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Due to the high prevalence of vascular obstructive diseases, discovering potent, safe, and affordable fibrinolytic 
agents is of importance. There is particular interest concerning the use of functional foods that have a fibrinolytic 
activity, such as natto, a Japanese fermented soy-based product made with Bacillus subtilis (natto) strain 
BEST195. We recently isolated another bacterial strain from natto commercialized in Indonesia, B. subtilis G8, 
which has proven to exert fibrinolytic activity. Herein, a further characterization of B. subtilis G8 was assessed 
through a comparison with commercialized nattokinase, the major fibrinolytic enzyme of B. subtilis, by utilizing 
various in vitro fibrinolytic assays, namely whole blood clot lysis, euglobulin clot lysis, the fibrin plate method, 
and zymography. Both nattokinase and B. subtilis G8 were able to dissolve both whole blood and euglobulin clots. 
Furthermore, both nattokinase and B. subtilis G8 were able to lyse blood clots, presumably due to their ability 
to directly lyse fibrin. Finally, a crude extract of B. subtilis G8 displayed six zymogram bands of approximately 
42.0, 35.5, 30.8, 26.7, 20.0, and 13.7 kDa, with the strongest activity observed at 20.0 kDa. This indicates that B. 
subtilis G8 contained several fibrinolytic enzymes, which might have comprised nattokinase and other fibrinolytic 
enzymes. In summary, we demonstrated that a crude extract of B. subtilis G8 has potent fibrinolytic activity and 
that the activity was mediated by various fibrinolytic enzymes.
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INTRODUCTION

Unwanted thrombus formation is the root cause of various 
lethal vascular obstructive diseases, including venous thrombosis, 
obstructive coronary artery disease, and ischemic stroke. In 
healthy homeostasis, blood clotting events are kept in check by 
fibrinolytic activity, which prevents it from obstructing blood 
flow. Excessive or prolonged blood coagulation or disruption in 
the fibrinolytic system, however, results in unwanted thrombosis 
[1]. This emphasizes the importance of fibrinolytic agents that 
could be used for pharmacologic dissolution of a thrombus as a 
cure for such vascular obstructive diseases [1].

In the search for safe and cost-effective fibrinolytic agents, 
functional foods made of microbes with fibrinolytic activity are 
of interest. Among them, natto, a Japanese cheese-like traditional 
food made of soybeans that are fermented with Bacillus subtilis 
(natto) strain BEST195 [2], is of interest, as it is widely 
consumed in Asia [3] and is associated with a reduced risk of 
cardiovascular diseases [4]. Nattokinase, an enzyme secreted 
by B. subtilis, has been proven to exhibit fibrinolytic activity, 
in addition to its other beneficial effects, like anti-coagulation, 
anti-atherosclerosis, anti-hypertension, and neuroprotection 

[5, 6]. Several published studies support the plausibility of 
dietary proteins within the intestinal lumen being absorbed with 
their functional structures undisturbed/intact. Two proposed 
mechanisms for this are microfold/M cell‐mediated transcytosis 
[7] and goblet cell‐associated antigen passage [8]. In the case 
of nattokinase, a pilot human study demonstrated that upon 
ingestion of a single capsule of nattokinase containing 2,000 
FU, the highest detectable levels of this enzyme in the blood 
were noticed at approximately 13 hours post-consumption [9]. It 
has also been reported that those subjects who ingested capsules 
of nattokinase experienced certain nattokinase-associated health 
benefits, including control of blood pressure [10] and activation 
of fibrinolysis [11].

Other strains of B. subtilis have been used in various healthy, 
fermented soy-based products, such as B. subtilis DC33 
in Chinese douchi [12] and B. subtilis CK 11-4 in Korean 
chungkook-jang [13]. Of note, the fibrinolytic activity of those 
strains is not mediated by nattokinase, suggesting that there might 
be other microbial enzymes that could be screened as candidates 
for fibrinolytic agents. In line with this notion, we recently 
isolated another strain of B. subtilis from natto commercialized 
in Indonesia, named B. subtilis G8 [14]. A phylogenetic tree 
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analysis, based on the 16s rRNA sequences, suggested that 
B. subtilis G8 has 99% similarity to B. subtilis (natto) strain 
BEST195 [14]. Importantly, this strain has been demonstrated to 
exert fibrinolytic activity as well [14].

