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Abstract: The increasing prevalence of cardiovascular and cerebrovascular diseases in recent years has brought thrombolytic drugs into 
the focus of researchers, drug makers, and the general public alike. Nattokinase (NK), an alkaline serine protease secreted by Bacillus subti‐
lis natto, exhibits strong thrombolytic activity, reduces blood viscosity, and enhances blood vessel elasticity. With its advantages of high 
stability, good absorption, long half-life, low cost and fewer side effects, it is considered an ideal natural medicine for preventing and treat‐
ing blood clots, with promising potential in the field of health food development. This review systematically summarizes research on natto‐
kinase relating to its physicochemical properties, thrombolytic and anticoagulant mechanisms, physiological function, fermentation tech‐
nology, activity determination, and isolation and purification methods, as well as the latest research on the targeted delivery system of nat‐
tokinase. Furthermore, we elaborate on the key future research directions of NK, involving strain optimization, purification technology up‐
grade, targeted delivery improvement and clinical application verification, in order to provide theoretical support for in-depth research in 
this field and its application.
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0　Introduction

Natto is a traditional fermented food that originated 
in ancient China. It was then introduced to Japan and has 
since developed into a distinctive Japanese-style natto 
due to the influence of the local environment. Fermented 

by Bacillus subtilis from soybeans, natto is not only a 
staple of Japanese cuisine but is also regarded as a "se‐
cret recipe" contributing to longevity in Japan. Con‐
sumed for over 1 000 years[1], natto is known for its 
unique taste, nutritional value, and health-promoting 
properties. In addition to its dietary use, natto has long 
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been recognized for its medicinal benefits in folk medi‐
cine. Multiple studies have reported pharmacological ef‐
fects of natto, and its regular consumption plays a role in 
healthcare and disease prevention[2]. Natto and its ex‐
tracts were systematically studied in Japan by Sumi et 
al[3], who added the enzyme extract to fibrin plates and 
observed a significant thrombolytic effect. They identi‐
fied the enzyme as a kinase with thrombolytic activity. 
This enzyme, produced by Bacillus natto or Bacillus 
subtilis natto, belongs to the group of alkaline serine pro‐
teases and was later formally named nattokinase (NK). 
Given its potent thrombolytic activity, NK has become a 
promising therapeutic agent for cardiovascular diseases, 
particularly those associated with thrombus formation.

Recent changes in diet, with increased meat and fat 
consumption and reduced intake of fiber, fruits, and veg‐
etables, have led to higher prevalence of chronic diseases 
such as cardiovascular disease, obesity, and diabetes[4]. In 
particular, cardiovascular diseases have become the lead‐
ing cause of human mortality worldwide[5], primarily due 
to the formation of intracardiovascular thrombi. Throm‐
bolytic treatments are the key therapeutic strategy for 
such diseases; therefore, the development of thrombo‐
lytic drugs has become a hot topic in recent years.

Currently, the most commonly used thrombolytic 
drugs in clinical practice are streptokinase (SK), uroki‐
nase (UK), and tissue-type plasminogen activator (t-PA). 
However, these drugs have some limitations. The throm‐
bolytic enzymes t-PA and UK have poor specificity and 
often cause bleeding and other side effects. In contrast, 
NK is safer and has few serious side effects[6]. In addi‐
tion, regarding the mode of administration and applica‐
tion scenarios, NK has obvious advantages: it can be ad‐
ministered orally and directly absorbed into the blood 
circulation through the small intestine[7]. This facilitates 
its long-term use—and overcomes the limitation of tradi‐
tional thrombolytic drugs, which are only suitable for 
emergency treatment—and supports its therapeutic role 
in disease prevention. In contrast, the traditional drugs 
SK and UK are usually injected intravenously and have 
a short half-life, resulting in a short-term therapeutic ef‐
fect. In terms of production process, t-PA mainly re‐
quires large-scale cultivation of mammalian cells for pro‐
duction, which has disadvantages such as being expen‐
sive and having low yields and insufficient concentra‐
tion, resulting in it being expensive and aggravating the  
economic burden on requiring patients; meanwhile, NK 
is prepared using fermentation technology with soy‐

beans as the raw material, and its cost of production is 
significantly lower than that of traditional drugs. Thus, 
NK has significant advantages over traditional thrombo‐
lytic drugs in terms of safety, ease of administration, and 
economical benefits.

However, NK also has limitations. Its efficacy is 
not as fast as that of traditional drugs and it is mainly 
used in clinical practice for prophylaxis or subacute adju‐
vant therapy. Further, most of the traditional thrombo‐
lytic drugs have been validated in large-scale clinical tri‐
als and are known to be effective, whereas most existing 
studies on NK were small-scale animal experiments; 
therefore, clinical data regarding the efficacy of NK are 
relatively lacking.

Nevertheless, NK has broad therapeutic potential 
and application prospects as an important active sub‐
stance for the treatment of thrombotic diseases. There‐
fore, this review presents the existing research on the 
physicochemical properties, thrombolytic and anticoagu‐
lant mechanisms, physiological functions, fermentation 
technology, activity, and isolation and purification meth‐
ods of NK, as well as the latest research on targeted de‐
livery systems for NK. We also provide prospective 
analysis of the future directions for research on NK, in 
order to provide theoretical support for in-depth research 
and the application of NK.

1　Physicochemical Properties

NK is an alkaline serine protease produced by Ba‐
cillus subtilis. It consists of a single-chain polypeptide 
with no intramolecular disulfide bonds and good water 
solubility. In its solid state, NK appears light yellow or 
white, with a significant absorption peak at 280 nm. 
Based on the determined DNA sequence, NK is a single-
chain polypeptide made up of 275 amino acid residues, 
with a molecular weight of 27 728 Da[8]. The enzyme has 
an alanine N-terminus and an isoelectric point pH of 8.6 
± 0.3. Its primary structure differs significantly from 
other fibrinolytic enzymes such as urokinase and strepto‐
kinase; however, they all share a similar fibrinolytic 
mechanism of action. The active sites of NK are Asp32, 
His64, and Ser221, while the substrate-binding sites in‐
clude Ser125, Leu126, and Gly127[9].

Several factors affect NK stability, including tem‐
perature, pH, metal ions, and organic compounds. NK 
has high thermal stability, and its enzyme activity is rela‐
tively stable in the range of 25 ℃-45 ℃. When the tem‐
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perature reached 50 ℃ , the enzyme activity gradually 
decreased. Once the temperature exceeds 60 ℃ , the en‐
zyme is rapidly inactivated. However, low temperature 
and repeated freezing and thawing did not significantly 
affect its activity[10]. At room temperature, NK exhibits 
relatively high stability at pH 6-11[11], with the best stabil‐
ity at pH 7-8. This indicates that the enzyme is relatively 
more stable in alkaline environments[12]. With regard to 
metal ions, Mg2+ , Na+ , and Ca2+ activate NK, whereas 
Fe2+, Zn2+, Cu2+, Ba2+, Al3+, and Mn2+ inhibit it, with Fe2+ 
and Al3+ being the strongest inhibitors[13]. Regarding or‐
ganic compounds, glycerol, propylene glycol, bovine se‐
rum protein, gelatin, and sodium alginate improve ther‐
mal stability of NK[14]. Inaddition, pepstatin A and leu‐
peptin have a slight inhibitory effect on NK, whereas the 
protease inhibitor phenylmethylsulfonyl fluoride 
(PMSF) fully inhibits NK[12]. NK is also substrate-
specific, with the nitroaniline chromogenic substrate S-
7388 (Suc-Ala-Ala-Pro-Phe-pNA) being the most sensi‐
tive to NK[15]. Additionally, NK also hydrolyzes the fibri‐
nolytic enzyme substrate S-2251 (H-D-Val-Leu-Lys-
pNA), the kinin-releasing enzyme substrate S-2302 (H-
D-Pro-Phe-Arg-pNA), and the thrombin substrate S-
2238 (H-D-Phe-Pie-Pip-Arg-pNA). However, the elas‐
tase substrate S-2484 (pyro-Glu-Pro-Val-pNA) and the 
urokinase substrate S-2444 (pyro-Glu-Gly-Arg-pNA) 

are reported to be ineffective, suggesting that NK has 
specific protein hydrolysis and recognition sites[15].

2　Thrombolytic and Anticoagulant 
Mechanisms of NK

Thrombosis is a pathological process wherein 
blood in the heart or blood vessels changes from a liquid 
state to a solid gel; its core mechanism is closely related 
to platelet activation and a coagulation cascade triggered 
by endothelial damage in blood vessels (Fig. 1). After 
damage to the vascular endothelium occurs, subendothe‐
lial collagen fibers are exposed, triggering the activation 
of glycoprotein receptors on the platelet surface, prompt‐
ing platelets to adhere to the site of injury and release ad‐
enosine diphosphate (ADP), thromboxane A2 (TXA2), 
and other reactive substances, which induce platelet ag‐
gregation[16]. The coagulation system simultaneously ini‐
tiates the coagulation cascade reaction consisting of 
three interrelated pathways: the endogenous, exogenous, 
and common pathways[17]. In this situation, activation of 
the endogenous pathway occurs due to the activation of 
factor Ⅻ by collagen exposure, which sequentially acti‐
vates factors Ⅺ , Ⅸ , and ultimately factor Ⅹ through a 
cascade reaction[18]. The exogenous pathway is activated 
by the release of tissue factors (TFs) followed by bind‐

Fig. 1　Thrombus formation process and NK thrombolytic mechanism
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ing to factor Ⅶ and activation of factor X. In the com‐
mon pathway, the activation of factor X sequentially ac‐
tivates factors V and Ⅱ, ultimately leading to the conver‐
sion of fibrinogen (I) to fibrin and the formation of a 
stable thrombus network[18]. Eventually, aggregated plate‐
lets and the interwoven fibrin network work together to 
form a thrombus.

As the core structure of thrombus is insoluble fibrin 
encapsulated platelets and blood cells[19], the fibrinolytic 
effects of thrombolytic drugs are crucial for their thera‐
peutic efficacy. Effective thrombolytic agents such as 
plasminase can break down fibrin clots in the thrombus. 
Compared to fibrinolytic enzymes, NK has a more pro‐
nounced thrombolytic effect, higher efficiency, longer 
duration of action, and fewer side effects. Its fibrinolytic 
activity is approximately four to five times more potent 
than that of fibrinolytic enzymes in clot lysis assays[20].

NK, as a serine protease, is capable of high-quality 
thrombolysis, and its thrombolytic effect is achieved 
through a combination of mechanisms (Fig. 1). First, al‐
though it cannot directly hydrolyze plasma fibrinogen, it 
can act directly on cross-linked fibrin via a strictly re‐
stricted enzymatic site and hydrolyze it into soluble 
small molecules, thus playing a direct role in thromboly‐
sis. Second, NK has the ability to activate other fibrino‐
lytic enzymes[21]. NK can activate the conversion of pro-
UK to UK in the body, prompting UK to hydrolyze the 
fibrinolytic substrate of tetrapeptide and activate fibrino‐
gen, thus increasing fibrinolytic activity and further en‐
hancing its thrombolytic effect[22]. Additionally, NK can 
stimulate vascular endothelial cells to produce t-PA. t-
PA, as a key substance in the regulation of the thrombo‐
lytic system in vivo[22-23], can activate the tissue plasmino‐
gen to form fibrinolytic enzymes, which in turn dissolve 
fibrin[24]. In addition, the inhibitor of plasminogen activa‐
tor-1 (PAI-1) is the main inhibitor of t-PA, and NK can 
contribute to the degradation and inactivation of PAI-
1[25-26], which indirectly enhances fibrinolysis[24]. There‐
fore, NK can regulate the equilibrium relationship 
among PAI-1, t-PA, fibrinolytic enzymes, and fibrin by 
up-regulating the activity of t-PA and inhibiting the ex‐
pression of PAI-1, thus effectively enhancing the func‐
tion of the fibrinolytic system.

