019), impairment of taste (Kiss et al., 
2021), nausea and vomiting (Ruhlmann and Herrstedt, 2016), etc. 
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Although targeted therapy and immunotherapy also offer more options 
for patients with advanced cancer, they still cannot stop the trend of 
rapid cancer progression (Guo et al., 2021a, 2021b). Without the 
development of new ways to prevent, delay or treat cancer, the number 
of cancer-related deaths will continue to increase. 

However, it is worth mentioning that in clinical medicine, cancer and 
thrombus often do not occur separately, but interact and reinforce each 
other (Leal et al., 2017). When the coagulation and anticoagulation 
systems in the body lose balance, blood components will be converted 
into blood clots, which are called thrombus. Complications from 
thrombus turn into the second leading cause of death in patients with 
cancer. On the one hand, the tissue factor (TF) and cancer procoagulant 
(CP) produced by cancer cells promote thrombosis (Liu et al., 2022), and 
the application of chemotherapeutic drugs increases the risk of throm
bosis (Grover et al., 2021). On the other hand, the formation of 
thrombus can also cause the occurrence of lesions such as hypoxia and 
necrosis in the tissues at the site of thrombus, which increases the chance 
of cancer (Prodger et al., 2016). Therefore, the relevance of cancer to 
thrombotic disease has attracted widespread clinical attention. Treating 
cancer alongside and preventing and inhibiting thrombosis not only 
reduces the incidence of thrombotic complications but also improves the 
tumor environment, offering a new strategy for the treatment of cancer 
and thrombosis (Rickles, 2006). In recent years, combination therapies 
have been attracting a lot of interest in the field of anticancer research. 
By playing the synergistic and complementary roles of drugs, the com
bination of drugs can achieve the purpose of increasing the anticancer 
effect of drugs while reducing the complications and toxic side effects 
caused by cancer (Pearson et al., 2023). Studies related to the combi
nation therapies for cancer treatment have also been reported in pre
vious researches. It has been discovered that glutathione (GSH) 
combined with cisplatin (CDDP) and oxaliplatin (OXA) could inhibit 
growth in A549 cells and induce apoptosis (Xu et al., 2010). Other 
studies have shown that combinations such as bithionol and cisplatin 
could enhance ovarian cancer chemosensitivity (Ayyagari et al., 2017). 
A recent study also revealed the potential anticancer activities of the 
combination of sulfamethoxazole and quercetin on MCF-7, HepG2, HCT- 
116, and PC3 cell lines via the induction of the apoptotic pathway 
(Sahyon et al., 2022). In addition, Shrey Modi’s results suggested that 
triptolide sensitize pancreatic cancer cells to oxaliplatin (Modi et al., 
2015). All of the above studies prove that combination therapy is 
feasible in anticancer treatment. 

Oxaliplatin is a third-generation platinum complex with broad in 
vitro anticancer activity and in vivo antitumor effects (Mowaka and 
Linscheid, 2008). Previous studies by investigators have determined that 
oxaliplatin is an important broad spectrum anticancer drug used in a 
variety of tumor model systems for the treatment of stomach (Sato, 
2015), liver (Wang et al., 2009), lung (Jin et al., 2020), as well as cer
vical cancer (He et al., 2022). However, resistance to oxaliplatin is also 
becoming known, which limits its clinical application. Based on the 
above, it is imperative to find a way to ensure the efficacy and enhance 
the sensitivity of cancer cells to oxaliplatin. 

Nattokinase (NK) is an alkaline protease consisting of 275 amino acid 
residues isolated from the traditional fermented food natto (Chen et al., 
2018). Some trials have demonstrated that NK has potent fibrinolytic 
and antithrombotic activity, both in animal and human studies (Yan 
et al., 2021; Hodis et al., 2021; Sheng et al., 2023). A recent study 
revealed intratumoral injection of NK could modulate solid tumor 
microenvironment via direct degradation of fibronectin and indirect 
inhibition of cancer-associated fibroblast activity (Zhang et al., 2023a, 
2023b). To the best of our knowledge, the combined treatment of oxa
liplatin with NK has not been reported in literature. Consequently, the 
purpose of our study is to determine whether NK can improve the 
sensitivity of cancer cells to oxaliplatin and the possible mechanisms. In 
our experiments, we confirmed that nattokinase itself has no significant 
cytotoxicity, and when combined with oxaliplatin, the cytotoxicity is 
significantly superior to that of oxaliplatin alone, resulting in a “0 + 1 >

1” efficacy. The development of a new strategy for the treatment of 
cancer with oxaliplatin and NK is of great significance and may provide 
new ideas for cancer treatment, especially for the combined treatment of 
cancer and its thrombotic complications. 

2. Materials and methods 

2.1. Materials 

Huguan black soybeans were obtained from the genetics and germ
plasm innovation lab of Shanxi Agricultural University. Natto bacteria 
powder was from Guangdong Shunde Shangchuan biotechnology com
pany. Dimethyl sulfoxide (DMSO), HNO3, H2O2, HCl, CHCl3, C3H7OH, 
and C2H5OH were purchased from Aladdin. Urokinase, thrombin from 
bovine plasma, fibrinogen, agarose, RPMI-1640 medium, DMEM me
dium, fetal bovine serum (FBS), trypsin-EDTA solution, 3-(4, 5-dime
thylthiazol-2yl)-2, 5-diphenyl tetrazolium bromide (MTT), crystal 
violet, paraformaldehyde (4 %), Hoechst 33342(Cat. No. B8040; ex/em 
= 350/461 nm), 2′,7′-dichlorofluorescin diacetate (DCFH-DA, Cat. No. 
D6470; ex/em = 504/529 nm), mitochondrial membrane potential 
assay kit with JC-1(Cat. No. M8650; monomer, ex/em = 490/530 nm; 
aggregates, ex/em = 525/590 nm), transwell chambers, and oxaliplatin 
were all provided from Solarbio. The cell cycle kit (Cat. No. CA1510) 
and Casepase Inhibitor Z-VAD-FMK (Cat No. C1202) were from Beyo
time. The matrigel matrix was obtained from Corning. The transzol up 
(Lot#P40814), transscript®one-step gDNA removal and cDNA synthesis 
supermix (Lot#P20414) and transstart®tip green qPCR supermix 
(Lot#Q20922) were from TransGen Biotech. 