In order to better characterize the fibrinolytic activity of B. 
subtilis G8, this study compared a crude extract of B. subtilis 
G8 with a well-described, commercialized nattokinase in 
standardized assays comprising whole blood clot lysis, euglobulin 
clot lysis, the fibrin plate method, and zymography. We report that 
the crude extract of B. subtilis G8 indeed had potent fibrinolytic 
activity and that the activity was mediated by various fibrinolytic 
enzymes.

MATERIALS AND METHODS

B. subtilis G8 strain was isolated from Japanese fermented 
soybean natto commercialized in Indonesia [14]. The strain was 
subsequently grown in nutrient broth at 37°C with agitation. 
After 24 hours of incubation, the culture was centrifuged at 
5,000 × g for 5 min, and the supernatant was collected as a 
crude enzyme extract. A commercial nattokinase with 2,000 
fibrinolytic units (FU) per capsule was purchased from Doctor’s 
Best (Tustin, CA, USA). Chicken blood was purchased from 
a local traditional market. Phosphate-buffered saline (PBS) 
was prepared in house. Nutrient broth (NB), sodium chloride 
(NaCl), calcium chloride (CaCl2), acetone, acetic acid, 
acrylamide and bis-acrylamide, human fibrinogen, and bovine 
thrombin were purchased from MilliporeSigma (St. Louis, 
MO, USA). Agarose and broad range protein molecular weight 
marker were purchased from Promega (Madison, WI, USA). 
Coomassie brilliant blue R250 was purchased from Thermo 
Fisher Scientific (Waltham, MA, USA).

Whole blood clot lysis test
Pieces of chicken blood clot were weighed, and a 0.15-gram 

piece was transferred to each microcentrifuge tube. Subsequently, 
the blood clots were washed with 0.9% NaCl 2–3 times. Each 
tube containing a blood clot was reweighed to determine the 
initial weight of the clot. Then 1 milliliter of crude enzyme 
extract of B. subtilis G8, 1 mL of NB (as the negative control), 
or 50 FU of nattokinase was added into each tube. The mixtures 
were subsequently incubated at 37°C for 6 hours [14]. After 
incubation, the dissolved clots were analyzed qualitatively (by 
visual inspection) and quantitatively (by performing a wavelength 
scan (350–700 nm) with a spectrophotometer and by counting 
numbers of released red blood cells with haemocytometer. The 
remaining clots were dried at 80°C for 20 min and reweighed 
to obtain their final weights. The percentage of blood clot 
degradation was calculated based on dry weight of the clot using 
the following formula:

　Percentage of degradation (%) = 
        

    
initial weight of blood clots final weight of blood clots

initial weight of blood clots
−

    　　　　　　
× 100%.

Euglobulin clot lysis test
One milliliter of chicken blood plasma was diluted with 9 mL 

of distilled water at 4°C. The pH was adjusted to 4.5 by adding 
100 µL of 1% acetic acid. Subsequently, 1.5 mL of the mixture 
was transferred to each microcentrifuge tube and centrifuged 
at 3,000 rpm for 10 min. After centrifugation, the euglobulin 
fraction was precipitated. After discarding the supernatant, 
the precipitate was resuspended with 20 µL of PBS. Forty 
microliters of the suspension was mixed with 40 µL of 25 mM 
CaCl2 in order to form euglobulin clots. Subsequently, 1 mL 
of crude enzyme extracts of B. subtilis G8, 1 mL of NB, or 
50 FU of nattokinase was added into each respective tube and 
incubated at 37°C for 2 hr [15]. The dissolved euglobulin clot’s 
fraction was analyzed qualitatively (by visual inspection) and 
quantitatively (by performing a wavelength scan at 200–500 nm 
with a spectrophotometer and by subjecting it to sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE).

Fibrin plate method
The crude enzyme extract of B. subtilis G8 was precipitated 

with acetone at a ratio of 1:3. The mixtures were incubated at 
−30°C for 60 min and centrifuged at 10,000 rpm for 5 min. The 
precipitates were air-dried until the acetone fully evaporated. The 
precipitates were subsequently resuspended with 20 µL of PBS. A 
fibrin plate was created by mixing 0.4% of fibrinogen in 7 mL of 
0.9% NaCl with 7 mL of 2% agarose and 80 µL of 100 NIH units/
mL thrombin [14]. Wells were created on the fibrin plate and filled 
with either 20 µL of PBS, protein precipitates of crude enzyme 
extracts of B. subtilis G8 (1:3 ratio), or various concentrations of 
nattokinase (2, 5, 10, 25, and 50 FU). The plate was subsequently 
incubated at 37°C for 8 hours. After incubation, the resultant 
clear zone was measured (diameter length). A standard curve 
was created based on the fibrinolytic activities of nattokinase 
at different concentrations and was used for determining the 
fibrinolytic activity [16].