In terms of coagulation system regulation, NK ex‐
hibits similar significant effects. In vitro experiments 
have shown that high doses of NK inhibit coagulation 
factor activity, prolong the activated partial thromboplas‐
tin time (APTT), and reduce coagulation function in 
healthy individuals in vitro[27]. Randomized controlled tri‐
als in healthy populations have shown significant in‐

creases in D-dimer concentrations and fibrinogen degra‐
dation products and decreases in coagulation factor Ⅷ 
activity in individuals taking different doses of NK[28]. In 
vitro platelet aggregation and in vivo thrombosis studies 
have found that NK can reduce platelet aggregation by 
inhibiting the generation of thromboxane B2; in a rat 
FeCl3 carotid artery thrombosis model, NK can signifi‐
cantly delay the time of arterial occlusion[29], confirming 
its long-term inhibitory effect on the coagulation system.

3　Physiological Function of NK

3.1　Antithrombotic Efficacy

Fibrinogen, when converted to fibrin in the blood 
vessels, can lead to cardiovascular diseases, such as 
thrombosis and myocardial infarction. Common treat‐
ments for these conditions include surgery, antiplatelet 
drugs, and anticoagulants. However, these options are of‐
ten costly and carry side effects. Consequently, interest 
in the development of new microbial fibrinolytic en‐
zymes has become the focus of research in recent years.

NK is a potent fibrinolytic enzyme, which has been 
extensively studied in vitro and in animal models, con‐
firming its strong thrombolytic activity and safety. NK 
not only dissolves existing blood clots but also prevents 
their formation, with fewer side effects such as bleeding. 
In rat experiments, the intravenous NK demonstrates 
thrombolytic activity four times greater than that of 
plasma fibrinogen lysozyme, dissolving 88% of the 
thrombosis within 6 h at a dose of 2 836 IU[30]. Hsia et 
al[31] demonstrated in a human study that the oral NK ad‐
ministration led to a decrease in fibrinogen and coagula‐
tion factors Ⅶ and Ⅷ , highlighting its thrombolytic 
effect in vivo. A clinical trial involving healthy individu‐
als also showed that oral administration of NK increased 
fibrinolytic activity, again showing its in vivo efficacy[32]. 
Furthermore, Pais et al[33] used in vitro culture of human 
blood and showed that NK reduced erythrocyte aggrega‐
tion in a dose-dependent manner, thereby improving the 
microcirculation and blood flow, which helps prevent 
thrombosis. Moreover, Kamiya et al[34] found that NK de‐
layed the time to thrombosis in the tail of rats, demon‐
strating its role in slowing thrombosis in vivo.

3.2　Hypotensive Effects

Hypertension, a common chronic condition and ma‐
jor risk factor for cardiovascular disease, is character‐
ized by a persistent increase in arterial blood pressure. 
NK is considered a strong angiotensin-converting en‐
zyme (ACE) inhibitor that effectively lowers blood pres‐
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sure and may play a role in the prevention and treatment 
of hypertension[35]. Murakami et al[35] found that the anti‐
hypertensive mechanism of NK involves inhibiting renin 
release and controlling ACE activity, which prevents ex‐
cessive increases in angiotensin Ⅱ concentration, thus 
helping regulate blood pressure. Clinical studies show 
that oral NK administration reduces both systolic and 
diastolic blood pressure. For example, Kim et al[36] ob‐
served a reduction of −5.55 mmHg in systolic and −2.84 
mmHg in diastolic pressure, respectively, after eight 
weeks of NK supplementation. Jensen et al[37] also re‐
ported beneficial changes in blood pressure in patients 
with hypertension after eight weeks of NK administra‐
tion. Additionally, animal experiments by Lee et al[38] 
demonstrated that NK improved blood pressure in spon‐
taneously hypertensive rats when an extract fermented in 
wood beans by Bacillus subtilis was used. Fujita et al[7] 
found that NK retained its protease activity after absorp‐
tion through the intestine and reduced blood pressure by 
cleaving fibrinogen in the plasma after continuous oral 
administration in spontaneously hypertensive rats.

3.3　Alzheimer􀆳s Disease (AD) Prevention 
Efficacy

AD is characterized by degenerative lesions in the 
central nervous system, predominantly occurs in elderly 
populations, and presents as progressive cognitive dys‐
function, memory loss, and behavioral abnormalities. Its 
core pathological mechanism involves the abnormal de‐
position of β-amyloid (Aβ) in the brain parenchyma and 
cerebral blood vessels, which form oligomers, fibers, 
and plaques, accompanied by neuroprogenitor fiber 
tangles within neurons and the progressive loss of syn‐
apses[39]. In recent years, the potential application of NK 
in the field of neuroprotection and AD prevention has at‐
tracted much attention.

In 2013, NK was found to significantly alleviate neu‐
roinflammation and cognitive impairment in aluminum 
chloride-induced AD rat models by regulating the levels of 
brain-derived neurotrophic factor (BDNF), insulin-like 
growth factor (IGF-1), transforming growth factor- β 
(TGF-β), and ADAM9/10 genes, as well as reducing tau 
protein phosphorylation and amyloid plaque formation[40]. 
This suggests that NK can disrupt the pathological pro‐
cess of AD through multi-pathway regulation.

Mechanistically, the protease activity of NK en‐
ables it to directly target the breakdown of Aβ aggre‐
gates. NK binds to Aβ42/Aβ40 oligomers and produces 
hydrophilic Aβ fragments (N-terminal fragments) and 
hydrophobic Aβ fragments (C-terminal fragments) 

through catalytic degradation[41]. This enzymatic degrada‐
tion process is a key mechanism for the removal of Aβ 
aggregates in vivo or the elimination of their neurotoxic‐
ity. In an in vivo validation experiment in AD model 
mice, plasma levels of Aβ42/Aβ40 significantly de‐
creased after 14 days of continuous oral administration 
of NK, suggesting that the clearance of peripheral Aβ 
may reduce its reflux to the brain, and consequently re‐
duce the load of Aβ aggregates in the brain[42]. In addi‐
tion, in a rat model of aluminum- and D-galactose-
induced AD, oral administration of NK increased free β
-amyloid levels in the cerebrospinal fluid (CSF) and 
ameliorated the accumulation of aluminum deposits and 
amyloid plaques in the brain[43], further supporting its 
role in promoting Aβ metabolism. Although therapeutic 
compounds targeting Aβ alleviate AD in the clinical 
stage, the development of targeted drugs remains chal‐
lenging. Aβ transport across the blood-brain barrier to 
the peripheral metabolic system is a core biological hall‐
mark of AD[44]. NK provides a novel avenue for delaying 
the formation of intracerebral plaques by degrading Aβ 
aggregates in the bloodstream and decreasing the likeli‐
hood of their retrograde transport to the brain.

In summary, NK has potential for treating AD 
through a multi-target mechanism and may have unique 
advantages for early pathological intervention. However, 
research on the mechanism of NK in the treatment of 
AD is insufficient, the clinical evidence is limited, and 
large-scale randomized controlled trials for patients with 
AD are lacking. For its application in clinical practice, 
more basic theoretical research and high-quality clinical 
research are required.

3.4　Efficacy of Immune System Regulation

NK has demonstrated a multidimensional mecha‐
nism of action in the field of immunomodulation, and its 
function is not limited to thrombolysis; it also plays a 
unique role in inflammation suppression, immune cell 
function regulation, and gene expression intervention.

In terms of inflammation inhibition, NK can inhibit 
the release of pro-inflammatory factors and reduce neu‐
roinflammation. In a rat model of transient middle cere‐
bral artery occlusion (tMCAO), NK treatment signifi‐
cantly reduced TNF- α and IL-10 levels and decreased 
the release of inflammatory signaling molecules, such as 
nitric oxide (NO), confirming its therapeutic value as a 
potential neuroinflammation inhibitor[45]. Moreover, NK 
exhibits a direct regulatory effect on immune cells and is 
able to promote their proliferation and activation. A pre‐
vious study showed that the phagocytosis rate of NK-
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treated mouse macrophages (RAW. 264.7) increased to 
varying degrees in both normal and lipopolysaccharide 
(LPS)-activated states[45]. Furthermore, NK has a regula‐
tory effect on the secretion of inflammatory factors, 
which can effectively inhibit the release of IL-6 in the 
normal states; during the inflammatory response trig‐
gered by LPS stimulation, NK can significantly reduce 
the secretion level of pro-inflammatory factors such as 
IL-6, TNF-α and IL-1β, thereby exerting an anti-
inflammatory effect[46].

In response to immune homeostatic imbalances, 
NK exhibits unique repair capabilities. In a model of 
alcohol-induced immune dysfunction, NK rebalances 
the immune system by regulating CD4+ and CD8+ T 
lymphocyte subsets and NK cell numbers[47]. NK can 
also influence intracellular gene expression to exert a 
protective effect on the organism. NK pretreatment can 
activate the gene expression of SPF and THBS1 in vas‐
cular endothelial cells, which can play a protective role 
in the vascular endothelium by enhancing cellular au‐
tophagy, inhibiting necrotic apoptosis and the formation 
of NLPR3 inflammasomes[48].

In the field of tumor microenvironment regulation, 
NK has strong application value due to its enzymatic 
properties. Intratumorally injected NK can specifically 
degrade fibronectin in the tumor extracellular matrix, in‐
hibit the fibrotic process of cancer-associated fibroblasts 
(CAFs), reduce the hardness of tumor tissues, and sig‐
nificantly enhance the infiltration efficiency of CAR-T 
cells[49], thus providing a strategy for immunotherapy of 
solid tumors.

3.5　Other Effects of NK

NK has shown potential application value in other 
fields as well. In the field of cardiovascular health, the 
hypolipidemic- and anti-atherosclerotic effects of NK 
have been extensively verified. NK reduces the degree 
of lipid peroxidation and improves the balance of lipid 
metabolism through direct antioxidant mechanisms, thus 
effectively preventing the occurrence of atherosclero‐
sis[50]. Animal experiments have shown that intake of NK 
or NK-containing natto extracts significantly reduce se‐
rum total cholesterol (TC), triglyceride (TG), and low-
density lipoprotein cholesterol (LDL-C) levels[51]. Clini‐
cal studies have further demonstrated that atherosclero‐
sis and hyperlipidemia progression were effectively con‐
trolled in patients with hyperlipidemia who received 
daily high-dose NK supplementation for 12 months. The 
patients experienced a 15.9%, 15.3%, and 18.1% reduc‐
tion in TC, TG, and LDL-C levels, respectively, and a 

concomitant increase in high-density lipoprotein choles‐
terol (HDL-C) by 15.8%; a significant reduction was 
also noted in the carotid plaque area and intima-media 
thickness, with no significant adverse effects[52]. In addi‐
tion, NK and red yeast rice can increase the lipid-
lowering effect; NK promotes lipid metabolism, and red 
yeast inhibits cholesterol synthesis, forming a dual lipid-
lowering mechanism[53].