Constant temperature and humidity incubator (LRHS-150-III) was 
from Shanghai Yuejin Medical Equipment Company, vacuum freeze 
dryer (ATS.D5-2 M) was from Keyi Chuangzhi (Beijing) Technology 
Development Company, the inverted fluorescence optical microscope 
(DMIL LED) was from Leica Microsystems Trading (Shanghai) Company, 
enzyme analyzer (DNM-9602) was from Beijing Planck New Technology 
Company, ultra clean bench (SW-CJ-1D) was from Suzhou Purifying 
Equipment Company, the CO2 cell incubator (Galaxy 170S) was from 
England NEW BRUNSWIC, the ICP-OES (ICPE-9820) was from Japan 
SHIMADZU, the FCM (BD Accuri C6 Plus) was from America Becton 
Dickinson, and the real-time fluorescence quantitative PCR instrument 
(CFX96) was from America Bio-Rad. 

2.2. Cell culture 

Human gastric carcinoma (BGC-823), hepatocellular carcinoma 
(HepG-2), cervical carcinoma (HeLa), non-small cell lung carcinoma 
(NCI-H460), and umbilical vein endothelial cells (HUVEC) were ob
tained from the American Type Culture Collection (ATCC, USA). BGC- 
823 cells, HepG-2 cells, and NCI-H460 cells were cultured in RPMI- 
1640 medium containing 10 % FBS, while HeLa cells and HUVEC cells 
were cultured in DMEM medium containing 10 % FBS. 

2.3. Preparation of NK 

Huguan black soybeans were washed 2–3 times with distilled water 
and soaked overnight before steaming. Then they were inoculated with 
Bacillus natto and fermented in a constant temperature and humidity 
incubator. The finished black soybean natto was obtained by post- 
ripening in 4 ◦C, Black soybean natto was freeze-dried to obtain a 
lyophilised powder, mixed with saline at a ratio of 1:10 (g: mL), and then 
centrifuged to obtain the supernatant, which was the crude extract of 
black soybean nattokinase. A dialysis bag with a MW of 10,000 D was 
selected for the purification of crude extract based on the molecular 
weight of NK. After filling the sample, the bags were dialyzed in distilled 
water for 48 h, with water changes every 2 h. The dialyzed samples were 
freeze-dried and further purified using dextran gel chromatography 
according to the method of Devi C S (Devi et al., 2016) to obtain NK. 
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After adding the Sephadex G-100 to the column, the sample was dis
solved and centrifuged to collect the supernatant, which was also added 
to the column. When all the samples were in the gel, the flow rate was 
adjusted to the appropriate rate and the eluate was collected. The elu
ates with NK activity were combined and freeze-dried to get the final 
target sample, which was NK. 

2.4. Enzyme activity and preliminary structural investigation of NK 
(FTIR) 

The NK obtained was assayed for enzymatic activity according to 
Astrup’s (Astrup and Müllertz, 1952) method with some refinements. 
Fibrinogen solution (2.5 mg/mL) and agar solution (1.5 %) were mixed 
and poured into culture dish, then 1 mL of thrombin solution (25 U/mL) 
was added and mixed well. After cooling, a creamy white opaque fibrin 
plate can be made. For spotting, small well was punched out of the plate 
and 20 μL of NK sample solution (5 mg/mL) was added. When the 
spotting was completed, the fibrin plate was placed in a constant tem
perature and humidity incubator for 18 h to react. The diameter of the 
dissolved circles formed around the small wells on the plate was 
measured at the end of the reaction and the activity of black bean nat
tokinase was calculated from the standard curve. Urokinase standards 
were prepared to concentrations of 1000 U/mL, 800 U/mL, 600 U/mL, 
400 U/mL, 200 U/mL, 100 U/mL and 50 U/mL. Following the above 
method, 20 μL of urokinase solution was added to each well and the 
diameter of the dissolved circles was measured and the area calculated 
after 18 h of reaction. The standard curve was plotted using the uroki
nase activity as the horizontal coordinate and the area of the dissolved 
circles as the vertical coordinate. 

The preliminary structure of NK was investigated by infrared spec
troscopy and scanning electron microscopy. An appropriate amount of 
NK sample was weighed and mixed with KBr powder at a mass ratio of 
1:100, thoroughly ground and pressed. The data were collected by 
scanning with an infrared spectrometer in the wavelength range of 400 
~ 4000 cm− 1 and the characteristic absorption peaks of NK were 
determined by Fourier Transform infrared spectroscopy (FTIR). The 
freeze-dried NK powder was glued onto a copper sample stage, the un
glued sample powder was blown off. The surface of the sample was 
sprayed with gold to observe the surface shape of NK by scanning 
electron microscopy. 

To obtain the molecular weight, NK was analyzed by 5 % (stacking 
gel) and 10 % (separating gel) SDS-PAGE (sodium dodecyl sulfate pol
yacrylamidegel electrophoresis). The initial voltage is 80 V, and the 
adjusted voltage is 120 V when the strip is completely into the separator. 
Stop electrophoresis when the apex strip is 1 cm away from the bottom 
of the glass plate. The gel was transfered into Coomassie Brilliant Blue R- 
250 staining solution and washed with water after staining. Then add 
the destaining solution and shake slowly until the protein bands are 
clearly visible. 