SDS-PAGE and zymography
SDS-PAGE was performed by using 12% of gel polyacrylamide 

[14]. Fibrin zymography of samples was performed by 
incorporating 0.0006% (w/v) of fibrinogen and 50 µL of 100 
NIH units/mL thrombin into the polyacrylamide solution [14]. 
Ten microliters of each sample was loaded into the gels, and 
the electrophoresis was performed at 50 millivolts for the first 
hour and at 100 millivolts for the following hour. The gels were 
subsequently stained with Coomassie brilliant blue R250.

Statistical analysis
Statistical analysis was performed on the results of the whole 

blood clot lysis test. Data are presented as mean ± SD values. 
Statistical significances were determined by one-way analysis of 
variance followed by Tukey’s method, with a 95% confidence 
interval. IBM SPSS Statistics for Windows version 20.0 (IBM 
Corp., Armonk, NY, USA) was used for all statistical analyses.

RESULTS

A comparison of fibrinolytic activity between a crude extract 
of B. subtilis G8 and commercialized nattokinase was performed 
by utilizing the following in vitro tests: the whole blood clot 
lysis test, euglobulin clot lysis test, fibrin plate method, and 
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zymography.

B. subtilis G8 lysed whole blood clots
The whole blood clot lysis test was performed in order 

to assess fibrinolytic activity of a particular substance (e.g., 
nattokinase) in the presence of whole blood components [17]. 
A previous study of B. subtilis G8 showed that its crude extract 
induced extensive lysis of whole chicken blood clots at the 6 
hour time point, based on visual inspection [14]. As shown in 
Fig. 1A and B, this finding was reconfirmed, as B. subtilis G8 
and nattokinase extensively dissolved clots, as compared with 
NB. Furthermore, quantitative analyses were performed as well 
to reinforce the reliability of this test. Figure 1E and F show 
significant degradation of blood clots, and hence higher counts 
of erythrocytes, when clots were incubated with B. subtilis G8 (to 
a lesser degree) or nattokinase, compared with those incubated 
with NB. These findings were supported by visual inspection 
in a hemocytometer (Fig. 1D). The spectrophotometry readings 
in Fig. 1C reinforce the above findings. Absorbance peaks were 
observed at 412, 540, and 580 nm, in which higher numbers of 
free erythrocytes correlated with higher absorbance readings at 

these wavelengths. Unsurprisingly, the blood clots treated with 
commercialized nattokinase displayed a higher absorbance than 
those treated with the crude extract of B. subtilis G8. Taken 
together, both the qualitative and quantitative assessments in the 
whole blood clot lysis test corroborated each other, suggesting 
that B. subtilis G8 has potent fibrinolytic activity.

B. subtilis G8 lysed euglobulin clots
The euglobulin clot lysis test is classically utilized to screen 

for intrinsic fibrinolytic activity, as the euglobulin fraction of 
plasma contains preserved levels of fibrinolytic factors (e.g., 
plasminogen and plasminogen activators) but with much reduced 
levels of plasminogen activator inhibitor-1 [15]. Arguably, this 
assay could be used to reconfirm results from the whole blood 
clot lysis test, due to low levels of anti-fibrinolytic agents in 
the euglobulin fraction of plasma. The qualitative results of 
the test are shown in Fig. 2, and B. subtilis G8 and nattokinase 
were able to dissolve the euglobulin clots. The results were 
subsequently analyzed quantitatively via spectrophotometry 
readings at wavelengths of 200–500 nm. Despite the fact that 
treatment with B. subtilis G8 or nattokinase resulted in different 

Fig. 1. Crude extract of B. subtilis G8 lysed whole blood clots. Representative visual results of whole blood clots treated with (1) nutrient broth/NB, 
(2) crude extract of B. subtilis G8, or (3) nattokinase/NK 50 FU at (A) zero hours and (B) after 6 hours of incubation (n=3). (C) Representative 
spectrophotometry results after 6 hours of incubation. Arrows indicated observed peaks upon incubation. Released red blood cells after 6 hours of 
incubation with (1) NB, (2) crude extract of B. subtilis G8, or (3) nattokinase/NK 50 FU, via (D) inspection, (E) cell count, and (F) percentage of 
clot degradation. Each bar represents mean value with standard deviation (n=3). *Statistical significance at p<0.05.
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peak absorbances than that obtained with NB, intriguingly, the 
treatment with the commercialized nattokinase resulted in a 
much lower reading (data not shown). One possible explanation 
was that nattokinase, as a potent fibrinolytic enzyme, repeatedly 
degraded the euglobulin clot during the 2-hr incubation. This 
could result in a much lower concentration of protein or peptide.