In the field of intestinal disease treatment, NK has a 
particularly prominent intervention effect on colitis. In 
dextran sulfate sodium (DSS) -induced chronic colitis 
mouse model, NK significantly alleviated inflammatory 
symptoms by regulating the composition of intestinal 
flora, inhibiting the secretion of pro-inflammatory cyto‐
kines (such as IL-6 and TNF-α), and reducing apoptosis-
mediated mucosal damage[54]. The recombinant Esch‐
erichia coli Nissle 1917 strain (EcNnatto) constructed 
by Liang et al[55] further verified the synergistic effect of 
NK. As a non-pathogenic probiotic, EcN has the poten‐
tial to treat gastrointestinal diseases[56], while the 
EcNnatto strain expressing NK can significantly en‐
hance its protective effect against DSS induced colitis 
by elongating the colon and further downregulating the 
levels of pro-inflammatory factors. The PB/NKase@Inu‐
lin multifunctional gel developed by Wu et al[57], through 
the synergistic effects of Prussian blue nanoenzyme and 
NK, reduced oxidative stress and inflammation in the co‐
lon; additionally, it repaired the colonic epithelial barrier 
and improved the accompanying anxiety and depression 
symptoms by regulating the gut-brain axis (MGB axis). 
This is an innovative approach for the comprehensive 
treatment of ulcerative colitis.

Research on the potential applications of NK in the 

field of tumor prevention and treatment is progressing. 

Yan et al[58] found that the crude extract of NK (NCE) 

could significantly increase survival rate, reduce the gen‐

eration of hepatic ascites, and inhibit the growth of tu‐

mors in a mouse model of hepatocellular carcinoma 

(HCC). Huang et al[59] developed a disulfide-bonded pep‐

tide dendritic polymer nano-coupler, which could simul‐

taneously target colon cancer and thromboembolic com‐

plications in vitro, providing a new avenue for the treat‐

ment of cancer thrombosis comorbidities and thrombo‐

embolic complications.

Retinal disease control is another important applica‐

tion direction of NK. NK can slow down the progression 

of diabetic retinopathy by inhibiting diabetes-induced 

neuroglial proliferation and inflammatory responses and 

protecting retinal neurons from damage[60]. In a mouse 
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model of oxygen-induced retinopathy (OIR), NK demon‐

strated anti-retinal neovascularization efficacy by modu‐

lating the Nrf2/HO-1 pathway, inhibiting glial activation 

and neuroinflammation[61]. These findings suggest that 

NK may serve as a potential therapeutic tool for retinal 

vascular diseases and provide a new strategy for the pre‐

vention and treatment of related diseases.

4　Fermentation of NK

NK is a serine protease produced by Bacillus subti‐

lis in the fermentation process; as a microbial metabo‐

lite, NK􀆳s efficient thrombolytic properties have resulted 

in its production process optimization becoming a re‐

search hotspot in the field of bioengineering. Large-

scale industrialized production of NK can be realized by 

optimizing the stability of NK obtained from fermenta‐

tion and developing the process. Currently, the main‐

stream fermentation methods of NK include solid-state 

and liquid fermentation, which significantly differ in the 

enzyme activity required, stability of the product, and in‐

dustrialization adaptability. In this study, the advantages, 

disadvantages, and technical differences of the two pro‐

cesses are systematically analyzed based on the latest re‐

search. The enzyme yields of the different fermentation 

methods are summarized in Table 1.

Table 1　Overview of enzyme activity differences between different fermentation methods

Solid state 

fermentation

Two-species 

solid state 

fermentation

Liquid 

fermentation

Univariate 

and response 

surface tests

Univariate 

and 

orthogonal 

tests

Univariate 

and response 

surface tests

Univariate 

and response 

surface tests

Single factor

test

Univariate 

and 

orthogonal 

tests

Univariate 

and 

orthogonal 

tests

Univariate 

and response 

surface tests

Bacillus natto JNFE 0127

Bacillus subtilis BS21076

Bacillus natto

Bacillus subtilis SWS01

Bacillus natto F-2-4

Bacillus natto S-15

Bacillus natto

NK4

Bacillus natto WTC016

Bacillus subtilis

X3

Inoculum 6%, fermentation at 30 °C for 24 h, with 

KCl 0.1%, sucrose 2%, tryptone 1.5%

Soybeans baked and fried at 90 °C for 5 min as 

materials, added 3% konjac powder, inoculum 

8%, fermentation at 37 °C for 24 h

Half of the crushed soybeans used as materials, 

inoculum 11%, fermentation at initial pH for 45 h

Initial moisture content 55%, 90 g/250 mL dry 

soybean meal, inoculum 6%, initial pH, 

fermentation at 36 °C for 25 h

Inoculation volume ratio of two strains 1:1, 

inoculum 4%

Inoculum 2%, initial medium pH 6.0, 

fermentation at 34 °C for 72 h

Fermentation at 30 °C, medium pH 7.0, inoculum 

2%, sample volume 60 mL, fermentation time 26 h, 

loading amount 24%

Fermentation at 34 °C, medium pH 6.5, inoculum 

2%, loading 20%, fermentation time 30 h

9 924.81 

IU/g

（3 582.48±

83.13） IU/g

1 408 IU/g

5 421 IU/g

6 287.16 

IU/g

848.28 IU/

mL

（3 284±58） 

IU/mL

393.095 IU/

mL

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Fermentation

 category

Optimization 

method
Fermentation strain Specific conditions

NK enzyme 

activity
Reference
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Liquid 

fermentation

Mixed 

liquid 

fermentation 

of three 

strains

Univariate 

and response 

surface tests

Single factor

test

Univariate 

and response 

surface tests

Univariate 

and 

orthogonal 

tests

Univariate 

and 

orthogonal 

tests

Bacillus natto

Recombinant Bacillus 

subtilis strain PSP2

Recombinant Bacillus 

subtilis strain 13932

Bacillus natto ACCC10614

Mutagenic

Bacillus amyloliquefaciens 

CBL-2-7-10-6, 

Mutagenesis of Bacillus 

subtilis DNS-17-3-15-7 

and L-5-8-15

Fermentation at 34 °C, medium pH 7.5, inoculum 

3%, fermentation time 95 h, bacterial age 17.5 h

Fermentation medium pH 7.0, containing 1.0% 

trypsin, 1.0% oyster protein hydrolysate, 2.0% 

maltose, and 0.5% sodium chloride, fermentation 

time 72 h

Fermentation medium: glycerol 23 g/L, soybean 

residue 96 g/L, MgSO4·7H₂O 0.8 g/L, CaCl2 0.7 g/

L, initial pH 7.5, fermentation at 37 °C, inoculum 

7%

Fermentation medium: 2% soybean meal, pH 7.0, 

inoculum 1%, fermentation time 48 h

Fermentation medium: 4% glucose, 4% soy 

peptone, 0.04% MgSO4, 0.06% CaCl2, 0.2% 

K2HPO4, 0.1% KH2PO4, pH 7.0. The inoculations 

of CBL-2-7-10-6, DNS-17-3-15-7 and L-5-8-15 

were 670, 670 and 1 000 μL/100 mL, fermentation 

temperature 31 ℃, fermentation time 50 h

5 087 IU/

mL

（390.23±

10.24） IU/

mL

（10 576.28 

± 91.78） 

IU/mL

4 429.6 IU/

mL

4 952.33 

IU/mL

[70]

[71]

[72]

[73]

[74]

Table (continued)

Fermentation

 category

Optimization 

method
Fermentation strain Specific conditions

NK enzyme 

activity
Reference

4.1　Solid-State Fermentation

Solid-state fermentation refers to a biological reac‐
tion where microorganisms ferment a water-insoluble 
solid substrate with a certain humidity, using it as the 
medium and nutrient source. This method plays a crucial 
role in NK production. Key factors affecting solid-state 
fermentation include the choice of materials and fermen‐
tation conditions. Suitable materials for solid fermenta‐
tion include natural crops such as soybeans[75], black 
beans[76], red beans[77], chickpeas[78], chestnuts[79], bar‐
ley[80], ginkgo nuts[81], or by-products from soybean pro‐
cessing such as muesli and bran[82]. The fermentation 
conditions, including time, temperature, material thick‐
ness, initial pH, and inoculum quantity, are also critical.

Solid-state fermentation uses simple production 
equipment and less expensive fermentation raw materi‐
als, and requires high enzyme activity and an abundant 
enzyme system, which makes it easy for enterprises to 
expand production and obtain high yields[83]. In addition, 
the solid-state fermentation process generates almost no 

wastewater and less environmental pollution, does not 

require strict sterile air requirements and complex equip‐

ment systems, has low technical requirements, and re‐

quires low initial investment; therefore, it is suitable for 

small-scale industrialization. However, there are still 

limitations to achieve large-scale industrialization of 

solid-state fermentation. First, the traditional solid-state 

fermentation occupies a large area and uses solid sub‐

strates such as soybeans as the initial material, thus ren‐

dering it prone to uneven nutrient distribution during the 

fermentation process, resulting in significant differences 

in enzyme activity among batches[51]. Second, due to the 

low moisture content of the medium and poor circula‐

tion, it is difficult to monitor the parameters of the fer‐

mentation process in real time, thus making it more diffi‐

cult to achieve pure seed cultivation and large-scale in‐

dustrial production[8]; Third, the subsequent enzyme ex‐

traction and purification process is more complicated, 

which increases the production cost.
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4.2　Liquid Fermentation

Liquid fermentation involves preparation of a fer‐
mentation medium in liquid form using microorganisms 
to promote the necessary biological reactions. This 
method is cost-effective, promotes rapid bacterial 
growth, and is ideal for large-scale production, making it 
the predominant method used for NK production. The 
key factors affecting liquid fermentation include the me‐
dium composition (carbon source, nitrogen source, and 
inorganic salt type), conditions (such as temperature, 
pH, and time), and fermentation methods (batch or fed-
batch). As the strains that produce NK are mostly aero‐
bic bacteria, the control of dissolved oxygen in liquid 
fermentation is crucial, which can be realized by adjust‐
ing the amount of liquid loading, rotational speed, and 
aeration[51]. The oxygen consumption of strains in the 
logarithmic phase of growth is larger, and increasing the 
dissolved oxygen is beneficial for bacterial growth, 
while the oxygen consumption tends to stabilize after en‐
tering the stabilization phase. Therefore, controlling dis‐
solved oxygen in stages during fermentation is an effec‐
tive strategy to improve NK production[18]. Compared to 
batch fermentation, batch addition of glycerol at the cell 
growth stage can significantly increase NK production 
in fed-batch fermentation[79].

Compared with solid-state fermentation, liquid fer‐
mentation has the advantages of uniform mass transfer, 
sophisticated and controllable fermentation detection 
technology, and the potential for automated continuous 
operation[84]. However, its large-scale industrialization 
also has few shortcomings. First, it is highly dependent 
on the control of dissolved oxygen and requires high-
precision fermentation equipment; therefore, the invest‐
ment cost is relatively high. Second, the nutrient-rich 
medium in liquid fermentation makes it difficult to iso‐
late and purify the NK products after fermentation.