2.5. MTT colorimetric method 

Cytotoxicity of NK or/and oxaliplatin was evaluated using the MTT 
colorimetric method on BGC-823, HepG-2, HeLa, NCI-H460 and HUVEC 
cells. Cells in the logarithmic phase were seeded into 96-well plates at 3 
~ 5 × 103 cells/well, incubated at 37 ◦C, 5 % CO2 for a while, and 
treated with different concentrations of NK or/and oxaliplatin. After 
incubating for 48 h, MTT (5 mg/mL) was added to the cells and incu
bated for 4 h. Then the supernatant was sucked off, and 100 μL of DMSO 
was added. After the crystal was dissolved, we could obtain the OD 
values and IC50 values. 

2.6. Clone formation assay 

We used the clone formation assay to test the viability of BGC-823, 
HepG-2, HeLa, and NCI-H460 cells. Cells in the logarithmic phase 

were seeded into 6-well plates at 1 × 103 cells/well and incubated at 
37℃, 5 %CO2 for 10 days. The cells were treated with oxaliplatin alone 
or in combination with NK and cultured for a period until the clones 
were visible. After removing the medium, the cells were washed twice 
with PBS, fixed with 4 % paraformaldehyde for 30 min, and then stained 
with 0.1 % crystal violet dye for 20 min. The cells were carefully washed 
with flowing water and then dried under natural air. The cells were 
photographed and the number of clones was counted by Image J. 

2.7. Hoechst 33342 staining 

The Hoechst 33,342 staining was employed to study the effect of 
oxaliplatin alone or in combination with NK on apoptosis in BGC-823, 
HepG-2, HeLa, and NCI-H460 cells. Cells in the logarithmic phase 
were seeded into 12-well plates at 3 ~ 5 × 104 cells/well and incubated 
at 37 ◦C, 5 % CO2 for 24 h. The cells were treated with oxaliplatin alone 
or in combination with NK and incubated for 24 h. After that, 
Hoechst 33342 dye (10 μg/mL) was added to the cells and incubated in 
the dark for 20 min. Then the apoptotic cells with blue fluorescence were 
observed by fluorescence microscopy. 

2.8. DCFH-DA staining 

We used the DCFH-DA staining to investigate the effect of oxaliplatin 
alone or in combination with NK on reactive oxygen species (ROS) levels 
in BGC-823, HepG-2, HeLa, and NCI-H460 cells. Cells in the logarithmic 
phase were seeded into 12-well plates at 3 ~ 5 × 104 cells/well and 
incubated at 37 ◦C, 5 % CO2 for 24 h. Afterwards the cells were treated 
with oxaliplatin alone or in combination with NK and incubated for 24 
h. Then the fluorescent probe DCFH-DA (10 μM) was added to the cells 
and incubated in the dark for 30 min. In the same way, the cells with 
green fluorescence were observed by fluorescence microscopy. 

2.9. JC-1 assay 

We took advantage of the JC-1 assay to measure the change in 
mitochondria. Cells in the logarithmic phase were seeded into 12-well 
plates at 3 ~ 5 × 104 cells/well and incubated at 37 ◦C, 5 %CO2 for 
24 h. After that, the cells were treated with oxaliplatin alone or in 
combination with NK. Then incubating for 24 h, the fluorescent pro
be JC-1 was added to the cells and incubated in the dark for 20 min. 
Finally, the cells with red or green fluorescence were observed by 
fluorescence microscopy. 

2.10. Cell cycle 

Flow cytometry (FCM) was required to explore the cell cycle of BGC- 
823, HepG-2, HeLa, and NCI-H460 cells. Cells in the logarithmic phase 
were seeded into 6-well plates at 2 × 105 cells/well and incubated at 
37 ◦C, 5 %CO2 for 24 h. The cells were treated with oxaliplatin alone or 
in combination with NK and incubated for 24 h. After that, the cells were 
washed with PBS, trypsinized, and collected. Subsequently, the cells 
were fixed overnight in 70 % ethanol at 4 ◦C. Finally, they were carried 
out according to the kit (Cat. No. CA1510) instructions and detected by 
Flow CytoMetry (FCM). 

2.11. Cellular uptake 

Cellular uptake was used to explore the accumulation of platinum 
(Pt) in BGC-823, HepG-2, HeLa, and NCI-H460 cells. Cells in the loga
rithmic phase were seeded into 6-well plates at 2 × 105 cells/well and 
incubated at 37 ◦C, 5 %CO2 for 24 h. The cells were treated with oxa
liplatin alone or in combination with NK and incubated for 24 h. After 
that, the cells were washed with PBS, trypsinized, and collected. Then 
the cells were digested with HNO3 (100 μL, 95℃, and 2 h), H2O2 (50 μL, 
95℃, and 1.5 h), and HCl (100 μL, 95℃, and 2 h), respectively. Finally, 
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the digested cells were diluted with water to 10 mL, and the Pt content 
was determined by inductively coupled plasma optical emission spec
trometer (ICP-OES). 

2.12. Transwell migration and invasion assay 

Transwell assay was used to evaluate the detection of the migration 
and invasive ability of BGC-823, HepG-2, HeLa, and NCI-H460 cells. 
Transwell chambers and 24-well plates were used to form a system. Cells 
in the logarithmic phase were seeded into the upper chamber of a 
transwell without (transwell migration assay) or with (transwell inva
sion assay) matrigel matrix at 2 ~ 3 × 104 cells/chamber. It is worth 
mentioning that the matrigel matrix needed to keep at 37℃ in advance 
for 30 min to solidify. Then the cells were treated with oxaliplatin alone 
or in combination with NK. Medium containing 20 % FBS was added 
into the lower chamber and incubated at 37 ◦C, 5 %CO2 for 24 h. After 
that, the chambers were fixed with 4 % paraformaldehyde for 30 min 
and stained with 0.1 % crystal violet dye for 20 min. Finally, the staining 
cells were observed by inverted microscope. 