Another approach was subsequently used for the quantitative 
assessment, i.e., analysis of the lysed samples via SDS-PAGE. 
Figure 3A demonstrates that B. subtilis G8 degraded non-
crosslinked (i.e., alpha, beta, and gamma chains) as well as 
crosslinked fibrin forms (i.e., alpha-dimer, gamma-dimer, and 
gamma-alpha dimer), which were found in the euglobulin clot, 
as reported previously [18]. This indicated that a fibrinolytic 
enzyme(s) of B. subtilis G8 was able to degrade fibrin directly. 
Figure 3A also shows that B. subtilis G8 was able to cleave 
plasminogen and hence could act as a plasminogen activator 
as well. Collectively, this supports the notion that a fibrinolytic 
enzyme(s) of B. subtilis G8 degraded fibrin directly as well as 
indirectly by acting as a plasminogen activator [19].

Next, important results after treatment with nattokinase were 
confirmed, as shown in Fig. 3B. Treatment with nattokinase 
completely degraded the fibrin forms as well as cleaved 
plasminogen. Indeed, only degraded products of individual alpha, 
beta, and gamma chains were observed in this treatment. Taken 
together, this indicated that visual inspection and SDS-PAGE 
could be used in tandem as assessment tools for euglobulin clot 
lysis test. Furthermore, these findings supported the existence of 
fibrinolytic activity of B. subtilis G8.

B. subtilis G8 exerted direct fibrinolytic effects
A previous study also demonstrated that a crude extract of B. 

subtilis G8 degraded fibrin plates, as indicated by the presence 
of a clear zone [14]. In order to determine degree of direct 
fibrinolytic activity of B. subtilis G8, various concentrations of 
nattokinase were tested to construct a standard curve. The results 
are displayed in Fig. 4 and demonstrate that nattokinase was able 
to degrade fibrin at its lowest concentration (2 FU). Based on 
the constructed standard curve (data not shown), the fibrinolytic 

Fig. 2. Crude extract of B. subtilis G8 lysed euglobulin clots. 
Representative visual results of euglobulin clots treated with (1) 
nutrient broth/NB, (2) crude extract of B. subtilis G8, or (3) nattokinase 
50 FU at (A) zero hours and (B) after 6 hours of incubation at 37°C 
(n=3). Fig. 3. SDS-PAGE of euglobulin clots lysed by crude extract of B. 

subtilis G8 and nattokinase. Representative SDS-PAGE results of 
euglobulin clots incubated with (A) crude extract of B. subtilis G8 
and (B) nattokinase 50 FU, as shown in lane 3. Lanes 1 and 2 refer to 
the protein marker and untreated euglobulin clot, respectively.
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activity of B. subtilis G8 was estimated to be as high as 22.8 FU. 
In sum, this finding provided confirmation of direct fibrinolytic 
activity of B. subtilis G8.

B. subtilis G8 contained fibrinolytic enzymes
To identify putative fibrinolytic enzymes of B. subtilis G8, crude 

extracts of B. subtilis G8 were partially purified using acetone 
precipitation and analyzed by SDS-PAGE and zymography [14]. 
There were some differences between the current results, shown 
in Fig. 5, and those reported previously [14], as 6 bands were 
identified in contrast to the previously identified 4 bands. The 
bands with weaker signals were of 42.0, 35.5, 30.8, 26.7, and 13.7 
kDa, which differed from the previously identified weak bands 
[14]. The differences could be partly attributed to the acetone 
precipitation, as it could incompletely recover proteins with low 
concentrations [20]. Nonetheless, the current results identified 
a thick band (presumably a strong fibrinolytic enzyme) with a 
molecular weight of approximately 20.0 kDa, which arguably 
corresponded to the previously identified thick band of 19.1 
kDa [14]. In addition, the crude extract of B. subtilis G8 might 
have contained nattokinase, as the 26.7 kDa band might have 
corresponded to its reported size (27.7 kDa). Collectively, several 
fibrinolytic enzymes of B. subtilis G8 with various molecular 
sizes were identified.