4.3　Comparison of the Two Fermentation 
Processes

Both solid-state fermentation and liquid fermenta‐
tion have respective advantages and disadvantages. In 
terms of enzyme activity, by developing new fermenta‐
tion materials, optimizing fermentation conditions, and 
exploring mixed-strain fermentation, the enzyme yield 
of solid-state fermentation is significantly improved 
compared with the traditional process. Due to its high 
cell density and low water activity, the enzyme activity 
of solid-state fermentation products is usually higher 
than that of liquid fermentation. For example, Wang et 

al[85] used peanut meal solid state fermentation to prepare 
NK, and the enzyme activity was 3 162 IU/mL, signifi‐
cantly higher than those of most liquid fermentation sys‐
tems. However, with the development of recombinant 
strain construction and strain mutagenesis technology, 
the enzyme production of liquid fermentation is gradu‐
ally improving. In terms of fermentation product stabil‐
ity, solid state fermentation products are more stable. Af‐
ter being stored at 37 ℃ for 24 h, the residual enzyme 
activity can still be maintained at more than 95%, and 
the enzyme activity is stable within a pH range of 7-9[86]. 
However, the enzyme activity in the liquid fermentation 
products is only 78% under the same conditions, and the 
pH range wherein it is stable is narrow (7-8)[87]. This dif‐
ference may be due to the production of γ-polyglutamic 
acid (γ -PGA) by the soybean matrix in solid-state fer‐
mentation, which forms a gel network that can encapsu‐
late NK and reduce the risk of thermal deformation[88]. In 
liquid fermentation products, due to the lack of endog‐
enous protective substances, exogenous protective 
agents (such as trehalose or gelatin) are often needed to 
maintain stability[89]. To overcome this limitation, Yi et 
al[90] developed a biofilm fermentation and sequential ex‐
traction system. By co-producing γ-PGA and NK and di‐
rectly using γ-PGA as a natural stabilizer, the extraction 
rate of NK was increased to 77.1%.

5　Determining NK Activity

NK, a thrombolytic protease, is evaluated based on 
its bioactivity within the fibrinolytic system in vivo[91]. 
While NK activity is typically quantified by enzyme as‐
says, there is currently no fully standardized method for 
its measurement[92]. At present, several techniques are 
commonly used in laboratory studies to determine NK 
thrombolytic activity, including the fibrinogen plate 
method[93], fibrinogen block dissolution time method[94], 
methylbenzene sulfonyl-L-arginine methyl ester (TAME) 
method[95], casein-Folin-phenol method, ultraviolet spec‐
trophotometry, tetrapeptide substrate method[96], enzyme-
linked immunosorbent assay (ELISA)[96], and serum plate 
method. The activity assays are summarized in Table 2.

6　Isolation and Purification of NK

Currently, NK is primarily extracted from the fer‐
mentation broth of Bacillus subtilis natto, which in‐
volves a series of separation and purification steps to iso‐
late the enzyme. Commonly used methods for the isola‐
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tion and purification of NK include column chromatog‐

raphy, ultrafiltration, two-phase aqueous extraction, re‐
verse colloidal extraction, affinity particle adsorption, 

expanded bed method, and three-phase partitioning. The 
methods used for isolation and purification are summa‐
rized in Table 3.

Table 2　Overview of methods for NK activity determination

Detection method

Fibrinogen plate 

method

Fibrinogen block 

dissolution time 

method

Casein-Folin-

phenol method

Methylbenzene 

sulfonyl-L-

arginine methyl 

ester (TAME) 

method

Ultraviolet 

spectrophotometry

Tetrapeptide 

substrate method

Enzyme-linked 

immunosorbent 

assay (ELISA)

Serum plate 

method

Measurement principle

Thrombin hydrolyzes fibrinogen into 

fibrin, creating artificial thrombus 

plates composed of cross-linked fibrin. 

The enzymatic activity is linearly 

related to the logarithm of the area of 

the hyaline circle

NK reacts with fibrinogen, causing 

bubbles to rise to the surface, and the 

dissolution time is measured

Protease hydrolyzes casein to produce 

tyrosine (under alkaline conditions), 

which reacts with Folin􀆳s reagent to 

form a blue substance. The absorbance 

at 680 nm is measured to calculate 

enzyme activity

At 37 ℃, NK splits the substrate into 

methylbenzene sulfonyl-L-arginine and 

methanol. Formaldehyde is produced 

from methanol, which reacts with 

chromic acid to measure absorbance at 

574 nm, positively correlating with NK 

activity

NK reacts with fibrin to hydrolyze 

peptide bonds, causing a change in 

absorbance at UV 275 nm

The enzyme solution is incubated with 

the tetrapeptide substrate (Suc-Ala-Ala-

Pro-Phe-pNA) at 37 ℃ for 1 min, and 

absorbance at 410 nm is measured per 

unit time

Use a monoclonal antibody specific to 

NK, which binds specifically to NK 

and forms a complex with a polyclonal 

antibody attached to a marker enzyme. 

NK activity is measured via a 

peroxidase reaction

The absorbance at 655 nm is high 

when fibrin forms and decreases as NK 

dissolves the fibrin

Advantage

Simple, intuitive, 

multiple samples can 

be measured 

simultaneously

Greater resolution, 

shorter measurement 

time

Simple, low-cost, can 

simultaneously 

measure multiple 

samples

Simple operation, 

high sensitivity, short 

measurement time

Good precision and 

accuracy, short 

measurement time

Simple method, high 

sensitivity, low cost

High sensitivity, anti-

interference, and 

specificity

Can measure multiple 

samples 

simultaneously, 

simple operation, and 

low cost

Shortcoming

The area of the dissolution circle is 

highly influenced by incubation time, 

and the resolution is low and 

susceptible to individual subjectivity

Multiple samples cannot be measured 

simultaneously, strict timing 

requirements

Reaction time needs to be strictly 

controlled; large experimental error

Requires tight control of reaction time; 

reagents are susceptible to 

environmental influences

Insufficient specificity, susceptible to 

interference from other substances

Limited ability to fully capture the 

fibrinolytic activity of thrombolytic 

agents

High operating costs, limited practical 

applications

The preparation of artificial thrombi 

affects absorbance measurements

Reference

[97]

[98]

[99]

[100]

[101]

[98]

[97]

[102]
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7　Targeted Delivery Systems for NK

NK has notable limitations facing its clinical appli‐
cation. Its activity is influenced by environmental fac‐
tors such as temperature and pH, and its oral utilization 
is extremely low. This is due to its oral absorption 
through the gastrointestinal tract, a process susceptible 
to pepsin and the low pH of gastric acid, resulting in 
only a small amount of the drug being able to pass 
through the small intestinal epithelium into the blood cir‐
culation[111]. In recent years, innovations in formulation 
technology have significantly improved this situation, 
and this section summarizes the effects of different deliv‐
ery systems on the bioavailability of NK, providing 
novel ideas for the development of NK dosage forms 
and enhancing its potential as a drug for the prevention 
and treatment of thrombotic diseases.

7.1　Liposomal Delivery Systems

Liposomes are carrier formulations consisting of 
one or more concentric phospholipid bilayers in a micro‐
capsule structure, which is similar to the structure of cell 
membranes, with high biocompatibility, high stability, 
and low toxicity, enabling the controlled release of drugs 
and prolonging their half-life[112]. Based on these proper‐
ties, the stability and targeting delivery efficiency of 
drugs can be significantly enhanced by using liposome 
encapsulation technology. Liu et al[113] developed mag‐
netic nanoparticles co-modified with pH-sensitive phos‐
pholipids NK liposomes (PEOz-MNPs-NK@L), which 
have a dual-responsive effect: magnetic targeting for pre‐
cise enrichment at the target site and pH-responsiveness 
to ensure the release of the drug in the characteristic mi‐
croenvironment. These nanoparticles not only signifi‐
cantly increased the encapsulation rate and drug loading 

Table 3　Overview of methods for NK isolation and purification

Method

Column 

chromatography[103-104]

Ultrafiltration[105-106]

Two-phase aqueous 

extraction[103,107]

Reverse colloidal 

extraction[103]

Affinity particle 

adsorption[103,108]

Expanded bed 

methods[98,109]

Three-phase 

partitioning[110]

Principle

After filtration, centrifugation, and 

salting out, the sample is purified 

using column chromatography

Separation of NK using differential 

pressure-driven membrane 

separation, followed by 

chromatography

Separation based on the differing 

solubility of biomolecules between 

two phases

Surfactants form microspheres in a 

non-polar solution, which are 

transferred to the aqueous phase for 

separation

NK is adsorbed by affinity particles 

in the crude enzyme solution

Proteins are separated by 

electrostatic adsorption of 

oppositely charged proteases on an 

ion exchange column

Ammonium sulfate is mixed with n-

butanol, precipitating protein from 

the mixture

Advantage/Shortcoming

Higher purification times and recoveries/High 

cost, complex operation, long processing time, not 

easily scalable for industrial production

Large processing capacity, high extraction 

efficiency, convenient operation/Wide 

transmittance range; the filter membrane is prone 

to contamination

Low energy consumption, minimal environmental 

pollution/Higher cost, lower selectivity, only 

suitable for coarse separation

High selectivity, simple operation, low cost/ 

Complex system, uncontrollable conditions

Simple operation, high efficiency, does not 

negatively affect protein activity, easy to separate/

Expensive ligand and complicated preparation

Avoids NK inactivation, simplifies the separation 

process, reduces purification time, and improves 

product recovery/More complex equipment and 

control, higher cost

Moderate action conditions and low cost/Low 

selectivity and specificity, limited large-scale 

production

Enzyme 
activity 

recovery/%

42.1

92.3

81

80.2

85

95

129.5

Purifica
-tion 
ratio

19

2.36

3.52

2.5

8.7

8.2

5.6
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capacity of this system, but the thrombolytic efficiency 
was also significantly improved compared with the tradi‐
tional formulation. In addition, liposomes with phytoster‐
ols instead of cholesterol reduce the risk of hypercholes‐
terolemia; but the encapsulated NK is more likely to de‐
stroy the thrombus, which is especially suitable for the 
treatment of hyperlipidemia-related thrombosis. Dong et 
al[114] prepared NK liposomes using lecithin, phytoster‐
ols, and mannitol, and the highest encapsulation rate 
achieved was 64.4%. These liposomes had characteris‐
tics of rapid action and complete dilution and high intes‐
tinal absorption efficiency characteristics, which can ef‐
fectively avoid interference from the gastrointestinal en‐
vironment and promote the absorption of NK in the 
small intestine. However, research gaps remain with re‐
spect to NK liposomes, such as the lack of knowledge of 
the co-delivery mechanism with other active ingredients 
and in vivo metabolism kinetics, among other key issues 
that need to be studied further.