2.13. In vitro angiogenesis assay 

We used the HUVEC cells model to evaluate the effects of oxaliplatin 
alone or in combination with NK on angiogenesis in vitro. Cells in the 
logarithmic phase were seeded into 96-well plates with matrigel matrix 
at 2 ~ 3 × 104 cells/well, treated with oxaliplatin alone or in combi
nation with NK, and incubated at 37 ◦C, 5 %CO2. It is worth mentioning 
that the matrigel matrix needed to keep at 37℃ in advance for 30 min to 

solidify. At 3 h, 6 h, and 9 h, we observed the structure of angiogenesis 
using the inverted microscope. 

2.14. Real-time quantitative polymerase chain reaction (RT-qPCR) 

RT-qPCR was used to detected related gene expression in BGC-823 
cells. Cells in the logarithmic phase were seeded into 24-well plates at 
2 ~ 3 × 104 cells/well and incubated at 37 ◦C, 5 %CO2 for 24 h. The cells 
were treated with oxaliplatin alone or in combination with NK and 
incubated for 24 h. After incubation, the medium is discarded and the 
total RNA is extracted according to the TransZol up (Lot#P40814) in
structions, which should be done on ice and using enzyme-free tips, 
enzyme-free centrifuge tubes and enzyme-free water to prevent 
contamination or degradation of the RNA. Total RNA was then reverse 
transcribed using the TransScript® One-Step gDNA Removal and cDNA 
Synthesis SuperMix to obtain cDNA. cDNA was used as a template for 
fluorescent quantitative PCR using the TransStart®Tip Green qPCR 
SuperMix. RT-qPCR was performed using TransStart®Tip Green qPCR 
SuperMix. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as the internal reference gene and the primer sequences used are 
shown in Table 1, which were determined through references. The total 
volume of the RT-qPCR reaction system was 20 μL. The procedure was 
pre-denaturation at 94 ◦C for 30 s and 45 cycles of denaturation at 94 ◦C 
for 5 s and annealing at 60 ◦C for 30 s. The relative expression of the 
genes was calculated using the 2-ΔΔCT method. 

2.15. Study on the apoptosis with Z-VAD-FMK 

The method of action of the inhibitor was similar to MTT assay, 
except that after the cells were cultured in 96-well plates for a period of 
time, NK and OXA was added to the cells for 48 h with and without the 
inhibitor after pre-treatment with the Caspase inhibitor Z-VAD-FMK for 
10 h. The experimental group was divided into OXA group, OXA + NK 
group, OXA + Z-VAD-FMK group, OXA + NK + Z-VAD-FMK group. 

2.16. Statistical analysis 

Datas were expressed as mean value ± standard deviation. IC50 
values were calculated by using SPSS Statistics 17.0 software. Clone 

Table 1 
Primers used for RT-qPCR.  

Gene Primer Sequences (5′-3′) 

GAPDH(Liu et al., 2021) Forward GACCTGACCTGCCGTCTAG 
Reverse AGGAGTGGGTGTCGCTGT 

BAD(Yang et al., 2018) Forward CGGAGGATGAGTGACGAGTTTGT 
Reverse ATCCCACCAGGACTGGAAGACTC 

Bax(Luo et al., 2019) Forward AAACTGGTGCTCAAGGCCC 
Reverse AAAGTAGGAGAGGAGGCCGT 

Caspase-3(Safwat et al., 2021) Forward CTCGGTCTGGTACAGATGTCGA 
Reverse CATGGCTCAGAAGCACACAAAC  

Fig. 1. (a) Black soybean natto. (b) The dissolving circle of NK on a fribin plate. (c) Infrared spectra of NK. (d) SEM images of NK. (e) SDS-PAGE analysis of NK. Lane 
1 is the marker protein and lane 2 is NK. 
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numbers, relative fluorescence intensity, cells numbers, and 
angiogenesis-related parameters (branch points and capillary length) 
were analyzed by using Image J software. ANOVA was used for statis
tical significance analysis by using the GraphPad Prism software. 

2.17. Molecular docking 

Molecular docking was performed using AutoDock Vina (Eberhardt 
et al., 2021) and AutoDock-Tools (Morris et al., 2009) in order to 
theoretically study the interaction mode between oxaliplatin and NK. 
The crystal structure of NK (PDB:4DWW) was obtained from the RCSB 
Protein Data Bank (https://www.pdb.org), further removing water 
molecules, adding hydrogen bonds and calculating Gasteiger charges. 
The RESP atomic charge calculation, structure optimization and energy 
minimization of oxaliplatin were carried out by using ORCA (Neese, 
2018) and Multiwfn (Helmich-Paris et al., 2021; Lu and Chen, 2012). 
The parameter files of protein and ligand structure were prepared by 
AutoDock Tools. Meanwhile, a Lamarckian genetic algorithm was 
selected for binding site search on NK, and other binding parameters to 
search entire NK. The visualization of docking result was realized by 
using Ligplot + (Laskowski and Swindells, 2011) and PyMOL to analyze 
the binding site and binding energy of NK and oxaliplatin. 

3. Results and discussion 

3.1. Preparation of NK 

The finished black soybean natto was shown in Fig. 1(a) and the 
elution curve for gel filtration chromatography in the purification and 
isolation of the NK was shown in Fig. S1. 