DISCUSSION

We herein reported further characterization of the fibrinolytic 
activity of B. subtilis G8 isolated from a Japanese traditional food, 
natto, commercialized in Indonesia. Building on our previous 
results [14], we uncovered several new findings. First, by using 
both whole blood and euglobulin clot lysis assays, we showed 
that a crude extract of B. subtilis G8 was indeed able to dissolve 
blood clots, as compared with commercialized nattokinase and 
NB as the positive and negative controls, respectively. The clot 
lysis results were not merely based on a qualitative parameter 

(i.e., visual inspection), as various quantitative parameters (i.e., 
erythrocyte count, spectrophotometer readings, and SDS-PAGE) 
corroborated these results. Our SDS PAGE results (Fig. 3A) 
interestingly indicated that the crude extract of B. subtilis G8 
could degrade various fibrin forms and could act as a plasminogen 
activator. This suggests that the crude extract of G8 behaved in a 
manner similar to the reported nattokinase [19].

Second, we reconfirmed the finding of our previously 
published study [14] that a crude extract of B. subtilis G8 
was able to directly lyse fibrin, as observed in experiments 
using euglobulin clots and fibrin plates (Figs. 3A and 4). This 
reconfirms the earlier mentioned inference that B. subtilis G8 has 
direct fibrinolytic activity. Furthermore, by using known units of 
fibrinolytic activity of commercialized nattokinase to construct a 
standard curve, we measured the fibrinolytic activity of B. subtilis 
G8 (Fig. 4). A limitation of this experiment was that the crude 
extract of B. subtilis G8 used might have contained multiple 
fibrinolytic enzymes, and hence the obtained units of B. subtilis 
G8 might have been a summation of the activities of various 
enzymes. Nonetheless, the results obtained from the fibrin plate 
method supported the direct fibrinolytic activity of B. subtilis 
G8. Finally, we observed that the crude extract of B. subtilis 
G8 contained several fibrinolytic enzymes, as suggested by the 
presence of 6 zymogram bands (Fig. 5). As further purification 
and characterization of those bands was not performed, we relied 
on published B. subtilis-derived fibrinolytic enzymes to predict 
the identity of most of the zymogram bands. The band measuring 
26.7 kDa arguably corresponded to the size of nattokinase or 
subtilisin NAT [21], and the bands measuring 30.8 and 20.0 kDa 
correlated to sizes of other types of subtilisin [12, 22]; on the other 
hand, the band measuring 42 kDa appears to be similar to the size 
of metalloprotease [23]. Collectively, our findings support the 
presence and functionality of various fibrinolytic enzymes that 
might be secreted by B. subtilis G8.

A commercialized nattokinase was used as the reference in 
this study, as we did not have access to a pure, research-grade 

Fig. 4. Crude extract of B. subtilis G8 directly degraded fibrin. Representative fibrin plate results 
(calculated as the diameter of the clear zone) upon treatment with (1) nutrient broth/NB [0 cm], (2) 
nattokinase 2 FU [0.55 cm], (3) nattokinase 5 FU [0.60 cm], (4) nattokinase 10 FU [0.70 cm], (5) 
nattokinase 25 FU [0.89 cm], (6) nattokinase 50 FU [1.21 cm], and (7) crude extract of B. subtilis 
G8 [0.85 cm]. The provided values in the square brackets are the average diameters of the clear 
zones from triplicate experiments. The plates were incubated at 37°C for 8 hours.

Fig. 5. Crude extract of B. subtilis G8 
displayed several zymogram bands. 
Representative zymography results for 
the crude extract of B. subtilis G8 (lane 
2). Lane 1 refers to the protein marker.



BACILLUS SUBTILIS G8 EXERTS POTENT FIBRINOLYTIC ACTIVITY 149

doi: 10.12938/bmfh.2020-071 ©2021 BMFH Press

nattokinase. Nonetheless, this commercialized nattokinase acted 
as a potent fibrinolytic agent in this study. The results of the 
whole blood and euglobulin clot lysis tests demonstrated that the 
commercialized nattokinase exerted stronger fibrinolytic activity 
at 50 FU than the crude extract of B. subtilis G8, partly due to 
the strength of the crude extract of B. subtilis G8 only reaching 
22.8 FU. Next, despite the reported size of nattokinase being 
approximately 27.7 kDa [21], we intriguingly observed its size 
as 12.4 kDa via zymography (data not shown). As very limited 
information was provided by the manufacturer, we are tempted 
to speculate that this commercialized nattokinase was a truncated 
version of the original serine protease but retained a high degree 
of or complete fibrinolytic activity.