7.2　Polysaccharide Delivery Systems

Polysaccharides, composed of monosaccharides 
linked by glycosidic bonds, serve as versatile nanocarri‐
ers due to their biocompatibility, water solubility, and 
immune-evading properties, which stabilize drugs and 
prolong systemic exposure[115]. Key polysaccharides used 
for NK delivery include sodium alginate, chitosan, and 
cyclodextrin.
7.2.1　Sodium alginate

Sodium alginate is a natural polysaccharide ex‐
tracted from algae, which is pH sensitive, biocompat‐
ible, degradable, and highly safe[116]. Under mild condi‐
tions, sodium alginate can form a gel network structure 
through the cross-linking of cations, such as Ca2+ and 
Sr2+[117], which can enhance acid resistance, effectively re‐
sist gastric juice corrosion, and dissolve and release 
drugs in the intestinal environment. Therefore, sodium 
alginate, as an embedding wall material, can protect NK 
from gastric acid destruction. However, in a low pH en‐
vironment, the molecular weight of the cross-linked algi‐
nate matrix decreases, leading to the rapid degradation 
and release of the active ingredients[118]. Thus, it is often 
necessary to combine sodium alginate with other materi‐
als to optimize its protective effects. Chen et al[119] pre‐
pared capsules by embedding NK with a polyglutamic 
acid sodium alginate compound, which not only had a 
high embedding rate and strong acid resistance but also 
retained over 40% activity in the simulated intestinal en‐
vironment and was completely released within 80 min. 
Sun et al[120] used sodium alginate-carboxymethyl cellu‐
lose to prepare NK microspheres, and the results showed 

that the enzyme activity and stability of embedded NK 
were significantly higher than that of free NK under the 
same temperature and pH conditions, with a high en‐
zyme activity recovery rate and a strong structure. Liu et 
al[121] used Fe3O4, carboxymethyl chitosan and sodium al‐
ginate to prepare magnetite nanoparticles to carry NK, 
which imbued it with a magnetic targeting ability, en‐
abling accurate location of the thrombus site. In vitro 
thrombolysis experiments showed that this system could 
significantly prolong the complete dissolution time of 
blood clots and retained 90% of its activity after 90 days 
of storage at 4 ℃.
7.2.2　Chitosan

Chitosan is produced through chemical deacety‐
lation of chitin from crustaceans, which is biodegrad‐
able, biocompatible, non-toxic, and antibacterial[122]. In 
NK delivery systems, chitosan is often combined with 
other materials to enhance its oral availability. Alginate-
chitosan microcapsules were developed by Xie et al[123], 
which retained 80.41% of the NK enzyme activity in 
simulated gastric fluid in vitro and 50.69% enzyme activ‐
ity in the stomach of mice. These microcapsules also 
had a significant therapeutic effect on an atherosclerosis 
model. Zhang et al[124] prepared chitosan/casein-based bi‐
layer microparticles, which had good biocompatibility 
and protected NK from denaturation and protease degra‐
dation in an acidic environment. They retained more 
than 80% of the enzyme activity of NK after 2 h of simu‐
lated gastric acid treatment, and more than 60% after 3 h 
of combined gastrointestinal acid treatment. Its preven‐
tive and therapeutic effects were significantly better than 
those of free NK. Liu et al[125] prepared NK microcap‐
sules with a bilayer putaminal structure with chitosan 
and γ -PGA; the encapsulation rate of the capsules 
reached 96.08%, and the release amount was more than 
93% of the total drug amount after 4 h of digestion in 
the simulated gastrointestinal environment, with high 
stability and sustained release characteristics.
7.2.3　Cyclodextrin

Cyclodextrins are a class of natural polysaccharides 
derived from the enzymatic degradation of starch, com‐
posed of 6-8 D-glucopyranose units linked by α-1,4 gly‐
cosidic bonds. These cyclic oligosaccharides exhibit 
thermal stability, emulsifying capacity, and foam stabili‐
zation properties[121]. Their structural hallmark—a hydro‐
philic outer surface and hydrophobic inner cavity—en‐
ables drug encapsulation via hydrophobic interactions, 
thereby enhancing solubility and stability[122]. Xie et al[126] 
developed microcapsules co-encapsulating NK and pro‐
biotics by homogenizing NK with probiotics, gelatin, 
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and β-cyclodextrin. In gastric juice exposure assays, the 
microencapsulated Bacillus natto achieved a 98% sur‐
vival rate, significantly improving the gastrointestinal 
tolerance of both NK and probiotics.

7.3　Other Delivery Systems

In addition to the delivery systems mentioned 
above, currently used NK delivery technologies include 
emulsions and molecular polymers.
7.3.1　Emulsions

Emulsions, typically categorized into micron-and 
nano-emulsions, are colloidal dispersion systems com‐
prising oil, water, and surfactants, characterized by high 
stability, small particle size, and large surface area[127]. 
Gao et al[128] developed a self-double emulsification sys‐
tem for NK delivery, achieving an 86.8% encapsulation 
efficiency. Mouse gavage experiments revealed that the 
relative tail thrombus length was significantly shorter 
than that of the free NK group. However, the cumulative 
in vivo release at 8 h was only approximately 30%, indi‐
cating incomplete release. Additionally, surfactants com‐
monly used in emulsion systems are often toxic and 
compromise system stability, leading to issues such as 
delamination and flocculation. Future research should 
prioritize the development of novel food-grade emulsifi‐
ers to optimize emulsion-based delivery systems.
7.3.2　Molecular polymer delivery systems

Molecular polymer delivery systems include poly‐
ethylene glycol-polylactic acid-hydroxyacetic acid copo‐
lymer (PEG-PLGA) and polyglutamate peptide dendritic 
polymer (PLLD).

PEG-PLGA is synthesized from hydrophilic poly‐
ethylene glycol (PEG) and hydrophobic polylactic acid-
hydroxyacetic acid copolymer (PLGA), which is com‐
monly used for targeted delivery and slow release of an‐
ticancer drugs. Deng et al[129] prepared NK microcapsules 
using double emulsion evaporation with PEG-PLGA and 
folic acid-modified FA-PEG-PLGA as the wall material, 
and the NK activity in both microcapsules could still re‐
tain more than 60% of the NK activity in the microcap‐
sules after treatment with simulated gastric juice for 2 h. 
The NK activity could be sustained in neutral intestinal 
fluid for 22 h, showing good slow-release performance. 
After 2 h of treatment with simulated gastric fluid, the 
NK activity in both microcapsules was maintained at 
over 60%, and the effect could be sustained in neutral in‐
testinal fluid for 22 h, demonstrating good slow-release 
performance.

PLLD is a novel biomaterial with high drug loading 
efficiency, biocompatibility, and degradability. Wu et 
al[130] synthesized PLLD using the divergence-

convergence method, which utilizes hydrogen bonding 
and van der Waals forces to load NK onto the PLLD G4 
core to form a nanocomplex. In vitro thrombolysis ex‐
periments showed that the complex could significantly 
prolong the thrombolysis time compared with that of 
free NK, suggesting that the complex could slowly re‐
lease NK into the bloodstream, thus prolonging its circu‐
lation time in the body and reducing the risk of exces‐
sive thrombolysis. Moreover, the temperature stability of 
the NK/PLLD complex was significantly better than that 
of free NK.

8　Constraints and Challenges

8.1　Fermentation Efficiency and Production 
Cost Limitations

Traditional NK production relies on the solid-state 
fermentation of Bacillus natto, but the wild-type strain 
generally produces low enzyme yield and has a long fer‐
mentation cycle. Subsequently, liquid fermentation was 
gradually adopted, which reduced the fermentation cycle 
length, but the cost of the medium increased and the dif‐
ficulty of subsequent separation and purification in‐
creased the raw material and process costs. With the in‐
troduction of genetic engineering technology, the effi‐
ciency of NK enzyme production has been significantly 
improved. Cui et al[131] constructed the recombinant plas‐
mid pHT01 to express NK in Bacillus natto, which sig‐
nificantly improved the enzyme yield and activity, indi‐
cating that the engineered strain has a great prospect for 
NK industrial scale production. However, it also has 
some drawbacks, such as poor stability of plasmids, and 
that the construction of recombinant strains and the opti‐
mization of culture conditions require a large amount of 
research and development, which leads to an increase in 
industrial production costs. Therefore, future research 
should attempt to obtain higher safety and stability 
strains through the combination of genetic engineering 
technology and other NK strains under fermentation con‐
ditions, in order to break through the problems of NK 
yield and production cost in existing studies and achieve 
large-scale production.

8.2　Purification Purity and Recovery Issues

Existing NK purification methods suffer from inher‐
ent limitations. Although the ammonium sulfate precipi‐
tation method can achieve preliminary enrichment of en‐
zyme proteins, the purity is only 30%-40%. Notably, the 
purity can be increased to more than 80% using ion ex‐
change chromatography; however, enzyme activity 
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gradually decreases during the elution process, and the 
total recovery rate is less than 30%[132]. In addition, in an 
NK recombinant expression system, the expression level 
of E. coli is relatively high and it is easy to purify. How‐
ever, the inclusion bodies expressed by the engineered 
strain needed to be renatured, which further reduces the 
activity 􀆳 s recovery rate. The Pichia pastoris expression 
system can achieve high purity, but the expression 
amount is relatively small[133]. With the advancement of 
technology, there has been a development in techniques 
for the isolation and purification of NK: molecular blot‐
ting. Using silica as the carrier and Konjac glucomannan 
gel as the surface imprinting matrix, Zhang et al[134] suc‐
cessfully prepared surface molecular imprinting poly‐
mers capable of separating NK, and obtained NK with 
high enzyme activity using this method. This study pro‐
vides a technical reference for the subsequent applica‐
tion of molecular imprinting for NK isolation and a 
novel approach for NK isolation. Therefore, to solve the 
bottleneck of NK purity and recovery in NK purifica‐
tion, new separation and purification processes with im‐
proved yield and enzyme activity are needed; the im‐
provement of NK purity can further support the develop‐
ment of the pharmaceutical industry in the future.

8.3　Safety Controversies and Clinical Risks

NK exerts antithrombotic effects by directly degrad‐
ing fibrin and activating the fibrinolytic system, but its 
long-term use may increase the risk of bleeding. Cur‐
rently, studies on the application of NK in clinical prac‐
tice are limited. Although there is no obvious bleeding 
event in the long-term use of high doses of NK, some 
studies have shown that the coagulation function moni‐
toring in healthy young men after receiving 2 000 IU 
NK showed a significant decrease in the levels of coagu‐
lation factor Ⅷ[28], and long-term use increased the risk 
of spontaneous bleeding. To reduce this bleeding risk, 
Guo et al[135] found that the combination of NK and dexa‐
methasone could delay the formation of thrombosis to a 
certain extent whilst increasing the antithrombotic activ‐
ity of NK, and dexamethasone could significantly re‐
duce the bleeding risk of NK. Further, NK can prolong 
the clotting process[136]; therefore, its combination with 
anticoagulant/antiplatelet drugs should be further studied 
to enable the clinical use of NK. A previous study[137] 
showed that a patient who used aspirin to prevent stroke 
developed acute cerebellar hemorrhage and microbleed‐
ings in multiple parts of the brain after consuming NK 
on a daily basis; this indicates that NK may increase the 
risk of bleeding in patients using antithrombotic drugs. 
In the future, more attention should be paid to dose con‐

trol and regular monitoring of the risks associated with 
clinical use of NK, and more high-quality and clinical 
studies are needed to verify the risks associated with its 
long-term use.

In addition, NK can regulate intestinal microeco‐
logical balance and play a role in regulating intestinal 
function[138]; however, as a serine protease, it is easily di‐
gested and high doses may cause intestinal discomfort. 
If NK is used in clinical practice in the future, research 
should focus on long-term use of NK, and the changes 
of intestinal flora and related health indicators should be 
monitored.

9　Conclusion

With the rising global incidence of cardiovascular 
and cerebrovascular diseases, thrombosis remains the 
leading cause of mortality among all diseases. NK is an 
important therapeutic candidate for the prevention and 
treatment of cardiovascular and cerebrovascular diseases 
due to its unique thrombolytic mechanism, reasonable 
safety, and pleiotropic biological activity. However, re‐
search on NK remains limited. The large-scale produc‐
tion of NK using fermentation has not yet been 
achieved, the relationship between its function and struc‐
ture has not been thoroughly studied, and the oral avail‐
ability of NK needs to be further improved. Therefore, 
future research with the aim at improving the manufac‐
turing process, preparation technology, and clinical pre‐
cision application is needed. Broadening the research on 
NK and increasing its applicability can fully realize the 
potential of NK therapy and accelerate the process of its 
clinical transformation.

References

[1] Gao R P, Liu H, Liu J, et al. The research developments on 

natto[J]. Food and Fermentation Technology, 2011, 47(1): 

23-26(Ch).

[2] Pan Y, Xia H H, Ye Y, et al. Study on safety and immune 

function of functional ingredients of natto soft capsules[J]. 