3.2. Enzyme activity and preliminary structural investigation of NK 

Thrombosis occurs is the result of a combination of multiple factors 
including coagulation, anticoagulation and the fibrinolytic system. 
Fibrin is the main component of a thrombus. In the blood, the fibrino
lytic system is constantly activated in order to dissolve the newly pro
duced fibrin and keep the blood in a state of equilibrium. It is worth 
mentioning that the thrombolytic ability of a drug is often measured by 
its effect on the fibrinolytic system and the level of fibrin degradation. 
So, we used the fibrin plate method to test the fibrinolytic activity of NK 
and the standard curve of the urokinase activity was shown in Table S1 
and Fig. S2. In addition, the dissolving circle of NK on the fibrin plate 
was shown in Fig. 1(b), with a diameter of 3.4 cm. The results showed 
that NK had a strong fibrinolytic activity and the nattokinase activity of 
NK was calculated to be 600,391 U/ g, which is medium in comparison 
with the reported reference (Ni et al., 2016; Liang et al., 2007). 

The preliminary structure of NK was shown in Fig. 1(c) and Fig. 1(d), 
which investigated by infrared spectroscopy and scanning electron mi
croscopy. The peak at 1633.9 cm− 1 was a C = O bond stretching vi
bration peak (protein amide I) and the peak at 1245.6 cm− 1 was a C-N 
bond stretching vibration peak (protein amide III), indicating that the 

NK we isolated had the chemical structure of a protein. Under scanning 
electron microscopy, the NK had a rough surface and a clearly visible 
blocky structure with irregularly cleft edges. It remained the case under 
high magnification electron microscopy, where the surface appeared 
more compactly blocky and uneven, with mostly deep visible de
pressions. Fig. 1 (e) shows the SDS-PAGE results of NK, indicating a 
significant protein band at 28 kDa. Therefore, the molecular weight of 
NK can be preliminarily determined through SDS-PAGE, which is 
consistent with literature reports (Weng et al., 2017; Liang et al., 2007). 

3.3. MTT assay 

The MTT colorimetric method is a common test for determining cell 
viability, proliferation and cytotoxicity. As shown in Fig. 2, there was no 
significant difference in the survival rate of BGC-823, HeLa, HepG-2, 
NCI-H460, and HUVEC cells compared with the control group at the 
NK concentration of 125, 250, and 500 μg/mL. This result indicated that 
NK had no effect on the cell survival rate (>98 %), In other words, NK 
has been tested to have no significant cytotoxicity, which was consistent 
with predecessors’ toxicology tests (Hogan et al., 2018), so we chose the 
median value of 250 μg/mL as the NK concentration for subsequent 
experiments. 

In addition, studies have shown that Lentinan may be an ideal agent 
for the combination therapyof oxaliplatin against hepatocellular carci
noma (Zhang et al., 2016). There were also reports that genipin 
increased the oxaliplatin-induced cell death via p53-DRAM autophagy 
(Kim et al., 2020) Guo J et al have also demonstrated that GW4064 can 
synergistically enhance the anti-tumor effect of oxaliplatin in colon 
cancer cells (Guo et al., 2021a, 2021b). Given the previous experience of 
combining platinum drugs with other drugs, we also investigated the 
effects of oxaliplatin alone and in combination with NK on the apoptosis 
of BGC-823, HeLa, HepG-2, NCI-H460, and HUVEC cells. Cytotoxicity 
was expressed by IC50 values. As seen in Table 2, oxaliplatin alone had a 
toxic effect on four kinds of cancer cells. In combination with NK, the 
IC50 values decreased, which meant the cytotoxicity increased. When 
compared the fold increase (FI) values, the range of FI values is from 
1.64 to 2.72, which showed the toxic effect of “OXA + NK” group on 
cancer cells increased significantly, but there was no significant increase 
in toxicity to HUVEC cells. The MTT results suggested that NK may have 

Fig. 2. Survival rate of NK against cells for 48 h. Survival rate (%): (ODExperiment − ODBlank/ODControl − ODBlank) × 100 %.  

Table 2 
IC50 values of oxaliplatin alone and in combination with NK to cells for 48 h.  

Drug IC50(μM) 

BGC-823 HeLa HepG-2 NCI-H460 HUVEC 

Oxaliplatin 11.29 ±
0.34 

46.18 ±
3.25 

12.45 ±
0.34 

35.31 ±
0.43 

12.37 ±
2.21 

Oxaliplatin +
NK 

6.90 ±
2.29* 

16.96 ±
0.21** 

7.40 ±
2.62* 

20.52 ±
0.68** 

9.61 ±
0.29 ns 

FI 1.64 2.72 1.68 1.72 1.29 

(FI: IC50 of the group treated with oxaliplatin / IC50 of the group treated with 
oxaliplatin and NK; *P < 0.05; **P < 0.01). 
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synergistic anticancer effects with oxaliplatin without increasing the 
toxic effects on normal cells. We performed subsequent experiments 
with concentrations around the IC50 values. 

3.4. Clone formation assay 

The clone formation assay is an important classical method, used to 
analyze the effects on the proliferation of cells (Ren et al., 2022). As 
shown in Fig. 3, the number of cell clones in the oxaliplatin alone group 
was lower than that in the control and NK groups; and the number of cell 
clones in the combination group was significantly lower than that in the 

oxaliplatin alone group. The number of clones in each group was 
counted and the clone formation rate was calculated, and the results 
showed that there was a significant difference (****P < 0.0001) be
tween the oxaliplatin alone group and the combination group. The 
above results indicated that the combination of oxaliplatin and NK 
inhibited the clone formation ability of cancer cells compared to oxali
platin alone, which was consistent with the MTT results. 