As many groups have determined the fibrinolytic activity 
of substances primarily based on the fibrin plate method 
[24–26], we would like to note that this method only provides 
a partial assessment of fibrinolytic activity. It does not take into 
consideration the fact that cellular components of blood also 
play an important role in fibrinolysis [24], which can be assessed 
by the whole blood clot lysis test instead. In addition, a tested 
substance could be interpreted as having a direct fibrinolytic 
activity when a clear zone is observed in the fibrin plate method 
[25]. It is worth noting, however, that the fibrin plate method 
might contain a residual quantity of plasminogen due to the 
presence of plasminogen in commercially purchased fibrinogen 
[26, 27]. Therefore, a resultant clear zone in the presence of a 
substance might also bepartly due to the activity of plasmin (i.e., 
an indirect fibrinolytic activity). This pitfall can be circumvented 
by either comparing heat-treated and non-heat-treated fibrin plate 
methods [26, 27] or by running the lysed fraction of euglobulin 
clots through SDS-PAGE (Fig. 3). This supports our hypothesis 
in favor of performing various assays to assess the fibrinolytic 
activity of B. subtilis G8.

In summary, a detailed characterization of the fibrinolytic 
activity of a crude extract from B. subtilis G8 was reported in this 
study based on various in vitro fibrinolytic assays. Our results 
suggest that B. subtilis G8 has potent fibrinolytic activity and that 
its activity presumably is mediated by various enzymes. Further 
studies to isolate and elucidate each of the fibrinolytic enzymes 
are warranted to support the discovery of potent, safe, and 
affordable fibrinolytic agents that could have potential clinical 
applications.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

This study was financially supported by the Directorate 
General of Higher Education, Ministry of Education and Culture, 
Republic of Indonesia (1218/LL3/PG/2021) and LPPM-UPH. 
We thank Mr. Sumeet Bal, M. Biotech (Bio-Medical Division, 
CSIRO Australia), for critical reading of the manuscript.

REFERENCES

 1. Mackman N, Bergmeier W, Stouffer GA, Weitz JI. 2020. Therapeutic strategies 
for thrombosis: new targets and approaches. Nat Rev Drug Discov 19: 333–352. 
[Medline]  [CrossRef]

 2. Kamada M, Hase S, Sato K, Toyoda A, Fujiyama A, Sakakibara Y. 2014. Whole 

genome complete resequencing of Bacillus subtilis natto by combining long reads 
with high-quality short reads. PLoS One 9: e109999. [Medline]  [CrossRef]

 3. Sumi H, Hamada H, Tsushima H, Mihara H, Muraki H. 1987. A novel fibrinolytic 
enzyme (nattokinase) in the vegetable cheese Natto; a typical and popular soybean 
food in the Japanese diet. Experientia 43: 1110–1111. [Medline]  [CrossRef]

 4. Nagata C, Wada K, Tamura T, Konishi K, Goto Y, Koda S, Kawachi T, Tsuji M, Nakamura 
K. 2017. Dietary soy and natto intake and cardiovascular disease mortality in Japanese 
adults: the Takayama study. Am J Clin Nutr 105: 426–431. [Medline]  [CrossRef]

 5. Chen H, McGowan EM, Ren N, Lal S, Nassif N, Shad-Kaneez F, Qu X, Lin Y. 2018. 
Nattokinase: a promising alternative in prevention and treatment of cardiovascular 
diseases. Biomark Insights 13: 1177271918785130. [Medline]  [CrossRef]

 6. Weng Y, Yao J, Sparks S, Wang KY. 2017. Nattokinase: an oral antithrombotic agent for 
the prevention of cardiovascular disease. Int J Mol Sci 18: 523. [Medline]  [CrossRef]

 7. Kraehenbuhl JP, Neutra MR. 2000. Epithelial M cells: differentiation and function. 
Annu Rev Cell Dev Biol 16: 301–332. [Medline]  [CrossRef]

 8. McDole JR, Wheeler LW, McDonald KG, Wang B, Konjufca V, Knoop KA, Newberry 
RD, Miller MJ. 2012. Goblet cells deliver luminal antigen to CD103+ dendritic cells in 
the small intestine. Nature 483: 345–349. [Medline]  [CrossRef]