China Condiment, 2022, 47(6): 84-89(Ch).

[3] Sumi H, Hamada H, Tsushima H, et al. A novel fibrinolytic 

enzyme (nattokinase) in the vegetable cheese Natto; a typi‐

cal and popular soybean food in the Japanese diet[J]. Experi‐

entia, 1987, 43(10): 1110-1111.

[4] Mozaffarian D. Dietary and policy priorities for cardiovascu‐

lar disease, diabetes, and obesity: A comprehensive review

[J]. Circulation, 2016, 133(2): 187-225.

179



Wuhan University Journal of Natural Sciences 2026, Vol.31 No.2 

[5] World Health Organization. World Health Statistics 2022: 

Monitoring Health for the SDGs, Sustainable Development 

Goals[M]. Geneva: World Health Organization, 2022.

[6] Weng Y Q, Yao J, Sparks S, et al. Nattokinase: An oral anti‐

thrombotic agent for the prevention of cardiovascular disease

[J]. International Journal of Molecular Sciences, 2017, 18

(3): 523.

[7] Fujita M, Ohnishi K, Takaoka S, et al. Antihypertensive ef‐

fects of continuous oral administration of nattokinase and its 

fragments in spontaneously hypertensive rats[J]. Biological 

& Pharmaceutical Bulletin, 2011, 34(11): 1696-1701.

[8] Liu M L, Li N, Gao X X, et al. Research progress of nattoki‐

nase, a new thrombolytic agent[J]. China Food Additives, 

2023, 34(11): 277-284.

[9] Chen H J, McGowan E M, Ren N N, et al. Nattokinase: A 

promising alternative in prevention and treatment of cardio‐

vascular diseases[J]. Biomarker Insights, 2018, 13: 

1177271918785130.

[10] Devi C S, Mohanasrinivasan V, Sharma P, et al. Production, 

purification and stability studies on nattokinase: A therapeu‐

tic protein extracted from mutant pseudomonas aeruginosa 

CMSS isolated from bovine milk[J]. International Journal 

of Peptide Research and Therapeutics, 2016, 22(2): 263-269.

[11] Xiao M Y, Xu E N, Chen W G. Study on the stability of nat‐

tokinase [J]. Shanxi Food Industry, 2005, 2(1): 2-4(Ch).

[12] Li R, Ruan W H, Xiong X H. Study on the enzymological 

properties of nattokinase [J]. Journal of Yangzhou University 

(Agricultural and Life Science Edition), 2015, 36(2): 106-

110(Ch).

[13] Yang Y N, Chen H J, Yu H S, et al. Study on the stability of 

nattokinase [J]. Journal of Liaoning University of Tradi‐

tional Chinese Medicine, 2018, 20(11): 41-44(Ch).

[14] Man L L, Xiang D J. Study on stability of nattokinase pro‐

duced by bacillus subtilis MX-6 from fermented soya beans

[J]. China Condiment, 2019, 44(7): 25-28, 33(Ch).

[15] Fujita M, Nomura K, Hong K, et al. Purification and charac‐

terization of a strong fibrinolytic enzyme (nattokinase) in the 

vegetable cheese natto, a popular soybean fermented food in 

Japan[J]. Biochemical and Biophysical Research Communi‐

cations, 1993, 197(3): 1340-1347.

[16] Neubauer K, Zieger B. Endothelial cells and coagulation[J]. 

Cell and Tissue Research, 2022, 387(3): 391-398.

[17] Chapin J C, Hajjar K A. Fibrinolysis and the control of 

blood coagulation[J]. Blood Reviews, 2015, 29(1): 17-24.

[18] Moula Ali A M, Bavisetty S C B. Purification, physicochemi‐

cal properties, and statistical optimization of fibrinolytic en‐

zymes especially from fermented foods: A comprehensive re‐

view[J]. International Journal of Biological Macromol‐

ecules, 2020, 163: 1498-1517.

[19] Li D F, Hou L Z, Hu M, et al. Recent advances in 

nattokinase-enriched fermented soybean foods: A review[J]. 

Foods, 2022, 11(13): 1867.

[20] Fujita M, Ito Y, Hong K, et al. Characterization of 

nattokinase-degraded products from human fibrinogen or 

cross-linked fibrin[J]. Fibrinolysis, 1995, 9(3): 157-164.

[21] Dabbagh F, Negahdaripour M, Berenjian A, et al. Nattoki‐

nase: Production and application[J]. Applied Microbiology 

and Biotechnology, 2014, 98(22): 9199-9206.

[22] Sumi H, Hamada H, Nakanishi K, et al. Enhancement of the 

fibrinolytic activity in plasma by oral administration of natto‐

kinase[J]. Acta Haematologica, 1990, 84(3): 139-143.

[23] Fujita M, Hong K, Ito Y, et al. Transport of nattokinase 

across the rat intestinal tract[J]. Biological and Pharmaceuti‐

cal Bulletin, 1995, 18(9): 1194-1196.

[24] Yatagai C, Maruyama M, Kawahara T, et al. Nattokinase-

promoted tissue plasminogen activator release from human 

cells[J]. Pathophysiology of Haemostasis and Thrombosis, 

2008, 36(5): 227-232.

[25] Chavakis T, Pixley R A, Isordia-Salas I, et al. A novel anti‐

thrombotic role for high molecular weight kininogen as in‐

hibitor of plasminogen activator inhibitor-1 function[J]. 

Journal of Biological Chemistry, 2002, 277(36): 32677-

32682.

[26] Urano T, Ihara H, Umemura K, et al. The profibrinolytic en‐

zyme subtilisin NAT purified fromBacillus subtilis cleaves 

and inactivates plasminogen activator inhibitor type 1[J]. 

Journal of Biological Chemistry, 2001, 276(27): 24690-

24696.

[27] Huang J F, Song J Q, Wu W, et al. In vitro evaluation of the 

effect of nattokinase on the human coagulation system by 

thromboelastography[J]. Chinese Journal of Clinical Medi‐

cine, 2015, 22(6): 718-721(Ch).

[28] Kurosawa Y, Nirengi S, Homma T, et al. A single-dose of 

oral nattokinase potentiates thrombolysis and anti-

coagulation profiles[J]. Scientific Reports, 2015, 5: 11601.

[29] Jang J Y, Kim T S, Cai J M, et al. Nattokinase improves blood 

flow by inhibiting platelet aggregation and thrombus forma‐

tion[J]. Laboratory Animal Research, 2013, 29(4): 221-225.

[30] Gofur A, Lestari S R. Effect of black soybean natto extract 

(Glycine soja) on reproduction system of hypercholesterol‐

emia male mice[J]. Asian Pacific Journal of Reproduction, 

2016, 5(5): 387-390.

[31] Hsia C H, Shen M C, Lin J S, et al. Nattokinase decreases 

plasma levels of fibrinogen, factor Ⅶ, and factor Ⅷ in hu‐

man subjects[J]. Nutrition Research, 2009, 29(3): 190-196.

[32] Omura K, Hitosugi M, Kaketani K, et al. Fibrinolytic and 

anti-thrombotic effect of NKCP, the protein layer from Bacil‐

lus subtilis (natto)[J]. BioFactors, 2004, 22(1-4): 185-187.

[33] Pais E, Alexy T, Holsworth R E, et al. Effects of nattokinase, 

a pro-fibrinolytic enzyme, on red blood cell aggregation and 

whole blood viscosity[J]. Clinical Hemorheology and Micro‐

circulation, 2006, 35: 139-142.

[34] Kamiya S, Hagimori M, Ogasawara M, et al. In vivo evalua‐

tion method of the effect of nattokinase on carrageenan-

induced tail thrombosis in a rat model[J]. Acta Haemato‐

logica, 2010, 124(4): 218-224.

180



LI Mei et al: Advances in Nattokinase Research: Therapeutic Potential and Applications

[35] Murakami K, Yamanaka N, Ohnishi K, et al. Inhibition of 

angiotensin I converting enzyme by subtilisin NAT (nattoki‐

nase) in natto, a Japanese traditional fermented food[J]. 

Food & Function, 2012, 3(6): 674-678.

[36] Kim J Y, Gum S N, Paik J K, et al. Effects of nattokinase on 

blood pressure: A randomized, controlled trial[J]. Hyperten‐

sion Research, 2008, 31(8): 1583-1588.

[37] Jensen G S, Lenninger M, Ero M P, et al. Consumption of 

nattokinase is associated with reduced blood pressure and 

von Willebrand factor, a cardiovascular risk marker: Results 

from a randomized, double-blind, placebo-controlled, multi‐

center North American clinical trial[J]. Integrated Blood 

Pressure Control, 2016, 9: 95-104.

[38] Lee B-H, Lai Y S, Wu S C. Antioxidation, angiotensin con‐

verting enzyme inhibition activity, nattokinase, and antihyper‐

tension of Bacillus subtilis (natto) -fermented pigeon pea[J]. 

Journal of Food and Drug Analysis, 2015, 23(4): 750-757.

[39] Rostagno A A. Pathogenesis of Alzheimer􀆳s disease[J]. Inter‐

national Journal of Molecular Sciences, 2022, 24(1): 107.

[40] Fadl N N, Ahmed H H, Booles H F, et al. Serrapeptase and 

nattokinase intervention for relieving Alzheimer 􀆳 s disease 

pathophysiology in rat model[J]. Human & Experimental 

Toxicology, 2013, 32(7): 721-735.

[41] Dhanavade M J, Sonawane K D. Amyloid beta peptide-

degrading microbial enzymes and its implication in drug de‐

sign[J]. Biotech, 2020, 10(6): 247.

[42] Ni A X, Li H, Wang R Y, et al. Degradation of amyloid β

-peptides catalyzed by nattokinase in vivo and in vitro[J]. 

Food Science and Human Wellness, 2023, 12(5): 1905-1916.

[43] Tanikawa T, Yu J, Hsu K, et al. Effect of nattokinase in D-

galactose- and aluminum chloride-induced Alzheimer 􀆳s dis‐

ease model of rat[J]. In Vivo, 2024, 38(6): 2672-2679.

[44] Wu H, Zhang Q, Suo H, et al. Nattokinase as a functional 

food ingredient: Therapeutic applications and mechanisms in 

age-related diseases[J]. Food Science and Human Wellness, 

2024, 13(5): 2401-2409.

[45] Yang X Y, Wang S L, Xue W C, et al. Nattokinase 􀆳s neuro‐

protective mechanisms in ischemic stroke: Targeting inflam‐

mation, oxidative stress, and coagulation[J]. Antioxidants & 

Redox Signaling, 2025, 42(4-6): 228-248.

[46] Tian Y W, Zhang Y P, Gao C Y, et al. The immunomodula‐

tory effects of black bean nattokinase crude extract[J]. Jour‐

nal of Chinese Institute of Food Science and Technology, 

2024, 24(1): 31-40(Ch).

[47] Zhuo Y Y, Lü J, Liu Y, et al. Nattokinase alleviates alcoholic 

liver injury and modulates immune function in rats[J]. Food 

Science, 2019, 40(7): 156-162(Ch).

[48] Chiu H W, Chou C L, Lee K T, et al. Nattokinase attenuates 

endothelial inflammation through the activation of SRF and 

THBS1[J]. International Journal of Biological Macromol‐

ecules, 2024, 268: 131779.

[49] Zhang Y X, Pei P, Zhou H L, et al. Nattokinase-mediated 

regulation of tumor physical microenvironment to enhance 

chemotherapy, radiotherapy, and CAR-T therapy of solid tu‐

mor[J]. ACS Nano, 2023, 17(8): 7475-7486.