3.5. Hoechst 33342 staining 

The Hoechst 33342 staining is a generic method for analyzing 

Fig. 3. Clone formation of oxaliplatin alone and in combination with NK to cells for 10 days, the concentrations of oxaliplatin to the four cells is corresponding IC50 
values of oxaliplatin alone group, and the concentrations of NK is 250 μg/mL. Histogram of clone formation rate is listed on the right (****P < 0.0001). 
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apoptotic effects on cancer cells. Cells that undergo apoptosis not only 
show morphology changes and cell shrinkage (Zhang et al., 2023a, 
2023b) but also enhance the permeability of the cell membrane (Ji et al., 
2019). In addition, increased permeability of the cell membrane leads to 
more dye entering the cell. The result of Hoechst 33,342 was shown in 
Fig. 4, the intensity of blue fluorescence was observed to determine 
whether apoptosis was occurring in the cells. After staining, there was 
almost no blue fluorescence in the control and NK groups. The cells in 
the oxaliplatin alone group started to shrink and appeared blue and 
bright blue fluorescence, and the shrinkage cells in the combination with 
NK group increased and appeared more blue and bright blue fluores
cence. The relative fluorescence intensity of blue fluorescence was 
analyzed by Image J software, which showed significant differences (*P 
< 0.05, ***P < 0.001, ****P < 0.0001, respectively) between the oxa
liplatin alone and combination with NK groups (Fig. 4). Therefore, after 
treatment with oxaliplatin alone, there was some apoptosis of cancer 
cells, but the proportion of apoptotic cells increased significantly after 
combination with NK, indicating that NK could enhance the anticancer 
effect of oxaliplatin. 

3.6. DCFH-DA staining 

Intracellular ROS levels are always assessed by DCFH-DA staining. 
ROS is one of the hallmarks of early apoptosis cells. Elevated levels of 
ROS cause non-fluorescent DCFH to change to green fluorescent DCF 
(Laggner et al., 2006). Fig. 5 showed the results of ROS levels, and we 
determined the intracellular ROS levels by observing and analyzing the 
intensity of green fluorescence. After staining, intracellular ROS levels in 
the control and NK groups were low and therefore the green 

fluorescence was weak or even absent. After oxaliplatin stimulation 
alone, intracellular ROS levels increased and green fluorescence began 
to appear, and after combination with NK, green fluorescence was 
enhanced. The relative fluorescence intensity of green fluorescence was 
analyzed by Image J software, which showed that combination with NK 
increased intracellular ROS levels more significantly than oxaliplatin 
alone, indicated that there were significant differences (*P < 0.05, **P 
< 0.01, ****P < 0.0001, respectively) between the two groups (Fig. 5). 
Based on the above results, we speculated that oxaliplatin may induce 
apoptosis by increasing intracellular ROS levels and that NK also ach
ieved a synergistic anticancer effect. 

3.7. JC-1 assay 

The results of Hoechst 33342 and DCFH-DA staining suggested that 
oxaliplatin may have toxic effects on tumor cells by causing an elevation 
of intracellular ROS, resulting in mitochondrial dysfunction and ulti
mately apoptosis. To judge this conclusion, we measured the changes of 
mitochondrial membrane potential (MMP) using JC-1 as a fluorescent 
probe. JC-1, a cationic fluorescent dye, is well-known to characterize the 
MMP. In the presence of a high membrane potential, this dye exists in 
the mitochondria as aggregates with red fluorescence whereas at a low 
membrane potential it is a monomer with green fluorescence (Ele
fantova et al., 2018). The mitochondrial pathway represents one of the 
major pathways of cell apoptosis. If the MMP is depolarized, it will lead 
to mitochondrial damage, and ultimately lead to cell apoptosis (Cho and 
Sun, 2015). 

As shown in Fig. 6, the control and NK groups had higher membrane 
potential, so they showed red fluorescence and almost no green 

Fig. 4. Apoptotic morphology of oxaliplatin alone and in combination with NK to cells for 24 h (10 × 10), the concentrations of oxaliplatin to the four cells is 
corresponding IC50 values of oxaliplatin alone group, and the concentrations of NK is 250 μg/mL. Histogram of average fluorescence intensity is listed on the right 
(*P < 0.05, ***P < 0.001, ****P < 0.0001). 
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fluorescence. The addition of oxaliplatin resulted in a decrease in MMP, 
then the red fluorescence diminished and the green fluorescence 
increased. After combined with NK, there was almost no red fluores
cence, but more green fluorescence. The relative fluorescence intensity 
of red or green fluorescence was analyzed by Image J software, which 
showed that the combination with NK group reduced the MMP more 
significantly compared to the oxaliplatin alone group, and indicated that 
there were significant differences (*P < 0.05, **P < 0.01, ****P <
0.0001, respectively) between the two groups (Fig. 6). We therefore 
concluded that oxaliplatin may induce apoptosis via the mitochondrial 
pathway, with NK playing a synergistic role. 

3.8. Cell cycle 

During the process of cell growth, on the one hand, inducing 
apoptosis can inhibit cell proliferation, and on the other hand, blocking 
the cell cycle can also inhibit cell proliferation (Khan et al., 2022). Cell 
proliferation is inhibited most notably by disruption of the cell cycle. 
DNA plays a key role in the cell cycle as the main protagonist of the 
process. DNA damage directly leads to cell cycle arrest and thus in
terrupts cell growth and proliferation (Hegde et al., 2017). Therefore, in 
this paper, the effect of oxaliplatin on the cell cycle was investigated by 
FCM. 

As shown in Fig. 7, the percentage of cells in S-phase appeared to be 
elevated in both groups of oxaliplatin alone and combination with NK 
compared to the control and NK groups, and the percentage of cells in S- 
phase was higher with the combination group than with oxaliplatin 
group. From this, it could be seen that oxaliplatin arrested the cell cycle 

of BGC-823, HeLa, HepG-2, and NCI-H460 cells mainly in the S-phase, 
notably, the action of combination with NK on the S-phase was stronger 
than that of oxaliplatin alone. It suggested that its major effect on the 
cell cycle was to inhibit the phase of DNA synthesis (S-phase), which was 
consistent with those reported in the literature (Jing et al., 2018; 
Noordhuis et al., 2008). 