 9. Ero MP, Ng CM, Mihailovski T, Harvey NR, Lewis BH. 2013. A pilot study on the 
serum pharmacokinetics of nattokinase in humans following a single, oral, daily dose. 
Altern Ther Health Med 19: 16–19. [Medline]

 10. Kim JY, Gum SN, Paik JK, Lim HH, Kim KC, Ogasawara K, Inoue K, Park S, Jang Y, 
Lee JH. 2008. Effects of nattokinase on blood pressure: a randomized, controlled trial. 
Hypertens Res 31: 1583–1588. [Medline]  [CrossRef]

 11. Kurosawa Y, Nirengi S, Homma T, Esaki K, Ohta M, Clark JF, Hamaoka T. 2015. A 
single-dose of oral nattokinase potentiates thrombolysis and anti-coagulation profiles. 
Sci Rep 5: 11601. [Medline]  [CrossRef]

 12. Wang CT, Ji BP, Li B, Nout R, Li PL, Ji H, Chen LF. 2006. Purification and 
characterization of a fibrinolytic enzyme of Bacillus subtilis DC33, isolated from Chinese 
traditional Douchi. J Ind Microbiol Biotechnol 33: 750–758. [Medline]  [CrossRef]

 13. Kim W, Choi K, Kim Y, Park H, Choi J, Lee Y, Oh H, Kwon I, Lee S. 1996. Purification 
and characterization of a fibrinolytic enzyme produced from Bacillus sp. strain CK 11-4 
screened from Chungkook-Jang. Appl Environ Microbiol 62: 2482–2488. [Medline]  
[CrossRef]

 14. Lucy J, Raharjo PF, Elvina, Florencia L, Susanti AI, Pinontoan R. 2019. Clot lysis 
activity of Bacillus subtilis G8 isolated from Japanese fermented natto soybeans. Appl 
Food Biotechnol 6: 101–109.

 15. Longstaff C. 2018. Measuring fibrinolysis: from research to routine diagnostic assays. 
J Thromb Haemost 16: 652–662. [Medline]  [CrossRef]

 16. Jeong SJ, Kwon GH, Chun J, Kim JS, Park CS, Kwon DY, Kim JH. 2007. Cloning of 
fibrinolytic enzyme gene from Bacillus subtilis isolated from Cheonggukjang and its 
expression in protease-deficient Bacillus subtilis strains. J Microbiol Biotechnol 17: 
1018–1023. [Medline]

 17. Bonnard T, Law LS, Tennant Z, Hagemeyer CE. 2017. Development and validation of 
a high throughput whole blood thrombolysis plate assay. Sci Rep 7: 2346. [Medline]  
[CrossRef]

 18. Gormsen J, Feddersen C. 1974. Degradation of non cross-linked and cross-linked 
fibrin clots by plasmin, trypsin, chymotrypsin and Brinase. Thromb Res 5: 125–139. 
[Medline]  [CrossRef]

 19. Chang CT, Fan MH, Kuo FC, Sung HY. 2000. Potent fibrinolytic enzyme from a 
mutant of Bacillus subtilis IMR-NK1. J Agric Food Chem 48: 3210–3216. [Medline]  
[CrossRef]

 20. Crowell AMJ, Wall MJ, Doucette AA. 2013. Maximizing recovery of water-soluble 
proteins through acetone precipitation. Anal Chim Acta 796: 48–54. [Medline]  
[CrossRef]

 21. Nakamura T, Yamagata Y, Ichishima E. 1992. Nucleotide sequence of the subtilisin 
NAT gene, aprN, of Bacillus subtilis (natto). Biosci Biotechnol Biochem 56: 1869–
1871. [Medline]  [CrossRef]

 22. Jeong SJ, Heo K, Park JY, Lee KW, Park JY, Joo SH, Kim JH. 2015. Characterization of 
AprE176, a fibrinolytic enzyme from Bacillus subtilis HK176. J Microbiol Biotechnol 
25: 89–97. [Medline]  [CrossRef]

 23. Kim HK, Kim GT, Kim DK, Choi WA, Park SH, Jeong YK, Kong IS. 1997. Purification 
and characterization of a novel fibrinolytic enzyme from Bacillus sp. KA38 originated 
from fermented fish. J Ferment Bioeng 84: 307–312.  [CrossRef]

 24. Ilich A, Bokarev I, Key NS. 2017. Global assays of fibrinolysis. Int J Lab Hematol 39: 
441–447. [Medline]  [CrossRef]