[50] Iwai K, Nakaya N, Kawasaki Y, et al. Antioxidative func‐

tions of natto, a kind of fermented soybeans: Effect on LDL 

oxidation and lipid metabolism in cholesterol-fed rats[J]. 

Journal of Agricultural and Food Chemistry, 2002, 50(12): 

3597-3601.

[51] Yao M J, Yang Y, Fan J, et al. Advance on nattokinase micro‐

bial production and physiological function[J]. Science and 

Technology of Food Industry, 2022, 43(14): 435-444(Ch).

[52] Chen H J, Chen J P, Zhang F P, et al. Effective management 

of atherosclerosis progress and hyperlipidemia with nattoki‐

nase: A clinical study with 1 062 participants[J]. Frontiers in 

Cardiovascular Medicine, 2022, 9: 964977.

[53] Yang N C, Chou C W, Chen C Y, et al. Combined nattoki‐

nase with red yeast rice but not nattokinase alone has potent 

effects on blood lipids in human subjects with hyperlipid‐

emia[J]. Asia Pacific Journal of Clinical Nutrition, 2009, 18

(3): 310-317.

[54] Zhou L Q, Hao N, Li X T, et al. Nattokinase mitigated dextran 

sulfate sodium-induced chronic colitis by regulating micro‐

biota and suppressing tryptophan metabolism via inhibiting 

IDO-1[J]. Journal of Functional Foods, 2020, 75: 104251.

[55] Liang M Y, Zhang J, Yang Y H, et al. Nattokinase enhances 

the preventive effects of Escherichia coliNissle 1917 on dex‐

tran sulfate sodium-induced colitis in mice[J]. World Journal 

of Microbiology and Biotechnology, 2022, 39(1): 8.

[56] Arribas B, Rodríguez-Cabezas M, Camuesco D, et al. A pro‐

biotic strain of Escherichia coli, Nissle 1917, given orally 

exerts local and systemic anti-inflammatory effects in 

lipopolysaccharide-induced sepsis in mice[J]. British Jour‐

nal of Pharmacology, 2009, 157(6): 1024-1033.

[57] Wu S L, Hu Y Y, Tao Z C, et al. Comprehensive manage‐

ment of ulcerative colitis and its associated intra-extra intes‐

tinal complications with a multifunctional inulin hydrogel 

complex[J]. Small, 2025, 21(23): 2500726.

[58] Yan Y M, Wang Y J, Qian J L, et al. Nattokinase crude extract 

inhibits hepatocellular carcinoma growth in mice[J]. Journal 

of Microbiology and Biotechnology, 2019, 29(8): 1281-1287.

[59] Huang M J, Ji Y Z, Yan J, et al. A nano polymer conjugate 

for dual drugs sequential release and combined treatment of 

colon cancer and thrombotic complications[J]. Materials Sci‐

ence and Engineering: C, 2020, 110: 110697.

[60] Huang Z J, Chu W K, Ng T K, et al. Protective effects of nat‐

tokinase against microvasculopathy and neuroinflammation 

in diabetic retinopathy[J]. Journal of Diabetes, 2023, 15

(10): 866-880.

[61] Huang Z J, Ng T K, Chen W Q, et al. Nattokinase attenuates 

retinal neovascularization via modulation of Nrf2/HO-1 and 

glial activation[J]. Investigative Ophthalmology & Visual 

Science, 2021, 62(6): 25.

[62] Zhang X P, Cheng Y, Tao S J, et al. Optimization of solid-

state fermentation technology of nattokinase and its influ‐

181



Wuhan University Journal of Natural Sciences 2026, Vol.31 No.2 

ence on flavor and active substances[J]. Science and Tech‐

nology of Food Industry, 2025, 46(14): 13-21(Ch).

[63] Zhang J, Ge W P, Zhang J, et al. Screening of nattokinase 

high-yielded in different Bacillus subtilis and optimization 

of fermentation conditions[J]. Science and Technology of 

Food Industry, 2015, 36(8): 202-205, 209(Ch).

[64] Wang G, Wang Z Y, An R R, et al. Effect of solid fermenta‐

tion conditions on nattokinase activity and optimization of 

fermentation conditions[J]. Grain Processing, 2023, 48(5): 

33-37(Ch).

[65] Hong Y, Xia H H, Tian J P, et al. Optimization of culture 

conditions for nattokinase production from soybean meal by 

solid fermentation using response surface methodology[J]. 

China Condiment, 2022, 47(8): 41-45(Ch).

[66] Guo C, Wang X G, Kong S H, et al. Study of improving 

chickpeanattokinase activity through fermentation by two 

compound strains[J]. Journal of Light Industry, 2019, 34(4): 

15-20(Ch).

[67] Ye Y X, Qin P, Bie P K, et al. Optimization of liquid fermen‐

tation condition of Bacillus natto NK4 for nattokinase pro‐

duction[J]. Journal of Henan University of Urban Construc‐

tion, 2024, 33(2): 103-108, 132(Ch).

[68] Ju S Y, Cao Z L, Wong C, et al. Isolation and optimal fer‐

mentation condition of the Bacillus subtilis subsp. natto 

strain WTC016 for nattokinase production[J]. Fermentation, 

2019, 5(4): 92.

[69] Zhou X Q, Liu L Z. Screening of Bacillus subtilis and opti‐

mization of liquid fermentation conditions for nattokinase 

production[J]. Science and Technology of Food Industry, 

2022, 43(7): 163-169(Ch).

[70] Pan D M, Bu L Q, Yang C L, et al. Optimization of culture 

conditions of Bacillus natto producing nattokinase by re‐

sponse surface methodology[J]. China Brewing, 2023, 42

(1): 181-185(Ch).

[71] Tian M, Ning C, Peng S Y, et al. High-efficiency fermenta‐

tion of nattokinase by recombinant PSP2 using oyster pro‐

tein hydrolysate as a substrate[J]. Foods, 2023, 12(6): 1252.

[72] Duan Y L, Du W T, Xu Y, et al. Enhanced nattokinase pro‐

duction by Bacillus subtilis from glycerol and okara: Optimi‐

zation of culture medium via response surface methodology

[J]. Frontiers in Microbiology, 2025, 16: 1577292.

[73] Wu Y H, Guo D P, Li S P, et al. Optimization of liquid fer‐

mentation method for producing nattokinase from soybean 

meal[J]. Biological Resources, 2017, 39(4): 308-313(Ch).

[74] Li S S, Zhou F Z, Diao W T, et al. Fermentation technolo‐

gies of nattokinase by multiple strains[J]. Henan Science, 

2020, 38(12): 1937-1943(Ch).

[75] Nie G J, Zhu Z B, Liu F, et al. Co-production of nattokinase 

and poly (γ-glutamic acid) under solid-state fermentation us‐

ing soybean and rice husk[J]. Brazilian Archives of Biology 

and Technology, 2015, 58(5): 718-724.

[76] Shih M C, Yang K T, Su S Y, et al. Optimization process of 

roasted broken black soybean natto using response surface 

methodology[J]. Journal of Food Processing and Preserva‐

tion, 2013, 37(5): 474-482.

[77] Song J X. Quality comparison of natto made from common 

beans[J]. Soybean Science, 2017, 36(2): 309-314(Ch).

[78] Wei X T, Luo M F, Xu L, et al. Production of fibrinolytic en‐

zyme from bacillus amyloliquefaciens by fermentation of 

chickpeas, with the evaluation of the anticoagulant and anti‐

oxidant properties of chickpeas[J]. Journal of Agricultural 

and Food Chemistry, 2011, 59(8): 3957-3963.

[79] Berenjian A, Mahanama R, Kavanagh J, et al. Nattokinase 

production: Medium components and feeding strategy stud‐

ies[J]. Chemical Industry and Chemical Engineering Quar‐

terly, 2014, 20(4): 541-547.

[80] Dang B. Study on the optimization of nattokinase production 

by solid-state fermentation of highland barley by natto bacte‐

ria [J]. Science and Technology of Qinghai Agriculture and 

Forestry, 2023, 3: 15-21(Ch).

[81] Guo N, Jiang Y W, Song X R, et al. Effect of Bacillus natto 

solid-state fermentation on the functional constituents and 

properties of Ginkgo seeds[J]. Journal of Food Biochemis‐

try, 2019, 43(5): e12820.

[82] Guo W X, Zhao L C, Du X T, et al. Studyon processing condi‐

tions of nattokinase produced by solid-state fermentation of 

soybean meal[J]. Cereal & Feed Industry, 2018(5): 38-42(Ch).

[83] Chen B, Wu Q, Xu Y. Filamentous fungal diversity and com‐

munity structure associated with the solid state fermentation 

of Chinese Maotai-flavor liquor[J]. International Journal of 

Food Microbiology, 2014, 179: 80-84.

[84] Wu Y, Li Y B, Liang X F, et al. Research progress on liquid 

fermentation production of nattokinase[J]. Food and Fer‐

mentation Industries, 2017, 43(10): 256-262(Ch).

[85] Wang Y P, Hu Y F, Wei Y X, et al. Optimization of fermenta‐

tion conditions for nattokinase production in solid-state fer‐

mentation by Bacillus subtilis natto using peanut meal as 

substrate[J]. Science and Technology of Food Industry, 2016, 

37(23): 161-164(Ch).

[86] Bao Y X, Qian Z Y, Chen J, et al. Study on the technologies 

and some enxyme property of natto-kinase produced frcm 

the solid fermentation of soybean residue[J]. Soybean Sci‐

ence, 2005, 24(1): 43-47(Ch).

[87] Dong M S, Jiang X, Liu C, et al. Screening of extracellar fi‐

brinolytic strain NK-5 and its enzyme production conditions

[J]. Food and Fermentation Industries, 2001, 27(1): 23-26

(Ch).

[88] Junnan F, Yang L, Chenchen H, et al. Comparison of poly-γ

-glutamic acid production between sterilized and non-

sterilized solid-state fermentation using agricultural waste as 

substrates[J]. Journal of Cleaner Production, 2020, 255: 

120248.

[89] Zhang C F, Yan M T, Du X, et al. Optimization of liquid fer‐

mentation conditions for nattokinase by response surface 

methodology[J]. Chinese Journal of Biologicals, 2017, 30

(6): 658-663(Ch).

182



LI Mei et al: Advances in Nattokinase Research: Therapeutic Potential and Applications

[90] Yi Y X, Chen M T, Teodora Emilia C, et al. A novel inte‐

grated bioprocessing strategy for co-production and sequen‐

tial extraction of menaquinone-7, nattokinase, and γ-polyglu‐

tamic acid from Bacillus subtilis natto[J]. Food Bioscience, 

2025, 69: 106915.

[91] Wei H, Zhao X Y, Liu J J. An assay method for thrombolysis ac‐

tivity of nattokinase[J]. Food and Drug, 2006, 8(8): 59-61(Ch).

[92] Liang Y B, Bai L, Tang X Y, et al. Research advancement of 

nattokinase-products[J]. Academic Periodical of Farm Prod‐

ucts Processing, 2011, 4: 23-25(Ch).

[93] Astrup T, Müllertz S. The fibrin plate method for estimating 

fibrinolytic activity[J]. Archives of Biochemistry and Bio‐

physics, 1952, 40(2): 346-351.

[94] Sumi H, Nakajima N, Taya N. The method of determination 

of the thrombolytic enzyme nattokinase[J]. Journal of the 

Brewing Society of Japan, 1993, 88(6): 482-486.