3.9. Cellular uptake 

After oxaliplatin enters the cell, platinum will form a Pt-DNA com
plex with DNA, making it impossible for the cell to replicate. The 
intracellular accumulation of platinum drugs is essential for producing 
the anticancer effect (Gao et al., 2019), and increasing the cellular up
take of oxaliplatin may be the key to improving the anticancer efficacy. 
Therefore, ICP-OES was chosen to detect the cellular uptake of 
oxaliplatin. 

As shown in Table S2 and Fig. 8, the Pt content entering the cells was 
increased after the combination with NK, and the results were consistent 
with the cytotoxicity results. The results of this experiment showed that 
the combination of oxaliplatin and NK increased the accumulation of 
intracellular Pt content and thus inhibited cell viability, and further 
confirmed that oxaliplatin inhibited cell proliferation by affecting DNA 
synthesis. 

3.10. Transwell migration and invasion assay 

The migration and invasion of cancer cells are major factors of death 
in cancer patients. The transwell assay is the most frequent approach for 

Fig. 5. ROS levels of oxaliplatin alone and in combination with NK to cells for 24 h (10 × 10), the concentrations of oxaliplatin to the four cells is corresponding IC50 
values of oxaliplatin alone group, and the concentrations of NK is 250 μg/mL. Histogram of average fluorescence intensity is listed on the right (*P < 0.05, **P <
0.01, ****P < 0.0001). 
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cell migration and invasion studies by detecting the number of cancer 
cells crossing the chamber membrane (Zhan et al., 2022). 

The results of the cell migration and invasion assay were shown in 
Fig. 9. In the migration experiments, more cells in the control and NK 
groups reached the lower chamber due to induction by the high con
centration of serum medium in the lower chamber. With the addition of 
oxaliplatin alone and in combination with NK, the number of cells 
reaching the lower chamber gradually decreased. This suggested that NK 
contributes to oxaliplatin inhibition of cancer cell migration. In the 

invasion experiments, cancer cells needed to produce matrix metal
loproteinases to digest the matrigel matrix in the upper chamber in order 
to reach the lower chamber from the upper chamber. The number of 
cells reaching the lower chamber in the control group and NK was still 
high, but the number has significantly decreased due to the effect of 
oxaliplatin alone and in combination with NK. Accordingly, it is sug
gested that oxaliplatin may inhibit the production of intracellular matrix 
metalloproteinases, making it impossible for cancer cells to cross the 
matrigel matrix and eventually inhibit their invasive ability. The 

Fig. 6. MMP of oxaliplatin alone and in combination with NK to cells for 24 h (10 × 10), the concentrations of oxaliplatin to the four cells is corresponding IC50 
values of oxaliplatin alone group, and the concentrations of NK is 250 μg/mL. Histogram of average fluorescence intensity is listed on the right (*P < 0.05, **P <
0.01, ****P < 0.0001). 
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Fig. 7. Cell cycle of cells after incubation with oxaliplatin alone and in combination with NK for 24 h, the concentrations of oxaliplatin to the four cells is corre
sponding IC50 values of oxaliplatin alone group, and the concentrations of NK is 250 μg/mL. Histogram of the cell cycle phase distribution is listed on the right. 

Fig. 8. Pt content of oxaliplatin alone and in combination with NK to cells for 24 h, the concentrations of oxaliplatin to the four cells is corresponding IC50 values of 
oxaliplatin alone group, and the concentrations of NK is 250 μg/mL (*P < 0.05; ns: no significance). 
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number of cells reaching the lower chamber was counted by Image J 
software, which showed that the combination with NK group had a 
stronger effect on the migration and invasion ability of cancer cells, 
indicated that there were significant differences (**P < 0.01) between 
the two groups of oxaliplatin alone and in combination with NK. and the 
addition of NK could significantly enhance the sensitivity of cancer cells 
to oxaliplatin. Therefore, we inferred that NK promoted oxaliplatin to 
inhibit the migration and invasion of cancer cells. 

3.11. In vitro angiogenesis assay 

An uncontrolled angiogenesis rate is routinely seen in cancer growth, 
resulting in rapid tumor growth. Inhibiting angiogenesis is one of the 
most significant anticancer strategies in terms of cancer cells migration 
and invasion (Astinfeshan et al., 2019). 

As Fig. 10(a) showed that in the control and NK groups, the number 
of vascular lumens gradually increased and the structure became pro
gressively more intact with increasing time. In the oxaliplatin alone 

Fig. 9. Migration and invasion of oxaliplatin alone and in combination with NK to cells for 24 h (10 × 10), the concentrations of oxaliplatin to the four cells is 
corresponding IC50 values of oxaliplatin alone group, and the concentrations of NK is 250 μg/mL. Histogram of cell numbers is listed on the right (**P < 0.01). 
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Fig. 10. (a) In vitro angiogenesis of oxaliplatin alone and in combination with NK to HUVEC cells at 3, 6, and 9 h, (b-c) Branch points and capillary length of 
oxaliplatin alone and in combination with NK to HUVEC cells at 9 h (*P < 0.05), the concentrations of oxaliplatin is 10 μM, and the concentrations of NK is 250 μg/ 
mL (10 × 4). 

Fig. 11. Mrna expression of related genes after oxaliplatin alone and in combination with nk to bgc-823 cell for 24 h, the concentrations of oxaliplatin is 10 μM, and 
the concentrations of NK is 250 μg/mL (**P < 0.01, *P < 0.05). 