 25. Ren Y, Pan X, Lyu Q, Liu W. 2018. Biochemical characterization of a fibrinolytic 
enzyme composed of multiple fragments. Acta Biochim Biophys Sin (Shanghai) 50: 
227–229. [Medline]  [CrossRef]

 26. Hu Y, Yu D, Wang Z, Hou J, Tyagi R, Liang Y, Hu Y. 2019. Purification and 
characterization of a novel, highly potent fibrinolytic enzyme from Bacillus subtilis 
DC27 screened from Douchi, a traditional Chinese fermented soybean food. Sci Rep 
9: 9235. [Medline]  [CrossRef]

 27. Mill PJ, Elder JM, Miles AA, Wilhelm DL. 1955. Enzyme-like globulins from serum 
reproducing the vascular phenomena of inflammation. VI. Isolation and properties of 
the permeability factor and its inhibitor in human plasma. Br J Exp Pathol 39: 343–355. 
[Medline]

http://www.ncbi.nlm.nih.gov/pubmed/32132678?dopt=Abstract
http://dx.doi.org/10.1038/s41573-020-0061-0
http://www.ncbi.nlm.nih.gov/pubmed/25329997?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0109999
http://www.ncbi.nlm.nih.gov/pubmed/3478223?dopt=Abstract
http://dx.doi.org/10.1007/BF01956052
http://www.ncbi.nlm.nih.gov/pubmed/27927636?dopt=Abstract
http://dx.doi.org/10.3945/ajcn.116.137281
http://www.ncbi.nlm.nih.gov/pubmed/30013308?dopt=Abstract
http://dx.doi.org/10.1177/1177271918785130
http://www.ncbi.nlm.nih.gov/pubmed/28264497?dopt=Abstract
http://dx.doi.org/10.3390/ijms18030523
http://www.ncbi.nlm.nih.gov/pubmed/11031239?dopt=Abstract
http://dx.doi.org/10.1146/annurev.cellbio.16.1.301
http://www.ncbi.nlm.nih.gov/pubmed/22422267?dopt=Abstract
http://dx.doi.org/10.1038/nature10863
http://www.ncbi.nlm.nih.gov/pubmed/23709455?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18971533?dopt=Abstract
http://dx.doi.org/10.1291/hypres.31.1583
http://www.ncbi.nlm.nih.gov/pubmed/26109079?dopt=Abstract
http://dx.doi.org/10.1038/srep11601
http://www.ncbi.nlm.nih.gov/pubmed/16575557?dopt=Abstract
http://dx.doi.org/10.1007/s10295-006-0111-6
http://www.ncbi.nlm.nih.gov/pubmed/8779587?dopt=Abstract
http://dx.doi.org/10.1128/AEM.62.7.2482-2488.1996
http://www.ncbi.nlm.nih.gov/pubmed/29363269?dopt=Abstract
http://dx.doi.org/10.1111/jth.13957
http://www.ncbi.nlm.nih.gov/pubmed/18050921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/28539608?dopt=Abstract
http://dx.doi.org/10.1038/s41598-017-02498-2
http://www.ncbi.nlm.nih.gov/pubmed/4278050?dopt=Abstract
http://dx.doi.org/10.1016/0049-3848(74)90063-2
http://www.ncbi.nlm.nih.gov/pubmed/10956093?dopt=Abstract
http://dx.doi.org/10.1021/jf000020k
http://www.ncbi.nlm.nih.gov/pubmed/24016582?dopt=Abstract
http://dx.doi.org/10.1016/j.aca.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/1369081?dopt=Abstract
http://dx.doi.org/10.1271/bbb.56.1869
http://www.ncbi.nlm.nih.gov/pubmed/25315053?dopt=Abstract
http://dx.doi.org/10.4014/jmb.1409.09087
http://dx.doi.org/10.1016/S0922-338X(97)89249-5
http://www.ncbi.nlm.nih.gov/pubmed/28497494?dopt=Abstract
http://dx.doi.org/10.1111/ijlh.12688
http://www.ncbi.nlm.nih.gov/pubmed/29309704?dopt=Abstract
http://dx.doi.org/10.1093/abbs/gmx125
http://www.ncbi.nlm.nih.gov/pubmed/31239529?dopt=Abstract
http://dx.doi.org/10.1038/s41598-019-45686-y
http://www.ncbi.nlm.nih.gov/pubmed/13572722?dopt=Abstract