[95] Ploug J, Kjeldgaard N. Urokinase an activator of plasmino‐

gen from human urine I. Isolation and properties[J]. Biochi‐

mica et Biophysica Acta, 1957, 24: 278-282.

[96] Nakamura T, Yamagata Y, Ichishima E. Nucleotide sequence 

of the subtilisin NAT gene, aprN, of Bacillus subtilis (natto)

[J]. Bioscience, Biotechnology, and Biochemistry, 1992, 56

(11): 1869-1871.

[97] Diao J, Chen G, Bo M, et al. Recent research progress of nat‐

tokinase[J]. China Condiment, 2012, 3: 7-9(Ch).

[98] Fa Y, Zhang J L, Zhao H J, et al. Progress in separation and 

purification of nattokinase and its enzyme activity determi‐

nation[J]. Chinese Journal of Chromatography, 2019, 37(3): 

274-278(Ch).

[99] Xu F. Methods for the determination of nattokinase activity 

and units of enzyme activity[J]. China Brand Anti-

counterfeiting, 2023, 1(1): 47-49(Ch).

[100]Xiong Y X, Yin Z N, Yang C, et al. Research on the method 

of nattokinase activity detection[J]. Pharmaceutical Biotech‐

nology, 2006, 13(2): 140-143(Ch).

[101]Rong W, Zhen L, Jing W. Determination of extracellular fi‐

brinolytic activity of nattokinase by ultraviolet spectropho‐

tometry[J]. China Brewing, 2012, 31(1): 184-188(Ch).

[102]Wang A P, Lin Y F, Wang Z, et al. A review of nattokinase re‐

search[J]. Science & Technology Vision, 2018(12): 110-111

(Ch).

[103]Huang Y, Zhang X L, Zhang Y Q. Advance on isolation and 

purification of nattokinase[J]. Food and Fermentation Indus‐

tries, 2017, 43(12): 283-288(Ch).

[104]Tan Y C, Peng Z J, Xia F G, et al. Separation and purifica‐

tion of nattokinase[J]. Modern Food Science and Technol‐

ogy, 2011, 27(8): 985-987, 876(Ch).

[105]Zhang H S, Wang J L, Yu J M. Research advance and pros‐

pect of nattokinase [J]. Food and Fermentation Sciences & 

Technology, 2019, 55(4): 92-95(Ch).

[106]Chen J X, Liu Y Y, Sha W, et al. Study on technology for ex‐

tracting nattokinase by ultrafiltration[J]. Food Science and 

Technology, 2010, 35(5): 225-229(Ch).

[107]Lu J, Zhao J, Lin D Q, et al. Separation of nattokinase by im‐

mobilized metal ions affinity partitioning in aqueous two-

phase systems[J]. Journal of Chemical Engineering of Chi‐

nese Universities, 2004, 18(4): 465-470(Ch).

[108]Yang C L, Xing J M, Guan Y P, et al. Superparamagnetic 

poly(methyl methacrylate) beads for nattokinase purification 

from fermentation broth[J]. Applied Microbiology and Bio‐

technology, 2006, 72(3): 616-622.

[109]Hu H B, Yao S J, Mei L H, et al. Partial purification of natto‐

kinase from Bacillus subtilis by expanded bed adsorption[J]. 

Biotechnology Letters, 2000, 22(17): 1383-1387.

[110]Garg R, Thorat B N. Nattokinase purification by three phase 

partitioning and impact of t-butanol on freeze drying[J]. 

Separation and Purification Technology, 2014, 131: 19-26.

[111]Chang C, Wang T R, Hu Q B, et al. Pectin coating improves 

physicochemical properties of caseinate/zein nanoparticles 

as oral delivery vehicles for curcumin[J]. Food Hydrocol‐

loids, 2017, 70: 143-151.

[112]Guimarães D, Cavaco-Paulo A, Nogueira E. Design of lipo‐

somes as drug delivery system for therapeutic applications

[J]. International Journal of Pharmaceutics, 2021, 601: 

120571.

[113]Liu H S, Feng H W, Hu Y M Q, et al. A pH-sensitive 

phospholipid-modified magnetic targeted nano-delivery lipo‐

some for nattokinase and its preparation method[P]. China: 

202310736564.0. 2023-09-19.

[114]Dong X Y, Kong F P, Yuan G Y, et al. Optimisation of prepa‐

ration conditions and properties of phytosterol liposome-

encapsulating nattokinase[J]. Natural Product Research, 

2012, 26(6): 548-556.

[115]Zhang J X, Zhan P, Tian H L. Recent updates in the 

polysaccharides-based nano-biocarriers for drugs delivery 

and its application in diseases treatment: A review[J]. Inter‐

national Journal of Biological Macromolecules, 2021, 182: 

115-128.

[116]Xie M H, Xu X B, Wang Z Y, et al. Research progress on 

functional vectors for nattokinase delivery[J]. Food Science, 

2023, 44(17): 153-161(Ch).

[117]Liu S, Rong X H, Zhang S F, et al. Research progress of nat‐

tokinase delivery system[J]. Chinese Journal of Modern Ap‐

plied Pharmacy, 2024, 41(9): 1295-1302(Ch).

[118]Mokarram R R, Mortazavi S A, Habibi Najafi M B, et al. 

The influence of multi stage alginate coating on survivabil‐

ity of potential probiotic bacteria in simulated gastric and in‐

testinal juice[J]. Food Research International, 2009, 42(8): 

1040-1045.

[119]Chen C W, Wei X T, Liu M J, et al. A nattokinase capsule 

and its preparation method[P]. China: 201610896255. X. 

2017-01-11.

[120]Sun J H, Yu L P, Qu X J, et al. Preparation method of nattoki‐

nase microcapsules[P]. China: 201510599749.7. 2015-11-25.

[121]Liu S, Zhu J F, Liu C, et al. Synthesis of sustained release/

controlled release nanoparticles carrying nattokinase and 

183



Wuhan University Journal of Natural Sciences 2026, Vol.31 No.2 

their application in thrombolysis[J]. Die Pharmazie, 2021, 76

(4): 145-149.

[122]Jafernik K, Ładniak A, Blicharska E, et al. Chitosan-based 

nanoparticles as effective drug delivery systems: A review

[J]. Molecules, 2023, 28(4): 1963.

[123]Xie M H, Yang M L, Wang Z Y, et al. Preserving the activity 

of attenuating atherosclerosis of nattokinase in gastrointesti‐

nal system by NK/SA/CS microcapsules[J]. Food Biosci‐

ence, 2024, 59: 103949.

[124]Zhang X, Lyu X M, Tong Y J, et al. Chitosan/casein based 

microparticles with a bilayer shell-core structure for oral de‐

livery of nattokinase[J]. Food & Function, 2020, 11(12): 

10799-10816.

[125]Liu Z H, He Y, Zhang H, et al. Layer-by-layer self-assembly 

embedding of nattokinase in chitosan/γ -polyglutamic acid: 

Preparation, fibrinolytic activity, stability, and in vitro diges‐

tion study[J]. European Journal of Pharmaceutics and Bio‐

pharmaceutics, 2024, 199: 114281.

[126]Xie J F. The invention discloses a microcapsule containing 

nattokinase and probiotics and a preparation method and ap‐

plication thereof[P]. China: 201410618436.7. 2015-02-25.

[127]Gupta A, Eral H B, Hatton T A, et al. Nanoemulsions: For‐

mation, properties and applications[J]. Soft Matter, 2016, 12

(11): 2826-2841.

[128]Gao P, Jiang Z J, Luo Q, et al. Preparation and evaluation of 

self-emulsifying drug delivery system (SEDDS) of cepharan‐

thine[J]. AAPS PharmSciTech, 2021, 22(7): 245.

[129]Deng L Y, Zhang J H. Preparation and release of nattokinase 

microcapsules and evaluation of absorption in caco-2 cells 

model[J]. Science and Technology of Food Industry, 2019, 40

(10): 115-121(Ch).

[130]Wu C, Gao C M, Lü S Y, et al. Construction of polylysine 

dendrimer nanocomposites carrying nattokinase and their ap‐

plication in thrombolysis[J]. Journal of Biomedical Materi‐

als Research Part A, 2018, 106(2): 440-449.

[131]Cui Q, Qian B J, Yao X M, et al. Construction of genetically 

engineered strain for nattokinase production and enzyme ac‐

tivity analysis[J]. Food Science, 2017, 38(14): 1-8(Ch).

[132]Li X L, Li Q W, Zhu Y, et al. Extraction and properties of 

nattokinase from vegetable soybean fermented with Bacillus 

natto[J]. China Brewing, 2020, 39(12): 106-112(Ch).

[133]Zhao F Y, Yan H, Ren G X, et al. Research advancement on 

recombinant nattokinase[J]. Food and Nutrition in China, 

2019, 25(7): 41-45(Ch).

[134]Zhang X L, Zhang Y Q. Nattokinase surface molecularly im‐

printed polymer and its preparation method and application

[P]. China: 201910742958.0. 2021-09-21.

[135]Guo H Y, Ban Y H, Cha Y, et al. Comparative anti-

thrombotic activity and haemorrhagic adverse effect of natto‐

kinase and tissue-type plasminogen activator[J]. Food Sci‐

ence and Biotechnology, 2019, 28(5): 1535-1542.

[136]Yan Q X, Feng L, Xu F, et al. Thrombolytic effect of nattoki‐

nase and its mechanism[J]. Science and Technology of Food 

Industry, 2021, 42(24): 340-346(Ch).

[137]Chang Y Y, Liu J S, Lai S L, et al. Cerebellar hemorrhage 

provoked by combined use of nattokinase and aspirin in a pa‐

tient with cerebral microbleeds[J]. Internal Medicine, 2008, 

47(5): 467-469.

[138]Yang L N, Cao S F, Xie M X, et al. Research progress on the 

improvement of natto processing technology and its regula‐

tion of thrombolysis and intestinal function[J]. Food and Fer‐

mentation Science & Technology, 2023, 59(1): 134-139(Ch).

纳豆激酶的研究进展纳豆激酶的研究进展：：治疗潜力及应用治疗潜力及应用

李枚 1，王盼盼 1，程梦雪 1，邓雄伟 2†，宋细忠 3，4†，翁美芝 1†

1. 江西中医药大学 中医学院，江西 南昌 330004

2. 江西中医药大学附属南昌洪都中医医院，江西 南昌 330008

3. 成都中医药大学 药学院西南中药资源国家重点实验室，四川 成都 611137

4. 江西省方竹药业有限公司，江西 新余 338000

摘要摘要：：近年来，心脑血管疾病的患病率不断上升，溶栓药物成为研究人员、制药企业和公众关注的焦点。纳豆

激酶是纳豆枯草芽孢杆菌分泌的一种碱性丝氨酸蛋白酶，具有很强的溶栓活性，能够降低血液粘度，增强血管

弹性。研究表明，该酶具有稳定性好，易吸收，半衰期长，副作用小，且成本低的特点，这些特性使其成为防

治血栓形成的天然理想药物，同时在保健食品开发领域具有广阔的应用前景。本文系统综述了纳豆激酶的理化

性质、溶栓抗凝机制、生理功能、发酵技术、活性测定、分离纯化方法以及最新的靶向递送系统研究，同时阐

述了其菌株优化、纯化技术升级、靶向递送改进与临床应用验证等核心未来研究方向，以期为该领域的深入研

究和应用提供理论支持。

关键词关键词：：纳豆激酶；理化性质；溶栓机理；发酵技术；分离纯化；靶向递送系统

□

184