Fig. 12. The inhibition rate of different cells pretreated 10 h with 30 μM Z-VAD-FMK, then with and without nattokinase (250 μg/mL), Oxaliplatin concentration was 
selected to cell IC50, 30 μM OXA for HeLa cells and 20 μM OXA for the BGC-832, HepG-2, NCI-H460 cells, respectively (**P < 0.01, ****P < 0.0001). 
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group, the number of vascular lumens decreased and the structure 
gradually shrinked. In the combination with NK group, the number of 
vascular lumens was minimal and the structure tent to dissolve. The 
number of branch points and the capillary length at 9 h were calculated 
and analyzed by using Image J software in Fig. 10 (b-c), which showed 
that after combination with NK, they were significantly lower than the 
oxaliplatin alone group, and indicated that there were significant dif
ferences (*p < 0.05) between the two groups. We concluded that oxa
liplatin may be able to inhibit the hematopoiesis of HUVEC cells tube 
formation and that NK enhanced its efficacy. 

3.12. RT-qPCR 

Cell apoptosis enters a continuous reaction process under the inter
action of apoptotic regulatory molecules, ultimately inducing cell death, 
which involves the regulation of many intracellular genes and extra
cellular factors. Studies have shown that BAD (Bumbat et al., 2020), BAX 
(Saleh et al., 2022) and Caspase-3 (Yu et al., 2020) are all pro-apoptotic 
genes associated with apoptosis and have important roles in apoptosis. 
Therefore, we examined the expression levels of apoptosis-related genes 
BAD, BAX and Caspase-3 by RT-qPCR. The results were shown in Fig. 11. 
In BGC-823 cells, the expression of BAD, BAX and Caspase-3 genes in the 
oxaliplatin group and oxaliplatin + NK group were significantly higher 
compared with the control group and NK group, and there was a sig
nificant difference between the expression of genes in the oxaliplatin 
alone and in combination with NK group. The results of this experiment 
suggested that oxaliplatin combined with NK could inhibit the prolif
eration of cancer cells and thus induce apoptosis by regulating the 
expression levels of BAD, BAX and Caspase-3 genes, and the mechanism 
might be related to the upregulation of BAD, BAX and Caspase-3 genes. 

3.13. Study on the apoptosis with Z-VAD-FMK 

Z-VAD-FMK is an irreversible pan-caspase inhibitor could penetrate 
into the cells to inhibit apoptosis (Tsvetkov et al., 2022). As shown in 
Fig. 12, the inhibition rate of both NCI-H460 and BGC-832 cells alone 
and the combination group was significantly reduced after inhibitor 
action (****P < 0.0001). However, for HeLa and HepG-2 cells, the in
hibitor did not act significantly on oxaliplatin alone, but significantly 
reduced the inhibition rate of NK continuous group (**P < 0.01), indi
cating that NK has a significant prominent effect on oxaliplatin to pro
mote HeLa and HepG-2 cells. Obviously, either oxaliplatin alone or 
combined with NK induced cells inhibition was reduced by Z-VAD-FMK 
(30 μM) treatment, this is consistent with the rise of caspase 3 expression 
as shown in the previous q-PCR experiment results. 

3.14. Molecular docking 

In order to study the interaction between oxaliplatin and NK, we 
detected the binding energy by AutoDockVina (Eberhardt et al., 2021), 
and selected the conformation with the lowest binding energy for mo
lecular docking analysis. The docking result showed that Oxaliplatin was 
located in the outer surface groove near Asp 120, on the back of the NK 
substrate binding pocket, which implies that Oxaliplatin does not act as 
a competitive inhibitor of NK. The binding energy of NK to oxaliplatin is 
− 6.4 kcal⋅mol− 1. As shown in Fig. 13(a), oxaliplatin can form hydrogen 
bonds with Asp 120, Gly 146, Asn 243 and Pro 239, respectively. In 
addition, LigPlot + analysis result shows that oxaliplatin not only forms 
hydrogen bonds with Asn 243 and Pro 239, but also contacts Asn 25, Val 
26, Asp 120, Gly 146, Val 148, Trp 241 and Thr 242 through hydro
phobic forces (Fig. 13b). These hydrophobic forces will further increase 
the stability of oxaliplatin and NK binding. In summary, NK has great 
potential as a carrier of oxaliplatin (Ghalandari et al., 2015). This is 
consistent with the previous results that the combination of NK and 
oxaliplatin enhanced the uptake of oxaliplatin by cancer cells. 

4. Conclusion 

In summary, NK isolated and purified from black soybean natto with 
nattokinase activity of 600,391 U/g, and has no significant cytotoxicity. 
Oxaliplatin could inhibit cell proliferation and oxaliplatin combined 
with NK could enhance its anticancer effect and lead to mitochondrial 
dysfunction by causing the increase of intracellular ROS, which even
tually induced apoptosis. Oxaliplatin combined with NK also affected 
DNA synthesis by blocking cell cycles and improving cell uptake, ulti
mately inhibiting cell proliferation. In addition, they could also inhibit 
cell migration, invasion, and in vitro angiogenesis, thereby preventing 
the spread and metastasis of tumors. RT-qPCR showed that the mecha
nism of inhibition of cell proliferation and thus induction of apoptosis by 
the combination of NK and oxaliplatin may be achieved through the 
upregulation of BAD, BAX, and Caspase-3 genes. Molecular docking 
results show that NK could act as the carrier of oxaliplatin, which with 
binding energy of NK to oxaliplatin is − 6.4 kcal⋅mol− 1. The above 
experimental results suggested that NK could enhance the sensitivity of 
cancer cells to oxaliplatin and play a synergistic role in the anticancer 
effect of oxaliplatin by inducing apoptosis through the mitochondrial 
pathway. It might provide a new therapeutic agent and pathway for 
cancer treatment, and may also provide a new field of application for 
NK. 

Fig. 13. (a) Docking analysis visualization of NK binding with Oxaliplatin. Amino acids that form hydrogen bonds are identified in blue while hydrogen bonds are 
shown in yellow. (b) The diagrammatic representation of the result of Ligplot analysis. 
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